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“Be curious. However difficult life may seem, there is always something

you can do and succeed at. It matters that you don 't just give up.”

Stephen Hawking, at Oxford University Union speech in 2016
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Abstract

More than a decade has passed since the declaration by the United Nations General
Assembly that stated access to safe drinking water (DW) as a basic human right. Given
its importance as a health and development issue, efforts have been done to increase the
number of people with access to safely managed DW services. However, despite
compliance with international guidelines for DW quality, drinking water distribution
systems (DWDS) are subjected to biofilm development. The complex structure of
biofilms ensures microbial protection from adverse conditions and provides a possible
reservoir for pathogenic microorganisms that are not easily detected in bulk water.
Although chlorine has been commonly used for DW treatment, the biofilm tolerance to
chlorination and the production of harmful disinfection by-products highlight the need to
search for new disinfection strategies to control DW biofilms.

Understanding microbial susceptibility to disinfectants is an important step for
providing DW with adequate microbiological quality. Therefore, the antimicrobial
activity of sodium dichloroisocyanurate (NaDCC), trichloroisocyanuric acid (TCCA),
and pentapotassium bis(peroxymonosulphate) bis(sulphate) (OXONE) was evaluated
against two emerging pathogens isolated from DW, Acinetobacter calcoaceticus and
Stenotrophomonas maltophilia. Conventional hypochlorite-based disinfection was used
for comparison. The dose and time-responses in planktonic bacteria were performed, as
well as the assessment of the effects on cytoplasmic membrane integrity and
physicochemical properties of bacterial surfaces. Minimum bactericidal concentrations
(MBC) of 2.1 and 3.1 mg/L for NaDCC, 2.5 and 3.8 mg/L for TCCA, 340 and 690 mg/L
for OXONE, and 0.80 and 1.0 mg/L for free chlorine were obtained against S. maltophilia
and A. calcoaceticus, respectively. Kinetic modelling revealed that NaDCC and TCCA
caused similar inactivation rates and the time for first log reduction by OXONE was less
than 10 min, for both bacteria. All the disinfectants triggered significant bacterial
cytoplasmic membrane destabilization, even at sub-lethal concentrations. Further, the
effects of the selected disinfectants against 48 h-old biofilms formed on polyvinyl
chloride (PVC) and stainless steel (SS) were also evaluated based on biofilm culturability
and removal. NaDCC, TCCA, and OXONE had similar or better efficiencies in reducing

biofilm culturability than free chlorine. OXONE was the most efficient disinfectant
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against both bacterial biofilms, causing up to 4 log CFU/cm? reduction. However,
biofilms of S. maltophilia were more tolerant to disinfection than those of A.
calcoaceticus. Additionally, biofilm removal was invariably modest, for all the biofilms
tested and disinfectants applied.

A deeper evaluation of the activity of the selected disinfectants on established S.
maltophilia biofilms and in the prevention of biofilm regrowth after disinfection was
performed. The viscoelastic properties of the biofilms and alterations in the structure were
further evaluated by rheometry and atomic force microscopy (AFM) analysis. The
disinfectants were generally more efficient against biofilms formed on SS than on PVC.
The regrowth of biofilms on SS previously exposed to OXONE was limited by 5 and 4
log CFU/cm? in comparison to the unexposed biofilms and biofilms exposed to free
chlorine, respectively. OXONE caused a reduction of the biofilm cohesiveness, revealed
by a significant decrease of the complex shear modulus (G*) in comparison to unexposed
biofilms or biofilms exposed to free chlorine. AFM analysis showed that biofilms after
OXONE exposure had a fractured appearance and smaller bacterial aggregates dispersed
on the top of the biofilm surface than in the control samples.

Following a realism-based approach, the effectiveness of OXONE to combat DW
biofilms was validated against mature S. maltophilia biofilms formed in a simulated
DWDS using a rotating cylinder reactor. Significant biofilm inactivation was observed
after exposure to OXONE, with a reduction of culturable and non-damaged cells up to
approximately 4 log. OXONE also presented better chemical stability in synthetic tap
water (STW) than chlorine. The reactive species formed during the disinfection with
OXONE in STW were further investigated by electron paramagnetic resonance analysis,
revealing the presence of singlet oxygen and other non-identified radicals. Finally, the
effects of OXONE on the growth of Chlorella vulgaris were studied, suggesting less
ecotoxicity to the freshwater microalga than chlorine.

Collectively, the results of this project reinforce OXONE as a promising alternative
to chlorine for the disinfection of DW biofilms. Although its routine use for DW requires
further research on long-term safety for human consumption, OXONE may initially be

indicated for temporary emergency disinfection of DW biofilms.
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Resumo

H& pouco mais de uma década atras, a Assembleia Geral das Nag¢es Unidas declarou
0 acesso a agua potavel segura como um direito humano basico. Dada a sua relevancia
para a saude humana e desenvolvimento das populagdes, varios esforcos tém sido
desenvolvidos para aumentar 0 nimero de pessoas com acesso a servigos de agua potavel
geridos de forma segura. No entanto, apesar do cumprimento de diretrizes internacionais
para a garantia de agua potavel de qualidade, os sistemas de distribuicdo de agua potavel
estdo sujeitos ao desenvolvimento de biofilmes. A estrutura complexa dos biofilmes
garante a protecdo microbiana contra condigdes adversas e fornece um possivel habitat
para microrganismos patogénicos que ndo sdo facilmente detetados nas andlises de
qualidade da &gua. Embora o cloro seja vulgarmente usado para o tratamento de agua
potavel, a tolerancia dos biofilmes a desinfecdo e a producdo de subprodutos nocivos
decorrentes da reacdo do cloro com substéncias organicas justificam a necessidade de
estudar estratégias alternativas para o controlo de biofilmes em &gua potavel.

A compreensdo da suscetibilidade microbiana aos desinfetantes constitui um passo
importante para o fornecimento de agua potavel com qualidade microbiol6gica adequada.
Neste projeto, a atividade antimicrobiana do dicloroisocianurato de sédio (NaDCC),
acido tricloroisocianurico (TCCA) e bis(peroximonossulfato) bis(sulfato) de
pentapotassio (OXONE) foi avaliada contra duas bactérias patogénicas emergentes
isoladas de agua potavel, Acinetobacter calcoaceticus e Stenotrophomonas maltophilia.
A desinfecdo convencional com cloro livre foi usada para comparacdo. A relacdo dose-
efeito e tempo de exposicdo das bactérias em estado planctonico aos desinfetantes foi
estudada, bem como a avaliacdo dos efeitos na integridade da membrana citoplasmatica
e nas propriedades fisico-quimicas de superficies bacterianas. As concentra¢cdes minimas
bactericidas obtidas contra S. maltophilia e A. calcoaceticus foram respetivamente de 2,1
e 3,1 mg/L para NaDCC, 2,5 e 3,8 mg/L para TCCA, 340 e 690 mg/L para OXONE e
0,80 e 1,0 mg/L para o cloro livre. O ajuste cinético das curvas obtidas revelou que o
NaDCC e TCCA causaram taxas de inativagdo semelhantes, e que o tempo para a primeira
reducdo logaritmica pelo OXONE foi inferior a 10 min, para ambas as bactérias. Todos
os desinfetantes desencadearam uma destabilizacdo significativa da membrana

citoplasmatica bacteriana, mesmo em concentragdes sub-letais. Os efeitos dos
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desinfetantes no controlo de biofilmes formados durante 48 h em policloreto de vinila
(PVC) e aco inoxidavel (SS) foram avaliados com base na capacidade de reducdo de
células cultivaveis e remocdo de biofilme. O NaDCC, TCCA e OXONE tiveram
eficiéncias de reducao de células cultivaveis dos biofilmes semelhantes ou melhores que
aacdo do cloro livre. O OXONE foi o desinfetante com melhor desempenho contra ambos
os biofilmes de S. maltophilia e A. calcoaceticus, causando reducdes até 4 log UFC/cm?.
No entanto, os biofilmes de S. maltophilia foram mais tolerantes a desinfecdo que os de
A. calcoaceticus. A remocado dos biofilmes foi invariavelmente modesta para todos os
biofilmes testados e desinfetantes aplicados.

Posteriormente, foi realizada uma avaliagdo mais profunda da atividade dos
desinfetantes selecionados no controlo de biofilmes pré-estabelecidos de S. maltophilia e
na prevencdo do recrescimento apds a desinfecdo. As propriedades viscoelasticas e
alteracdes na estrutura dos biofilmes foram avaliadas por reometria e por microscopia de
forga atomica (AFM). Os desinfetantes foram geralmente mais eficientes contra biofilmes
formados em SS do que em PVC. O recrescimento de biofilmes em SS previamente
expostos a0 OXONE foi limitado em 5 e 4 log UFC/cm?, em compara¢io com 0s
biofilmes ndo expostos ou biofilmes expostos ao cloro livre, respetivamente. O OXONE
causou uma reducgéo da coesdo do biofilme, revelada pela diminui¢do significativa do
moédulo de rigidez complexo (G*), comparativamente aos valores obtidos para 0s
biofilmes ndo expostos ou biofilmes expostos ao cloro livre. A analise por AFM mostrou
que, apos exposicdo ao OXONE, os biofilmes apresentaram uma aparéncia fraturada e
com agregados celulares menores dispersos no topo da superficie do biofilme.

Seguindo uma abordagem de mimetizacdo de condices reais, a eficacia do OXONE
para o controlo de biofilmes foi validada contra biofilmes maduros de S. maltophilia
formados num sistema de distribuicdo de agua potavel simulado por um reator de
cilindros rotativos. Apos exposi¢do ao OXONE, observou-se uma inativacao significativa
do biofilme, com reducdo do nimero de celulas cultivaveis e de células ndo danificadas
até aproximadamente 4 log. O OXONE também apresentou uma melhor estabilidade
guimica em agua da torneira sintética (STW) do que o cloro. As espécies reativas
formadas durante a desinfe¢do com 0 OXONE em STW foram avaliadas por ressonancia
paramagnética eletronica, revelando a presenca de oxigénio singleto e outros radicais ndo

identificados. Finalmente, os efeitos do OXONE foram estudados no crescimento de
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Chlorella vulgaris, indicando uma menor ecotoxicidade para a microalga de agua doce
do que o cloro.

Coletivamente, os resultados deste projeto reforcam 0 OXONE como uma alternativa
promissora em relacdo ao cloro para o controlo de biofilmes nos sistemas de distribuicao
de agua potével. Embora o seu uso recorrente para a desinfecdo de agua potéavel exija
mais estudos sobre a sua seguranga para o consumo humano a longo prazo, 0o OXONE
podera inicialmente ser indicado para desinfecdo de emergéncia temporaria de biofilmes

formados nos sistemas de agua potavel.
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@hapter 1

Work outline

This chapter summarizes the relevance and motivation of the work, the main

objectives, and a description of the organization of the thesis.
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1.1 Relevance and Motivation

Access to safe drinking water (DW) is essential to health, a basic human right, and a
component of effective policy for public health protection (UN General Assembly, 2010).
The World Health Organization (WHO) states that a satisfactory water supply must be
available to all, and every effort should be made to achieve DW that is as safe as
practicable (WHO, 2022). However, an appreciable number of serious health concerns
may occur because of chemical and microbial contamination of DW. The potential health
problems of microbial (bacterial, viral, protozoan, or other biological) contamination are
such that its control must always be of utmost importance and must never be
compromised (WHO, 2022). In the pursuit of pathogen-free DW, disinfection practices
are applied to remove the majority of microorganisms found in raw water. However, the
treated water is not sterile, and low levels of microorganisms persist in drinking water
distribution systems (DWDS) (Lugo et al., 2021; Novak Babi¢ et al., 2020). In fact, more
than 95% of the total biomass in DWDS can be found attached to pipe walls in the form
of biofilms, while only up to 5% of the biomass is freely suspended in the bulk water
(Chan et al., 2019; Liu et al., 2016; Simdes and Simdes, 2013).

Biofilms can be defined as microbial-derived sessile communities, constituted by
cells that are attached to a substratum, interface, or each other, embedded in a matrix of
extracellular polymeric substances (EPS), and exhibiting an altered phenotype concerning
growth, gene expression, and protein production (Donlan and Costerton, 2002; Flemming
and Wuertz, 2019). Biofilm-embedded microorganisms benefit from several advantages
over planktonic cells. The extracellular matrix is capable of sequestering and
concentrating environmental nutrients such as carbon, nitrogen, and phosphate. On the

other hand, microorganisms in biofilms have the ability to evade multiple clearance
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mechanisms, namely the exposure to disinfectants (Simdes et al., 2010; Yuan et al., 2020).
When the detachment of portions of biofilms occurs in DWDS, biofilm-embedded
microorganisms enter into the bulk water, permitting a possible outbreak of disease
(Hemdan et al., 2021; Simdes and Simdes, 2013; Zhang et al., 2018). Therefore, biofilms
should be considered when DW microbial control strategies are being designed.
However, currently there is no known affordable strategy able to successfully prevent or
control biofilm formation (Simdes and Simdes, 2013; Simdes et al., 2010).

Chemical control of microbial contamination is the most widely employed method,
particularly for DWDS, as chemicals generally offer downstream residual control, which
other methods cannot provide. Chlorine in the form of chlorine gas, sodium hypochlorite
or calcium hypochlorite is the most widely used disinfectant for water treatment (Pichel
et al., 2019; WHO, 2022). Nevertheless, the potential toxicity of chlorine gas, as a
pulmonary irritant, as well as side reactions of chlorine compounds to form toxic
disinfection by-products (DBPs) have caused some concerns about the use of chlorination
as a method for microbial control (Andersson et al., 2019; Cahoon, 2019; Pichel et al.,
2019). Additionally, it is known that the increase in microbial tolerance to conventional
chlorination can occur (Luo et al., 2021; Mir et al., 1997). Furthermore, chlorination per
se does not control the biofilms formed on the DWDS surfaces (Miller et al., 2015; Novak
Babi¢ et al., 2020; Pelleieux et al., 2016). This is in part due to the current DW guidelines
for testing disinfectant effectiveness that are mainly based on experiments carried out
with planktonic cultures, without mimicking the growth conditions found on surfaces
where the disinfectants are required to act (European Standard, 1997).

Consequently, there is an urgent need to seek and develop new and alternative
strategies to control the presence of biofilms in DWDS and minimize the environmental

and public health impacts of traditional methods. On the other hand, the use of novel
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disinfectants has been becoming more critical, especially in Europe, as a result of the
Biocidal Product Directive. The Regulation No 528/2012 of the European Parliament and
the Council (Regulation (EU) No 528/2012) has two major obvious consequences: i) a
decrease in the number of available active biocides; ii) a decline in new product
introductions — initial cost are significant and the return on investment takes longer.
Therefore, the prudent use of disinfectants by knowing their exact activity against
microorganisms, in both planktonic and sessile states, is fundamental to preserving their
efficacy and preventing microbial tolerance.

Sodium dichloroisocyanurate (NaDCC), trichloroisocyanuric acid (TCCA), and
potassium salt of peroxymonosulphate (OXONE) are being evaluated by the European
Chemicals Agency (ECHA) for the disinfection of DW. Specifically, the initial
application for approval of NaDCC and TCCA is under competent authority evaluation,
while the initial application for approval of OXONE is under opinion development by the
Biocidal Products Committee (ECHA, 2022a, 2022b, 2023a). In the United States, the
Environmental Protection Agency (EPA) approval and National Sanitation Foundation
(NSF) certifications allow the use of the chlorinated isocyanurates NaDCC and TCCA
for routine treatment of DW (Kuechler, 2009; NSF, 2018). However, chlorinated
isocyanurates are principally used to stabilize the residual chlorine in swimming pools,
for industrial water treatment (i.e. cooling towers), and for sanitation in the food industry
(Kuechler, 2009; Wahman, 2018). NaDCC and TCCA are alternative sources of chlorine
since they have a high chlorine content bound to cyanuric acid, and in water, they are
dissociated by a quick equilibrium reaction, providing a continuous release of free
chlorine (Clasen and Edmondson, 2006; Wahman, 2018). OXONE is a chlorine-free
oxidising agent. It has a broad application in the field of advanced oxidation processes

for degradation of organic pollutants in wastewater or groundwater (Ghanbari and
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Moradi, 2017; Lee et al., 2020). However, studies on OXONE disinfection are limited
(Lee et al., 2020; Wactawek et al., 2017). Both chlorinated isocyanurates and OXONE
are dry solids and very stable in this state, which makes them easy to handle and store
(Clasen and Edmondson, 2006; Kuechler, 2009; Wactawek et al., 2017). Information on
the mode of action of these compounds has not been sufficiently explored. Moreover,
most of the available literature describing the antimicrobial action of NaDCC, TCCA,
and OXONE is mainly focused on their effects on planktonic microorganisms. The real
impact of these alternatives in water treatment interventions and control of DW biofilms

has yet to be demonstrated.

1.2 Objectives

This PhD project aimed to understand the effects of new alternatives to hypochlorite-
based disinfection on DW biofilms, with particular emphasis on biofilm control and
prevention of regrowth. To obtain results with practicable significance, DW-isolated
microorganisms and experimental conditions mimicking DWDS were used.

The specific objectives are provided below:

a. Evaluation of the antimicrobial activity of disinfectants, with an initial application
for approval by ECHA, against DW-isolated bacteria based on relevant
physiological indices.

b. Assessment of the most effective disinfectant to control DW biofilms by
determination of the effects on biofilm culturability, removal, structure, and

mechanical stability, as well as on biofilm regrowth events.
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c. Realism-based validation of the performance of the selected disinfectant against
mature biofilms formed in a bench-scale biofilm reactor mimicking real
conditions found in a DWDS.

d. Study of the mode of action and possible advantages in terms of chemical stability
and toxicity of the selected disinfectant in comparison to conventional

hypochlorite-based disinfection.

1.3 Synopsis

This thesis is divided into seven main chapters that are summarized below.

Chapter 1 presents the relevance and motivation of the project as well as the main
objectives of this work.

Chapter 2 is a literature review, with particular emphasis on the problems of biofilms
in DWDS and its control. Firstly, some generic concepts and conventional technologies
for water disinfection are presented. Current practices commonly applied to control
biofilm growth in DWDS are described. Then, a systematic review is presented to assess
the scientific knowledge gained from the research on the disinfection of DW biofilms in
the last decade.

Chapter 3 describes in detail all the materials and methods used in the experimental
work reported in this thesis.

The main results and respective discussion are presented in Chapters 4, 5, and 6. In
Chapter 4 is included the evaluation of the antimicrobial activity of NaDCC, TCCA, and
OXONE against two emerging pathogens, Acinotobacter calcoaceticus and
Stenotrophomonas maltophilia. The dose and time-responses against planktonic bacteria

were performed as well as the assessment of the effects on selected physiological indices
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(membrane integrity and physicochemical properties of bacterial surface). Moreover, the
effects of the selected disinfectants against 48 h-old single-species biofilms formed on
two representative pipe materials were evaluated in terms of reduction in biofilm
culturability and biofilm removal. The results presented in this chapter are published in
the manuscript: Oliveira IM, Gomes IB, Simfes LC, Simbes M. 2022. Chlorinated
cyanurates and potassium salt of peroxymonosulphate as antimicrobial and antibiofilm
agents for drinking water disinfection. Science of the Total Environment. 811:152355.

Chapter 5 aims to derive an understanding of the action of OXONE and chlorinated
isocyanurates against biofilms, particularly their effects on the structure and mechanical
properties. The effects of the selected disinfectants in the prevention of biofilm regrowth
after disinfection were also evaluated. S. maltophilia biofilms were studied in more detail
in this chapter because they were found to be more tolerant to the selected disinfectants
than those of A. calcoaceticus in the previous study. The results included in this chapter
are in the process of production of the manuscript: Oliveira IM, Gomes IB, Placido A,
Simdes LC, Eaton P, Simbes M. 2023. The impact of potassium peroxymonosulphate and
chlorinated cyanurates on biofilms of Stenotrophomonas maltophilia: effects on biofilm
control, regrowth, and mechanical properties. Biofouling. In Press. doi:
10.1080/08927014.2023.2254704.

In chapter 6 a realism-based assessment of the potential of OXONE to control DW
biofilms in comparison to chlorine disinfection is performed. The effects of OXONE were
evaluated against 7 day-old S. maltophilia biofilms formed under conditions mimicking
DWDS using the bench-scale biofilm reactor — rotating cylinder reactor (RCR). The
chemical stability of OXONE and chlorine solutions in STW at 25 °C was evaluated over
40 days. The reactive species produced during the OXONE disinfection in STW were

identified by electron paramagnetic resonance (EPR) analysis. Additionally, the
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ecotoxicity of the disinfectants was examined using a freshwater microalga as test
organism, and considerations of possible toxicological profiles resulting from human
consumption in DW are discussed. The main results included in this chapter are published
in the manuscript: Oliveira IM, Gomes 1B, Moniz T, Simdes LC, Rangel M, Simdes M.
2023. Realism-based assessment of the efficacy of potassium peroxymonosulphate on
Stenotrophomonas maltophilia biofilm control. Journal of Hazardous Materials. 460:
132348.

The main conclusions of the overall study are outlined in chapter 7, as well as
perspectives for further research.

Supplementary experimental work performed for optimization of the methods and
other experimental results not included as the main results of the thesis are presented in
the Annexes section.

The PhD project was performed mainly in the facilities of LEPABE — Laboratory for
Process Engineering, Environment, Biotechnology, and Energy, at the Department of
Chemical Engineering of the Faculty of Engineering of the University of Porto. The
effects of selected disinfectants (from the product type 5 list of ECHA) at sub-lethal and
lethal concentrations were assessed on relevant physiological indices of two DW bacteria
that were already isolated from a DWDS at CEB — Centre of Biological Engineering of
the University of Minho. All the techniques performed regarding objective a) were
available and already validated at LEPABE. Most of the work of objectives b) and c)
regarding the evaluation of the effects of disinfectants on biofilm control was developed
at LEPABE, with exception of the study of the biofilm mechanical stability/cohesion that
was accomplished at REQUIMTE/LAQV — Associated Laboratory for Green Chemistry
of the Network of Chemistry and Technology, at the Department of Chemistry and

Biochemistry of the Faculty of Sciences of University of Porto, and at Biointerfaces and
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Nanotechnology core facility, at INEB — Instituto de Engenharia Biomédica. Initially, the
changes in the biofilm mechanical properties (without and with disinfection exposure)
were intended to be studied by atomic force microscopy (AFM)-based indentation
technique followed by determination of Young’s modulus, which would allow the biofilm
characterization under non-destructive conditions. However, challenges related to the
force-distance curve acquisition underwater and time limitations due to COVID-19
lockdowns forced the reformulation of the work plan. Consequently, AFM analysis was
implemented for the topographic characterization (image acquisition) of the biofilms and
additional rheometry analysis was employed for the determination of viscoelastic
properties. Finally, the experimental work concerning objective d) was mainly performed
at LEPABE, as well as in collaboration with Laboratory for Electron Paramagnetic
Resonance Spectrometry from CEMUP — Centro de Materiais da Universidade do Porto

- for identification of reactive species involved in the disinfection process with OXONE.
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Chapter 2:

Literature review

This chapter comprises a literature review with a special focus on biofilm issues and
control in DWDS. First, some general concepts and traditional techniques for water
disinfection are presented. State-of-the-art methods commonly used to control biofilm
growth in DWDS are described. Then a systematic review is provided to assess the

scientific knowledge gained from DW biofilm disinfection research over the past decade.
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2.1 Introduction

In DW networks, multiple approaches are applied to treat the raw water and against
any contamination resulting from the loss of integrity of the systems. Conventional DW
treatment technologies include physical methods, particularly, flocculation and
sedimentation, filtration, ultraviolet (UV) irradiation and pasteurization, and chemical
methods, such as chlorination, chloramination, and ozonation. Only the activities
associated with the destruction or inactivation of microorganisms can be denominated as
disinfection treatments (e.g. chemical methods, irradiation, heat) (Cahoon, 2019; Ellis,
1991; Pichel et al., 2019). Generally, the disinfection of water can be grouped into two
categories, the primary disinfection to eliminate the pathogens in the raw water supply,
and secondary disinfection to minimize the effects of re-contamination during storage and
distribution (Pichel et al., 2019). Treatment technologies can also be distinguished by
their utility for point-of-use or larger distribution networks. DW systems typically serve
multiple residences and users in more urbanized settings and are composed of pumping,
water treatment plants, storage, and transmission line infrastructure. The combination of
different strategies along the network are applied since the failure of one barrier can be
compensated for the efficiency of the remaining barriers (LeChevallier and Au, 2004;
WHO, 2022). Figure 2-1 presents the different stages and technologies for water
treatment that are usually implemented in urbanized DW systems, from source to

household water mains.
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Final treatment step:
chemical disinfection
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Surface water g : Filtration/
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Community Distribution _
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Figure 2-1 — Schematic representation of common urbanized DW systems with different stages
and technologies for water treatment.

Regarding the chemical disinfection methods, the key technical advantages and
limitations of different disinfectants that are used for water treatment are summarized in
Table 2-1. Chlorination is the most commonly used method for DW disinfection (Pichel
et al., 2019; WHO, 2022). Chlorine gas (Cl2) or chlorine-related forms (sodium
hypochlorite or calcium hypochlorite) are added to water, where it reacts to form
hypochlorous acid (HOCI) and hypochlorite ion (OCI"), usually termed as free chlorine
(Ellis, 1991). Although both the undissociated hypochlorous acid and the hypochlorite
ion are disinfecting agents, the hypochlorite ion is far less effective than the undissociated
hypochlorous acid (Ellis, 1991). Therefore, the germicidal effect of chlorine in water is
dramatically reduced as the pH rises above pH 7. The mechanism of inactivation appears
to be primarily the destruction of the cytoplasmic membrane and the inhibition of the

enzymatic activity. The selective permeability of the membrane is destroyed, respiration
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is impaired, and irreparable damage is triggered to the metabolic functions and DNA
(Ellis, 1991; Nizer et al., 2020). Haas and Engelbrecht (1980) proposed that both the cell
membrane and physical damage of the DNA, possibly involving strand scission or cross-
linkages, are the causative effects of the lethal lesions by chlorine. However, the increase
in microbial tolerance to chlorine and the production of toxic DBPs are the main
disadvantages of conventional chlorination (Andersson et al., 2019; Luo et al., 2021).

Chloramination is less effective than chlorination and consists of the addition of
ammonia and chlorine in a controlled manner to react and form monochloramine
(NH2Cl), which must be generated at the point-of-use (U.S. EPA, 2011; Pichel et al.,
2019). Chloramines are generally used as a secondary disinfectant during distribution,
rather than for primary disinfection.

Chlorine dioxide (CIO.) is a more powerful oxidizing agent than chlorine and
chloramines, and it is less pH-dependent than that chlorine (Pichel et al., 2019). Another
advantage of using chlorine dioxide in the water industry is its lack of reaction with
ammonia, reducing the oxidation demand in water and allowing its dosing into lower-
quality surface waters (Ellis, 1991). However, the principal concern with the use of
chlorine dioxide in water treatment is the possible toxicity of the chlorite ion produced.

Ozone (O3) used as a water disinfectant is the only real competitor to the employment
of chlorine (Ellis, 1991). Its use in water treatment is a result of its electrophilic
characteristics and is generated on-site by passing dry oxygen or air through a system of
high-voltage electrodes (Ellis, 1991; Pichel et al., 2019). Vegetative bacteria are readily
destroyed by ozone in water. A dose of 0.19 mg/L over 5 min was sufficient to kill all
vegetative Bacillus cereus, Bacillus megaterium, and Escherichia coli, while the spores
of B. cereus and B. megaterium required between 2.03 and 2.29 mg/L Oz over a 5 min

period to be inactivated (Broadwater et al., 1973; Ellis, 1991). However, ozone
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concentration in water decays more rapidly than other disinfectants, so it is suitable as a
primary disinfectant without residual protection against re-contamination in the

distribution system (Pichel et al., 2019).

Table 2-1 — Comparison of different chemical methods for microbial disinfection of DW, adapted
from the Environmental Protection Agency manual (2011).

Disinfectant

Advantages

Limitations

Chlorine (various Well

forms)

understood  disinfectant

capability
Established dosing technology
Stable residual in clean networks

Potential for using it for both
primary disinfection and
distribution

It is commonly used in the
oxidation and removal of iron and
manganese in water treatment
upstream of disinfection

By-product formation, taste and
odour issues can affect
acceptability

Chlorine dioxide

More effective than chlorine at
higher pH

Stable residual with no significant
by-product issues

Less taste and odour issues

Inorganic  by-product formation
(chlorate and chlorite) limits the
dose of chlorine dioxide that can be
applied

Substantially more expensive than
chlorine

Chloramines

No significant by-product issues

The taste threshold is typically
much greater than for chlorine
alone

Considerably less effective than
chlorine

Not usually applied as a primary
disinfectant

Mixing with non-chloraminated
supplies can cause taste and odour
issues

Good process control is required

Ozone

Strong oxidant and highly effective
disinfectant compared with
chlorine

Benefits of destruction of organic
micropollutants (pesticides, taste
and odour compounds)

Complex, energy-intensive, and
expensive equipment compared
with chlorination

Residual insufficiently long-lasting
for distribution
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Concerning physical technologies, UV irradiation constitutes another relevant
disinfection method. UV-based disinfection of water is normally achieved by passing the
water through tubes lined with UV lamps using wavelengths at about 255 nm (Ellis, 1991,
Pichel et al., 2019). Unlike many chemical disinfectants, UV irradiation impacts no taste
and odour to water and has no risk due to overdosing. The adverse effect on cells results
primarily from photochemical damage to nucleic acids, and energy dissipation causes
disruption of unsaturated bonds which appears to produce a progressive lethal
biochemical change (Ellis, 1991; Sedgwick, 1973). Nevertheless, supplementary
processes are required upstream to clarify the water and improve the effectiveness of the
UV disinfection, and in addition, UV treatment does not have a residual effect in treated

water, being only suitable for primary disinfection.

2.2 The occurrence of biofilms in DWDS and current

practices for biofilm control

Biofilms are persistent microbial communities grown on any surface in contact with
water, responsible for several undesirable effects on the water quality, including a
possible source of waterborne opportunistic pathogens (Hemdan et al., 2021; Ma et al.,
2020; Simdes and Simdes, 2013). These complex and organized microbial communities
are composed of cells embedded in a self-produced matrix of EPS that provides integrity
to the three-dimensional structure of biofilms and protection from adverse environmental
conditions (Ciofu et al., 2022; Desmond et al., 2018).

Although a multiple-barrier approach is applied in water treatment plants and for
management of DWDS, biofilms are ubiquitous along the water networks. Emtiazi et al.

(2004) investigated the formation of natural biofilms in different sites of a DW production
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system, covering biofilms from surface water, raw water after bank filtration, downstream
of granular activated carbon filtration, after UV disinfection, as well as from the
downstream municipal distribution system. Even though reductions in cell counts and
enzyme activities of biofilms during the disinfection process from surface water to DW
reflected an improvement in its trophic status, biofilms were detected directly after UV
disinfection, from 1 to 2 m distance. Moreover, opportunistic pathogens such as atypical
mycobacteria and Legionella spp. were found in DW biofilms, and Pseudomonas
aeruginosa was sporadically detected, despite preceding filtration and UV disinfection.
Community composition studies have revealed that DW microbiota is complex, with
wide variation in the identity and composition of microbial communities in DW biofilms.
Given the high growth rates of bacteria, their relatively small size, adaptation capabilities,
and ability to produce EPS, biofilm microbial communities in DWDS are generally
dominated by that type of cells (Characklis and Marshall, 1990; Liu et al., 2016).
Proteobacteria, particularly those belonging to the o, S, y, and J subclasses, have been
found to generally dominate biofilms in DWDS (Liu et al., 2016; Proctor and Hammes,
2015; Wu et al., 2015). However, viruses, filamentous fungi, algae, and protozoa may
also be present in DW biofilms. Single-species biofilms are rare, and in many cases,
biofilm formation can be enhanced by the co-presence of microorganisms (Schwering et
al., 2013; Simdes et al., 2007b; 2023). For instance, in a full-scale chloraminated DWDS
composed by cast-iron water mains it was found that Mycobacteria dominated the biofilm
communities at the biofilm-bulk water interface, with the detection of both non-
pathogenic Mycobacterium frederiksbergense and Mycobacterium aurum at a higher
frequency, and the opportunistic pathogens Mycobacterium haemophilum and

Mycobacterium abscessus at a low number (Gomez-Smith et al., 2015). On the other
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hand, underneath of the corrosion tubercules, the biofilm communities were dominated
by sulphate-reducing bacteria from the genus Desulfovibrio (Gomez-Smith et al., 2015).

The development of biofilms in the distribution systems is affected by several inter-
related factors. The biodegradable organic matter (BOM) in water is metabolized by most
aquatic microorganisms for energy sources and the production of cellular materials (Liu
etal., 2016). The levels of BOM are unique to each distribution system depending on the
water source, which significantly shapes the microbial community in the water networks
(Hozalski et al., 1999; Pan et al., 2021; Sun et al., 2014; Wan et al., 2019). The presence
of inorganic nutrients, such as phosphorus or nitrogen, also influences biofilm growth.
Following phosphate addition, changes in the biofilm structure and microbial community
can be observed (Batté et al., 2003). Biofilms have been shown to increase EPS
production in response to phosphorus limitation. Additionally, the growth-enhancing
effect of both planktonic cells and biofilm was observed with the addition of phosphate
in water with low phosphorus content (Kim et al., 2014; Liu et al., 2016). Likewise,
nitrogen content in water can also modulate the composition of microbial communities in
biofilms (Navada et al., 2020; Song et al., 2021). The relative abundance of autotrophic
bacteria is promoted by high nitrogen-to-carbon ratios, while predominantly
heterotrophic bacteria growth is present at low nitrogen-to-carbon ratio (Liu et al., 2016;
Ohashi et al., 1995). Biofilm development in DWDS can also be affected by trace metals
such as iron and copper (Gomes et al., 2019; Hindré et al., 2008).

The development of biofilms in DWDS is also known to be altered by the choice of
pipe materials. The corrosion products of materials susceptible to degradation such as
iron- and copper-based materials have biofilm growth-promoting effects, as well as
possible chemical reactions with disinfectant residuals leading to disinfectant depletion

(Lietal., 2019; Liu et al., 2016). Most polymeric pipes have shown less biofilm growth
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compared to those formed on corrosion-prone materials (Liu et al., 2016). Nevertheless,
some studies have observed the leaching of emerging contaminants from plastic-based
pipes into water that can threaten both human health and the environment (Mohammadi
et al., 2022; Ye et al., 2020; Zhang et al., 2022). Microplastics of polyvinyl chloride
(PVC), polyamide, polypropylene, polyethylene, and polyethylene terephthalate were
commonly found in DW (Mohammadi et al., 2022). Zhang et al. (2022) demonstrated
that ozone-exposed pipe materials predominantly released small-sized microplastics
between 1 to 10 pum, being this release facilitated by the surface crack propagation and
fragmentation in aged plastic pipe materials. Besides microplastics, DW in contact with
polymer materials during transport and storage presented the highest mean concentrations
of other emerging contaminants including bisphenol A, phthalates, nonylphenol,
perfluoroalkyl, and polyfluoroalkyl substances (Mohammadi et al., 2022).

Another important operational condition that potentially affects biofilm growth is the
flow-rate variation in DWDS. Different locations along the DW network systems have
variable hydrodynamic conditions, oscillating from laminar to turbulent and conversely.
At low flow rates, the nutrient transport and shear effects are decreased, stimulating the
formation of more loosely attached and more-porous biofilms. On the other hand,
turbulent flow and high-shear-stress conditions result in the growth of thinner, denser,
and less-porous biofilms (Liu et al., 2016; Liu and Tay, 2002; Moreira et al., 2013). Even
though the detachment of mature biofilms due to increased shear stress on the outer layers
may be promoted by high flow rates.

The elimination of biofilms in water distributions is practically impossible to achieve
and to date, no approach has shown complete success in eradicating them. The strategies
implemented for biofilm prevention and control in DWDS are based on factors known to

contribute to biofilm development, such as the concentration of nutrients in the water,
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type and stability of the material used in DWDS, the hydrodynamic conditions in DWDS,
and levels of disinfectant residual through the distribution system (Gagnon et al., 2002;
Liu et al., 2016; Simdes and Simdes, 2013).

The balance between nutrient removal and residual disinfection has been a high
priority for many water utilities because the presence of organic matter in water increases
the disinfectant demand (Gagnon et al., 2002; Simdes and Simdes, 2013). For a balanced
growth in DW, a generally accepted assumption is that carbon, nitrogen, and phosphorus
must be present in a ratio of approximately 100:10:1, respectively (Camper, 1994,
Gagnon et al., 2002; Simdes and Simdes, 2013). Therefore, the strategy of accomplishing
high levels of BOM removal and subsequently delivering very low disinfectant residual
concentrations has been becoming popular in Europe (Gagnon et al., 2002). For example,
the Netherlands, Germany, Austria, and Switzerland, have taken the approach of
distributing DW without the use of post-disinfection because of concerns associated with
DBPs, taste and odour complaints, and public perception (Gagnon et al., 2002; Sim&es
and Simdes, 2013). The removal of BOM is mainly executed by biological treatment
processes including fluidized bed filters, slow sand filters, biological activated carbon
(BAC) filters, and soil-aquifer treatment systems. Additionally, ozone can also be applied
to water before filtration with either a rapid sand filter or a BAC filter (Gagnon et al.,
2002; Mirnasab et al., 2021; Peterson and Summers, 2021; Sinha and Mukherji, 2022).
However, most water treatment plants strive to ensure the maintenance of a disinfectant
residual throughout the distribution system. In fact, disinfectant residuals minimize the
propensity of microorganisms for regrowth or re-inoculation from biofilms, reduce the
risk of general contamination from exogenous intrusions, and serve as a sentinel of any

rupture of the system integrity (Haas, 1999).
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As explained above, chlorine is the most widely used disinfectant for water treatment
and is also applied to control microbial accumulation in pipes and tanks. Chlorine inhibits
the reversible-to-irreversible transition of cell attachment to surfaces by degrading cell-
membrane functional groups and associated polymers, however, it is incapable of the
complete inhibition of biofilm growth (Xue and Seo, 2013). Alternatively, chloramines
are often used in distribution systems in which free chlorine residuals are difficult to
maintain or to avoid excessive by-product formation (Liu et al., 2016). LeChevallier et
al. (1990) conducted a study to evaluate the differences in disinfection efficiency between
free chlorine and monochloramine for controlling biofilm growth in a model pipe system.
Either free chlorine or monochloramine at low levels (1 mg/L) could reduce viable counts
of more than 2 log reduction for biofilms grown on galvanized, copper, or PVC pipe
surfaces. However, free chlorine residuals ranging from 3 to 4 mg/L were ineffective for
biofilm control on iron pipes. Conversely, biofilms treated with monochloramine
residuals (> 2 mg/L) exhibited more than 3 log reduction. Therefore, the accumulation of
corrosion products on iron pipes was found to interfere with chlorine disinfection. On the
other hand, although less reactive in comparison to chlorine against planktonic
microorganisms, chloramines have been reported to have greater penetrating capacity in
biofilms due to their relatively low tendency to react with EPS (LeChevallier et al., 1988;
Liu et al., 2016). Nevertheless, the use of chloramine has been associated with the growth
of certain nitrifying bacteria within the biofilm, due to the release of ammonia from
chloramine decay (Li et al., 2014). Additionally, chlorine-resistant bacteria were also
detected in full-scale chloraminated DWDS, including Bdellovibrio, Bradyrhizobium,
Peredibacter, Sphingomonas, and Hydrogenophaga bacteria (Miao et al., 2022). The

authors indicated that resistance was modulated by glutaminyl-tRNA biosynthesis given
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the increase of relative abundance of glutamate-tRNA ligase after chloramine disinfection
(Miao et al., 2022).

To avoid zones in the distribution network with high organic material sedimentation,
and consequently abundant biofilm formation, the DWDS must be planned to reduce as
much as possible the presence of zones of water stagnation and high water residence times
in pipes (Liu et al., 2016; Simdes and Simdes, 2013). Flushing, pigging, and air-water
scouring are considered to be the best routine management practices for biofilm control
because they also remove any biomass killed or inactivated by disinfection (Liu et al.,

2016).

2.3 Guidelines and regulations for DW disinfection

The management and monitoring of DW quality are based on guidelines and
regulations that establish acceptable limit values for various potential contaminants and
support the development and implementation of activities to ensure the protection of
public health (Tsaridou and Karabelas, 2021). The WHO guidelines for DW quality
provide information on water quality and health, including effective management
approaches, which are commonly accepted through consensus and internationally
adopted in the development of national policies and regulations (WHO, 2022). On the
other hand, technical regulations are legislative documents issued by authorities that
stipulate mandatory product and process characteristics, as well as applicable
administrative provisions (Tsaridou and Karabelas, 2021). Within this regulatory context,
the new European Union DW Directive (Directive (EU) 2020/2184) published in
December 2020 repealed the previous Council Directive 98/83/EC on the quality of water

intended for human consumption. This Directive (EU) 2020/2184 lays down rules for the

23



Chapter 2 — Literature review

protection of “human health from the adverse effects of any contamination of water
intended for human consumption by ensuring that it is wholesome and clean, and to
improve access to water intended for human consumption” for all in the European Union.

Concerning microbiological contaminants in DW, the practical approach for setting
DW system performance is based on the control of specific microbial indicators,
assuming that there is a relationship between an indicator density and the potential health
risks involved (Lugo et al., 2021; Tsaridou and Karabelas, 2021; WHO, 2022). The WHO
guidelines provide a range of indicator organisms that should be considered for different
purposes in DW monitoring, including validation of the treatment process, operational
monitoring, and surveillance (WHO, 2022). E coli has traditionally been used to monitor
DW quality as an indicator of faecal pollution and is a well-established parameter
implemented in the verification or surveillance. Heterotrophic plate counts can be used
as operational indicators of bacterial disinfection effectiveness and DWDS cleanliness
and integrity. The presence of total coliforms in the distribution networks can reveal
regrowth and possible biofilm formation or contamination from possible breaches in the
system (WHO, 2022). However, viruses and protozoa more resistant to treatment
technologies may be present in DW without the detection of traditional indicators.
Therefore, the inclusion of indicators of persistent microbial contaminants, such as
bacteriophages and bacterial spores, in the control and surveillance programs, should be
considered (WHO, 2022).

Regarding Directive (EU) 2020/2184, no intestinal enterococci and E. coli numbers
should be detected in 100 mL of DW supplied by distribution systems. For monitoring
purposes and ensuring DW quality in remedial actions, the Directive (EU) 2020/2184
establishes that colony counts at 22 °C should not present abnormal change and no

coliform bacteria should be detected in 100 mL of DW supplied by distribution systems.
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If the risk-based approach indicates the evaluation of Clostridium perfringens, including
spores, the parametric value should be zero in 100 mL of DW. Additionally, if somatic
coliphages are detected in raw water at more than 50 plaque forming units/100 mL, this
operational parameter should be analysed in DW to determine log removal by the
measures implemented and to assess whether the risk of a viral outbreak is adequately
controlled (Directive (EU), 2020/2184; Tsaridou and Karabelas, 2021). Conversely to the
previous Council Directive 98/83/EC, the new Directive (EU) 2020/2184 establishes the
parametric value for Legionella less than 1000 CFU/L if it is included in the risk
assessment of domestic distribution systems and remedial actions. In the case of
infections and outbreaks, the legislation specifies that further measures could also be
considered when below the parametric values, the source of the infection must be
confirmed and Legionella species identified (Dettori et al., 2022; Directive (EU),
2020/2184). The adoption of a risk-based approach along the entire supply chain,
including the domestic system, is one of the main innovations in this updated Directive,
however, the responsibility for this risk assessment study relies principally on the DW
provider and distributer (Directive (EU), 2020/2184; Tsaridou and Karabelas, 2021).
Chemicals used in water treatment may give rise to contaminants in the final water.
Disinfectant residuals are deliberately added to water and their presence confers a benefit,
but the treatment processes should be optimized to control the residual levels and to
control the formation of DBPs. The Directive (EU) 2020/2184 does not specifically
determine that water supplies should be disinfected, nor residual disinfection is required,
although it indicates disinfection when necessary. If disinfection is included in the
treatment or distribution of DW, the member states shall ensure that the efficiency of the
disinfection used is validated, the DBPs levels are kept as low as possible without

neglecting the disinfection, and the treatment chemicals are safe and properly managed
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to avoid adverse effects on consumer health. European Union member states may adopt
standards and monitoring requirements more stringent than those imposed by the
Directive (EU) 2020/2184. For example, Portugal requires primary disinfection for water
treatment and secondary disinfection during distribution (Decreto-Lei n.° 152/2017). The
maximum guideline values recommended by WHO for disinfectants used in water
treatment that are of health significance in DW are 5 mg/L for free chlorine, 3 mg/L for
monochloramine, and 50 mg/L for sodium dichloroisocyanurate (WHO, 2022). In the
case of chlorination, a residual concentration of free chlorine > 0.5 mg/L after at least 30
min contact time at pH < 8.0 should be ensured for effective disinfection. Moreover, the
WHO states that a minimum residual concentration of free chlorine of 0.2 mg/L should
be present at the point of delivery (WHO, 2022). The potential toxicity from chlorine
dioxide is protected by the provisional guideline values for chlorite (0.7 mg/L) and
chlorate (0.7 mg/L), which are the primary DBPs resulting from the use of chlorine
dioxide as a disinfectant (WHO, 2022). The new Directive (EU) 2020/2184 establishes
that the levels of chlorate and chlorite shall be measured if disinfectant methods that
generate these compounds are used, setting a parameter value of 0.25 mg/L for both
chemicals (Dettori et al., 2022; Directive (EU), 2020/2184). However, particularly when
chlorine dioxide is used for disinfection, parametric values are more flexible up to 0.70
mg/L. The Directive (EU) 2020/2184 also stipulates the quantification of total
trihalomethanes and haloacetic acids, which are two principal DBPs classes, when a
disinfection method is included in the treatment and distribution of DW (Directive (EU),
2020/2184; Tsaridou and Karabelas, 2021). The parametric value for haloacetic acids is
60 pg/L, comprising the sum of five representative substances: monochloroacetic acid,
dichloroacetic acid, trichloroacetic acid, monobromo acetic acid, and dibromo acetic acid

(Dettori et al., 2022; Directive (EU), 2020/2184). For the case of total trihalomethanes,
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100 pg/L is defined as a parametric value, including the sum of concentrations of
chloroform, bromoform, dibromochloromethane, and bromodichloromethane (Directive

(EU), 2020/2184).

2.4 Research on DW biofilm disinfection in the last

decade

A systematic review was performed to access the knowledge gained from the research
on the disinfection of DW biofilms in the last decade. The systematic quantitative
literature review was accomplished according to the method described by Pickering and
Byrne (2014) and Li et al. (2019). Research articles were searched on Web of Science™
(Clarivate) in the advanced topic search using the keywords “drinking water” OR
“potable water” AND biofilm AND disinfection. Only original English written research
articles published between January 2013 and December 2022 were considered. This list
included 326 journal articles. After manually screening the titles and abstracts, 135 full-
text articles were assessed for eligibility and then 77 articles were selected for detailed
assessment (Figure 2-2). Selection criteria included the requirement that i) the research
studies described the DWDS (real or simulated) and characteristics of the water when tap
water was used for biofilm formation; ii) microbial or physicochemical changes in the
biofilm had to be addressed; iii) differences in water treatment (preferable with primary
or secondary disinfection) had to be studied, and iv) a clear definition of disinfectants

concentrations tested.
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Figure 2-2 — Flow diagram of the different phases of the systematic review implemented,
according to PRISMA recommendations (Moher et al., 2009).

The 77 studies from the last decade included in this review were conducted in 22
different countries, with the United States of America and China being the two countries
with the highest number of publications (Figure 2-3). Following this rank are Canada and
Portugal, each with six publications, and the United Kingdom and France, each with five
studies. From 2013 to 2022, the most published years were 2019 and 2022, with 12 and

10 articles, respectively.
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number of publications

1 17

Figure 2-3 — World map representing the number of publications per country under the topic of
disinfection of DW biofilms.

2.4.1 Methods for biofilm formation and monitoring biofilms

within DWDS

The preferable methods implemented to study DW biofilms were through the use of
benchtop laboratory devices (Figure 2-4 (a)), principally annular reactors, Centers for
Disease Control (CDC) biofilm reactors, 96-well microtiter plates or Calgary biofilm
devices, and microtiter plates with coupons of different materials. Other devices, such as
Propella™ reactor, rotating disc reactor, parallel plate flow chamber, flow cell system,
and RCR were also applied, but at a lower frequency. The characterization and description
of the limitations and advantages of these devices for studying biofilms in DWDS were
extensively reviewed by Gomes et al. (2014). They are mainly used in laboratory-scale
experiments, nevertheless, these devices mimic the conditions found in real DWDS, for
example, environmental factors (temperature, concentration of nutrients and

disinfectants), hydrodynamic conditions, and type of surface materials. Additionally, to
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promote biofilm formation, the benchtop laboratory devices can be supplied with tap
water, supplemented water, or an appropriate broth medium. Table 2-2 summarizes the
experimental conditions reported in the selected articles to form and study the simulated

DW biofilms with the use of benchtop laboratory devices.

(@) (b)

Ductile iron

Silicone Cast iron

EPDM PVC

PEX 5SS

Benchtop lab. Cement
devices
65%

HDPE

In situ appl.
devices
6%

Polycarbonate PE

Polystyrene Copper

Glass

Figure 2-4 — Methods used to study DW biofilms (benchtop laboratory devices, pilot-scale
DWDS, samples of real DWDS, and in situ application devices) (a) and different surface materials
evaluated (b). PVC — polyvinyl chloride; SS — stainless steel; HDPE — high-density polyethylene;
PE - polyethylene; PEX — cross-linked polyethylene; EPDM — ethylene-propylene-diene
monomer rubber.

Moreover, 17% of the selected articles evaluated the biofilm growth in real DWDS
by scraping the surfaces of water mains (Aggarwal et al., 2018; Alfredo, 2021; Cruz et
al., 2020; Inkinen et al., 2021, 2019; Kelly et al., 2014; Waak et al., 2019; Wu et al.,
2015); in hospital shower hoses through swab samples of the showerheads (Soto-Giron
et al., 2016; Stlken et al., 2018); in dental units by cutting and collecting the PVC tubes
that supplied the units (Dallolio et al., 2014); in DWDS within broiler farms by swabbing
the sample surface at the end of the pipes, openings at the drinking cups, and inside
pressure regulators (Maes et al., 2019); and in an aircraft DW system through swab

samples of coupling and tubing surfaces (Szabo et al., 2019). However, considering the
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heterogeneity of the biofilm distribution along the DW networks and the discrepancy of
water properties in different locations, representative sampling constitutes a challenge
(Liu et al., 2016). On the other hand, when it is intended to analyse biofilm samples of
the water mains, the opportunities for the sampling process are dependent on pipe
substitution and maintenance operations. Alternatively, the adaption of in situ devices
placed as a by-pass or directly connected to the DWDS, and the biofilm formation in
pilot-scale DW networks were also reported in the selected research articles. The in situ
application devices included the Pennine Water Group coupon sampling device (Calero-
Preciado et al., 2022; Fish et al., 2020; Fish and Boxall, 2018), biofilm incubators with
glass beads (Bertelli et al., 2018), and unconventional equipment analogous to a two-
tiered “chandelier” with steel coupons for biofilm formation in groundwater wells
(Murray et al., 2015). The pilot-scale distribution facilities consisted of parallel loops of
pipes with 1 to 270 m lengths from different materials and fed by DW (Alvarez-Arroyo
et al., 2022; Farhat et al., 2022; Inkinen et al., 2017; Jungfer et al., 2013; Li et al., 2014;
Meier and Bendinger, 2016; Pérez et al., 2019; Pérez and Susa, 2017).

Among all the selected articles, the surface materials most studied for biofilm
formation were PVC, cast iron, and stainless steel (SS) (Figure 2-4 (b)). High-density
polyethylene (HDPE), copper, and polystyrene were also tested, but at a lower frequency.
These materials are representative of pipe materials used in DWDS and household
plumbing systems (Liu et al., 2016), except for polystyrene which reflected the limitation
of the platform used for biofilm formation, i.e., 96-well microtiter plates and Calgary

biofilm device.
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Table 2-2 — Methods for biofilm formation with benchtop laboratory devices.

Benchtop Microbial colonization Surface  Primary water Other operational conditions References
laboratory material disinfection and/or
devices residual disinfectant
Annular reactor  Autochthonous microorganisms  Castiron Chlorineat0.1m/Lor T=25°C (Liu et al., 2019a)
present in groundwater source chlorine with UV pre-  Biofilm formation for 1 year
for DW treatment (40 mJ/cm?)  Shear stress = 0.25 Pa
HRT=6h
Autochthonous microorganisms  Castiron  Chorine at 0-0.08 mg/L  Biofilm formation for 250 or 300 days (Wang et al.,
present in DW or chlorine with UV Shear stress = 0.25 Pa (correspondingtoa 2017; Zhu et al.,
pre-treatment (40 water velocity of 0.3 m/s ina 100 mm @ 2014)
mJ/cm?) smooth pipe)
HRT=6h
Autochthonous microorganisms ~ Copper Chlorine at 1 mg/L T=19-20°C (Buse et al.,
present in DW and further and PVC Biofilm formation for 1.5-2 years 2019)
Legionella pneumophila Rotational speed of 110 to 120 rpm
inoculation (6.7 log CFU/mL) (corresponding to a velocity of 0.3 m/s in
a12.7-25.4 mm @ pipe)
HRT =10 min
Then, 5 d incubation with L. pneumophila
in batch mode in a beaker under agitation
Autochthonous microorganisms  PVC Chlorine at 0.02-0.08 T =45 °C (lower limit for domestic hot (Li et al., 2020)
present in DW mg/L water)
Shear stress = 0.08 Pa
HRT=4h
Autochthonous microorganisms  Castiron Chlorineat 1 mg/L or ~ Biofilm formation for 90 days (Huo et al., 2021)
present in DW with UV/H,0- pre- Rotational speed of 50 rpm
treatment (500 mJ/cm?; HRT =48 h
1 mg/L)
Autochthonous microorganisms ~ Castiron  Chlorine at 0.04-0.1 Biofilm formation for 250 days (Wang et al.,
present in DW mg/L of chlorine with ~ Rotational speed of 50 rpm 2018)

ozone pre-treatment

(0.55 mg/mg dissolved

organic carbon)

HRT=6h
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Benchtop Microbial colonization  Surface Primary water Other operational conditions References
laboratory material disinfection and/or
devices residual disinfectant
Annular reactor  Autochthonous Cast iron Phosphate-enhanced Biofilm formation for 1.5-2 years (Xing et al.,
microorganisms present ozone/biofiltration (2.18 Shear stress = 0.25 Pa 2018)
in DW mg Os/mg dissolved HRT=6h
organic carbon) and
secondary chlorination
(2.8 mg/L)
Autochthonous Castironand  Untreated or groundwater  Biofilm formation for 4 weeks without (Rand et al.,
microorganisms present  polycarbonate treated with ion exchange, chlorination, followed by 12 weeks with ~ 2013)
in groundwater source followed by chorine at 0.2  disinfection
for DW mg/L or chlorine with UV  Shear stress = 0.25 Pa
pre-treatment (40 mJ/cm?)
Autochthonous Cast iron Chorine at 0.05-1.10 Biofilm formation for 305 days (first 30  (Wang et al.,
microorganisms present mg/L or chlorine with UV  days without disinfection) 2014)
in reclaimed water pre-treatment (60 mJ/cm?)  Shear stress = 0.25 Pa
HRT=6h
Autochthonous Castiron, SS, chlorine at 0.8 mg/L or Biofilm formation for 8 weeks (Lietal., 2020a)
microorganisms present  copper, PVC,  chloramine at 1 mg/L Shear stress = 0.25 Pa
in DW and HDPE HRT=1.7h
Autochthonous Castironand  No disinfectant residual T=21°C (Sharafimasooleh
microorganisms present  polycarbonate for 4 weeks, followed by  Biofilm formation for 16 weeks et al., 2016)
in DW 2 phases of chlorine at 0.2  Shear stress = 0.25 Pa
and 1 mg/L HRT=2h
Autochthonous PVC No disinfectant residual, T=24°C (Wang et al.,
microorganisms present or chlorine at 0.4 mg/L or ~ Biofilm formation for 6 weeks 2013)
in DW chloramine at 1.0 mg/L Shear stress = 0.154 Pa
HRT=19h
Autochthonous Cast iron Chlorine at 0.08 mg/L or  Biofilm formation for 350 days (Zhu et al., 2020)

microorganisms present
in DW

chlorine with UV pre-
treatment (40 mJ/cm?)
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Table 2-2 (cont.) — Methods for biofilm formation with benchtop laboratory devices.

Benchtop Microbial colonization Surface Primary water Other operational conditions References
laboratory material disinfection and/or
devices residual disinfectant
Annular Autochthonous Cast iron Chorineat0.05 mg/Lor T=25°C (Liuetal.,
reactor microorganisms present in combination with ozone Biofilm formation for 6 months 2019b)
DW pre-treatment at 0.34 and  Rotational speed of 50 rpm
0.64 mg/L or Os-BAC- HRT =6 h
Cl, system
Autochthonous Polycarbonate Chlorine at 1 mg/L with Biofilm formation for 1 year (Munoz et al.,
microorganisms present in addition of either 1 mg/L  Rotational speed of 50 rpm 2022)

DW PO4* or 24-48 mg/L SiO, HRT=2h
Rotating disc ~ Autochthonous HDPE and Chlorine < 0.02 mg/L T=20°C (Mathieu et al.,
reactor microorganisms present in glass Biofilm formation for 2 months 2014)

DW Shear stress = 0.2-1 Pa

Autochthonous HDPE Chlorine < 0.05 mg/L Biofilm formation for 2 months (Pelleieux et al.,

microorganisms present in Shear stress = 1 Pa (corresponding to a 2016)

DW and further velocity of 0.5 m/s in a 20 cm @ pipe)

bacteriophage (MS2, GA, HRT =24h

and Qp) inoculation (=108 Then, the reactor was spiked with phages

eqPFU/mL) for adhesion (3 h) in batch mode
CDC biofilm  Multi-species cultures PVC No chlorine residualsor3 T =24°C (Wang et al.,
reactor isolated from a local water phases of disinfection Biofilm formation for 6 months without =~ 2021)

utility (2 x10° CFU/mL)

(Cl2 or NH»Cl): 50 days
at 0.5 mg/L, followed by
25 days at 2 mg/L, and
finally 25 days at 4 mg/L

disinfection, followed by 100 d with
disinfection
HRT=12h

P. aeruginosa (= 10°
cells/mL)

Polycarbonate

No disinfectant residual

Biofilm formation for 5 days
Stirred at 100 rpm
HRT=17h

(Maetal., 2022)

Autochthonous
microorganisms present in
DW

Cement,
PVC, and
HDPE

No disinfectant residual
or chloramine at 1.7 mg/L
(total chlorine)

Biofilm formation for 28 months
Stirred at 125 rpm
HRT =45h

(Aggarwal et al.,
2018)
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Benchtop Microbial colonization Surface Primary water Other operational conditions References
laboratory material disinfection and/or
devices residual disinfectant
CDC biofilm  Autochthonous PVC No disinfectant residual Biofilm formation for 1 year (Shenetal.,
reactor microorganisms present in for 1 year, then chlorine Stirred at 125 rpm (Re = 2384) 2017, 2016)
groundwater source for DW or chloramine at 4 mg/L  Biofilm disinfection for 3 or 6 months in
stirred or non-stirred conditions
P. aeruginosa (unknown Polycarbonate No disinfectant residual T=23°C (Goraetal.,
cellular density of the Biofilm formation: 24 h in batch mode 2019)
inoculum) with 300 mg/L TSB, followed by 24 h in
CSTR mode with 100 mg/L TSB
Stirred at 250 rpm
HRT =0.83 h
Autochthonous SS and PE Chlorine at 0.5 and 1.0 T=21.6°C (Choi et al.,
microorganisms present in mg/L from chlorine gas Biofilm formation for 70 days 2022)
DW or on-site generated Stirred at 100 rpm
chlorine HRT = 30 min
Autochthonous PVC No disinfectant residual Biofilm formation for 10 weeks (Ling and Liu,
microorganisms present in for 2 weeks, followed by  Flow rate at 2.6 mL/min 2013)
groundwater source for DW chloramine at 7.5t0 9.1
mg/L (total chlorine) for
8 weeks
Single-species cultures of P.  PVC No disinfectant residual T=20and 37°C (Garvey et al.,
aeruginosa and Biofilm formation for 24, 48 and 72 h 2015)
Staphylococcus aureus (=3 x Stirred at 125 rpm
10% CFU/mL)
RCR Single- and dual-species PVC No disinfectant residual Biofilm formation for 7 days (Gomes et al.,
cultures of A. calcoaceticus Shear stress = 1 Pa (0.34 m/s water 2018a)
and S. maltophilia (=10’ velocity on the cylinder surface)
CFU/mL) HRT =10h
S. maltophilia (2 x10’ Copper alloys  No disinfectant residual Biofilm formation for 7 days (Gomes et al.,
cells/mL) and SS Shear stress = 0.1 Pa 2020)

HRT =10 h
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Table 2-2 (cont.) — Methods for biofilm formation with benchtop laboratory devices.

Benchtop Microbial colonization Surface Primary water disinfection Other operational conditions References
laboratory material and/or residual disinfectant

devices

Calgary Pseudomonas alloputida Polystyrene  No disinfectant residual or 10to T =30°C (Yuetal., 2022)
biofilm device  (ODsoonm=0.1) 250 mg/L nanoparticles of zero- Biofilm formation for 24 h

and 96-well valent iron (nZV1) and its

microtiter derivates (carboxymethyl

plates cellulose- nZV1, oxidized-nZVI1

and Fe3Oy)

Single- and multi-species
cultures of bacterial strains
isolated from DWDS [(1:30)
dilution of suspension with
turbidity equal to 1.0
McFarland standard]

Polystyrene

No disinfectant residual

T=25°C

Biofilm formation between 20 h
to 9 days

Agitation at 125 rpm

(Schwering et al.,
2013)

Single- and multi-species
cultures of Sphingomonas
sp., Acidovorax defluvii,
Acinetobacter sp., B. cereus,
and Microbacterium
laevaniformans (=10°
cells/mL)

Polystyrene

No disinfectant residual

T=25°C

Biofilm formation for 24, 48,
and 72 h

Agitation at 150 rpm

(Zhu et al.,
2020a; Zhu et al.,
2021)

Single- and multi-species Polystyrene  No disinfectant residual T=25°C (Simdes et al.,
cultures of A. calcoaceticus Adhesion for 2 or 4 h and 2023)

(=108 cells/mL) and biofilm formation for 24 or 48 h

filamentous fungi Shear stress = 0.05 and 1.6 Pa

Penicillium brevicompactum

and P. expansum (=10°

spores/mL)

P. aeruginosa (suspension Polystyrene  Chlorine at 0, 0.5, 0.7, and 1 T=37°C (Kekeg et al.,
with turbidity equal to 0.5 mg/L Biofilm formation for 3 days 2016)

McFarland standard)
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Benchtop Microbial colonization Surface Primary disinfection and/or Other operational conditions References
laboratory material residual disinfectant
devices
Calgary Single-specie culture of P. Polystyrene  No disinfectant residual for 4 T=30and 37 °C (Ng etal., 2021)
biofilm device putida and mixed microbial days, followed by chloramine at ~ Biofilm formation for 6 days
and 96-well community isolated from 0.5 to 32 mg/L (total chlorine) for  Static conditions
microtiter DW (unknown cellular 2 days
plates density of the inoculum)
Mixed-species nitrifying Polystyrene  No disinfectant residual T=25° (Keshvardoust et
cultures Biofilm formation for 72 h al., 2020)
Agitation 100 rpm
Microtiter Single-species cultures of A.  PVC and SS  No disinfectant residual T=25° (Oliveira et al.,
plates with calcoaceticus and S. Biofilm formation for 48 h 2022)
coupons maltophilia (=10° CFU/mL) Agitation 150 rpm
Single-species cultures of L.  Galvanized  No disinfectant residual or, after T =37°C (Assaidi et al.,
pneumophila serogroup 1 steel and 18 or 30 days, chlorine at 50, Biofilm formation for 45 days 2020)
and L. pneumophila PVC 100, 150, and 200 mg/L
serogroup 2-15 (=10°
CFU/mL)
Single- and dual-species PVC No disinfectant residual T=23°C (Gomes et al.,
cultures of A. calcoaceticus Adhesion for 2 h and biofilm 2016)
and S. maltophilia (=108 formation for 24 h
CFU/mL) Agitation 120 rpm
Single-species cultures of SS No disinfectant residual or T=4and20°C (Craveiro et al.,
Aeromonas sp. isolated from disinfection with 1% of Biofilm formation for 48 h 2015)
DW, Aeromonas hydrophila amphoteric surfactants and
and P. aeruginosa (<108 diamines or 0.75% of chlorine
CFU/mL) compounds
P. aeruginosa (ODgoonm=0.4) HDPE No disinfectant residual T=30°C (Zuo et al., 2022)
coated with Biofilm formation for 72 h
encapsulated
phages
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Table 2-2 (cont.) — Methods for biofilm formation with benchtop laboratory devices.

Benchtop Microbial colonization Surface Primary water disinfection Other operational conditions References
laboratory material and/or residual disinfectant
devices
Parallel plate Single-species cultures of 3 Glass No disinfectant residual T=22°C (Xue et al., 2014)
flow chamber  P. aeruginosa strains and a Biofilm formation for 6 days
wild-type P. putida (=10 Flow rate = 0.2 mL/min
cells/mL)
Single-species cultures of 3 Glass No disinfectant residual or Bacterial adhesion for 2 h (Xue and Seo,
P. aeruginosa strains, wild- chlorine at 0.5 mg/L without flow 2013)
type, alginate-deficient and Biofilm formation for 6 days
alginate-overproducing Flow rate = 1 mL/min
mutants (=10 cells/mL) HRT = 0.1 min
Flow cell Autochthonous HDPE Dechlorinated DW containing 50 T =16°C (Shi et al., 2019)
system microorganisms present in mg/L NHs-N for stable After stable nitrification process,
DW nitrification process, then (3:1) two phases of chloramination,
and (5:1) Clo/NHs-N mass ratios  each for 33 days
Shear stress from 0.018 to 0.286
Pa
Propella Autochthonous Cast iron, No disinfectant residual T=20°C (Gosselin et al.,
reactor microorganisms present in PVC, and Biofilm formation for 1 month 2013)
DW SS in cast iron and 10 months in
PVC and SS
Water velocity = 0.13 m/s
HRT =12h
Autochthonous SS No disinfectant residual Biofilm formation for 2-3 weeks (Mezule et al.,
microorganisms present in (until 1.8-2 x10° cells/cm?) 2015)

DW and further E. coli
inoculation (=10° cells/mL)

Then, the reactor was spiked
with E. coli for bacterial
adhesion (1 h)
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2.4.2 Disinfection strategies for biofilm prevention and control

In the overall range of publications from the last decade, chlorination continues to be
the most commonly studied strategy for biofilm prevention and control (Figure 2-5).
Chlorine in the form of chlorine gas, sodium hypochlorite, or calcium hypochlorite, was
used as primary and secondary disinfection of water and subsequent control of microbial
regrowth along the DW networks, as well as a direct strategy for control of pre-established
biofilms. Nevertheless, it is important to mention that the use of chlorine as a reference
disinfectant for comparison to other strategies or in combination with other disinfectants
has contributed to its high relative frequency of implementation in the selected studies.
Among the literature, other disinfectants have been evaluated such as chloramine, UV
irradiation, hydrogen peroxide, chlorine dioxide, ozone, and others, but at a lower

frequency.

Chlorine I——— 73%
Chloramine NN 25%
Ultraviolet irradiation I 14%
Chlorine dioxide N 8%
Ozone N 8%
Hydrogen peroxide I 9%
Electrolyzed water Wl 5%
Bacteriophages M 3%
Silverions Wl 4%

Nanoparticles 1 1%

Figure 2-5 — Disinfection strategies reported in the last decade for biofilm prevention and control
in DW. The values represent the relative frequency of implementation in the literature.
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Chlorine

A significant number of studies have focused their objectives on evaluating the impact
of chlorination on the microbial community developed in DW biofilms. According to
Pérez et al. (2019) in chlorinated DWDS with low flow conditions and high chlorine
residuals, it is likely that a higher number of y-proteobacteria can be observed than at sites
further away from the treatment plant with lower chlorine residuals. On the other hand,
fluctuations in the relative abundance of y-proteobacteria probably will be higher at the
end of the DW network if changes in water velocity do occur, as a consequence of
bacterial detachment from the biofilm (Pérez et al., 2019). However, among the
operational conditions evaluated, such as distance, time of stabilization, water velocity,
and level of disinfectant residual, chlorine was found to be the most influential factor for
the bacterial community, as it favoured the group characterized by its pathogenicity
(Pérez et al., 2019). Performing a metagenomic approach, Soto-Giron et al. (2016)
demonstrated that the predominant taxon in microbial communities growing on hospital
shower hoses supplied by DW containing 0.8 mg/L free chlorine was Mycobacterium sp.,
closely related to Mycobacterium rhodesiae and Mycobacterium tusciae. Additionally,
genes associated with disinfectant tolerance and a lower abundance of virulence
determinants associated with colonization and evasion of the host immune system were
also detected in the biofilm community (Soto-Giron et al., 2016). Furthermore, sub-
inhibitory concentrations of chlorine and type of pipe material (PVC and copper)
collectively resulted in a selective pressure to enrich antibiotic-resistant bacteria within
the microbial biofilm populations (Khan et al., 2019; Soto-Giron et al., 2016).

Shock chlorination was demonstrated to change the biofilm cohesiveness by reducing
the number of contact points within the biofilm EPS network structure after exposure of

mature DW biofilms to 10 mg/L for 1 h (Mathieu et al., 2014). The damages also included
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a decrease in biofilm cluster volumes and detachment of bacterial cells in combination
with low shear stress (Mathieu et al., 2014). Nevertheless, Xue and Seo (2013)
highlighted that detached P. aeruginosa cell clusters were still able to survive and initiate
biofilm redistribution, even in the presence of chlorine at recommended minimal residual
for DWDS (0.5 mg/L). Moreover, high concentrations of chlorine can lead to high water
quality deterioration, which can be observed by the increase of inorganic loads and
discoloration, a major cause of water quality complaints (Fish et al., 2020).

A recent study evaluated the impacts of water temperature increase due to climate
change on the efficacy of biofilm control by shock chlorination combined with flushing
(Calero-Preciado et al., 2022). An increase in water discoloration and alterations in the
biofilm community structure were observed by the increase of water temperature from 16
to 24 °C. The implementation of flushing procedures or combined with high
concentrations of chlorine decreased the discoloration potential and allowed a reduction
of the relative abundance of bacterial biofilm community (Calero-Preciado et al., 2022).
However, the authors concluded that the addition of shock chlorination as a strategy for
managing biofilms seemed to be not beneficial because no difference between the
interventions was observed (Calero-Preciado et al., 2022).

Chloramine

The effects of chloramination on microbial communities of DW biofilms were also
widely reported in the literature (Aggarwal et al., 2018; Cruz et al., 2020; Li et al., 2020a;
Ling and Liu, 2013; Wang et al., 2013). The presence of chloramine residual allowed a
reduction of biofilm accumulation and shaped the biofilm community by selecting
Mycobacterium- and Shingopyxis-like taxon, while the biofilm community developed
without chloramine was more diverse and dominated by Nitrospira population (Aggarwal

et al., 2018). Conversely, another study revealed that biofilm communities in
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chloraminated systems were dominated by a-proteobacteria and S-proteobacteria (Li et
al., 2020a). The presence of antibiotic biosynthesis-related pathways, such as tetracycline,
bovobiocin, ansamycin, butirosin, and neomycin biosynthesis, were also found in biofilm
communities (Li et al., 2020a). Chloraminated DWDS located in urbanized metropolis
with tropical conditions were affected by the auto-decomposition of chloramine to free
ammonia, promoting the growth of nitrifiers within the biofilms (Cruz et al., 2020).
Furthermore, metabolically active ammonia-oxidizing bacteria were responsible to
mediate the decay of chloramine, protecting the members of mixed-species biofilms from
chloramine disinfection (Keshvardoust et al., 2020).

A comparative study between biofilms under chlorinated and chloraminated DW
demonstrated the lower efficacy of chloramine in biofilm removal than chlorine, even at
the highest concentration tested (4 mg/L) for 25 days (Wang et al., 2021). However,
chloramine disinfection showed to be beneficial for the prevention of high levels of DBPs
at different chloramine residuals (Wang et al., 2021), as well as for the control of
Legionella spp. in the DW biofilms (Wang et al., 2013). A significant reduction in biofilm
biomass and thickness of more than 80% was reported for the disinfection of DW biofilms
under high concentrations of chloramine (between 7 to 9 mg/L), even though membrane-
intact cells within the biofilms were still detected (Ling and Liu, 2013). Actually, Ng et
al. (2021) suggested that the persistent bacteria found after chloramine disinfection have
the ability to easily enter a viable but non-culturable state and form biofilms mainly
constituted by protein EPS. Additionally, sub-lethal disinfection with chloramine resulted
in biofilms being more resistant to chloramination, given the increase of the inhibitory
concentration of the exposed biofilm cultures in comparison to the untreated biofilm

cultures (Ng et al., 2021).
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UV irradiation

The effects of combined UV irradiation for primary disinfection of water followed by
the addition of chlorine residuals have been evaluated on biofilms developed in these
DWDS. Valuable results were reflected in the water quality, with the inactivation of
heterotrophic bacteria and opportunistic pathogens in the bulk phase, reduction of the
required initial chlorine dose, as well as decreased iron release from cast iron surfaces
(Liuetal., 2019a; Wang et al., 2014). However, no significant differences were observed
in biofilm growth, suggesting an inefficiency of UV irradiation and residual chlorine for
biofilm control in cast iron distribution networks (Rand et al., 2013; Wang et al., 2014).
Moreover, opportunistic pathogens such as Legionella spp., Mycobacterium spp., P.
aeruginosa, Acanthamoeba spp., and Aeromonas spp. present in the biofilms, corrosion
products, and loose deposits were shown to be tolerant to combined UV and chlorine or
chlorine alone disinfection (Liu et al., 2019a). Within biofilms developed in UV-
disinfected DW, the expression of recA SOS responsive gene, which is the main
mechanism to repair DNA injuries, was also reported (Jungfer et al., 2013).

The impacts of UV/chlorine disinfection have also been studied on the microbial
composition of the biofilm communities (Wang et al., 2014, 2017; Zhu et al., 2014).
Combined UV and chlorine disinfection induced bacteria from the genus Dechloromonas
to be dominant in the biofilms, which were responsible for the decrease of corrosion rate
through their redox cycling of iron, enhancing the precipitation of iron oxides and
formation of FesO4 (Wang et al., 2017; Zhu et al., 2014). Additionally, Wang et al. (2014)
also detected the presence of the iron-oxidizing bacterium A. defluvii and the iron-
reducing bacteria uncultured Rhodoferax sp. and uncultured Geobacter sp. in biofilms of

UV/chlorine distribution systems.
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A recent study indicated that the use of an advanced oxidation process with the
combination of UV (500 mJ/cm?) and hydrogen peroxide (1 mg/L) before granular
activated carbon (GAC) filtration allowed to control opportunistic pathogens in biofilms
formed in DWDS (Huo et al., 2021). This multi-barrier process promoted the reduction
of the number of L. pneumophila, Mycobacteria avium, and P. aeruginosa in the bulk
water and biofilms, as well as induced a lower chlorine-tolerance of the biofilm-
embedded cells by decreasing the content of proteins found within the biofilm matrix
(Huo et al., 2021).

Other disinfection strategies

Dental units supplied by municipal DW are also subjected to biofilm formation within
their water networks. Dallolio et al. (2014) investigated the efficacy of different strategies
to control biofilms in dental units, including an intermittent disinfection protocol with a
peroxidic system (peracetic acid, peracetyl ions, and hydrogen peroxide) and two
continuous disinfection protocols with hydrogen peroxide combined with silver ions and
chloride dioxide, respectively. Compared to non-disinfected dental units, the different
protocols allowed the decrease of the number of heterotrophic bacteria in the bulk water
and the reduction of biofilm thickness (Dallolio et al., 2014). However, the continuous
disinfection protocols were demonstrated to be more efficient, promoting the total
eradication of P. aeruginosa (Dallolio et al., 2014). Conversely, Meier and Bendinger
(2016) reported that the efficacy of chlorine, hydrogen peroxide, or chlorine dioxide in
controlling the regrowth of opportunistic pathogens in DW plumbing systems is affected
by the operating temperature, pipe surface material, and water quality. Generally, at 11
°C all the disinfectants were able to suppress the regrowth of L. pneumophila and P.
aeruginosa in biofilms and bulk water, while at 37 °C both pathogens were detected in a

culturable state (Meier and Bendinger, 2016). The presence of high nutrient levels in the
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water and the use of ethylene-propylene-diene monomer (EPDM) rubber pipes also
limited the action of these disinfectants. Nevertheless, non-culturable cells were observed
in treated biofilms even in favourable disinfectant operating conditions (Meier and
Bendinger, 2016).

The impacts of primary disinfection of water with ozone followed by post-
chlorination have also been evaluated on the development of biofilms in the DW
networks. Likewise UV/chlorine disinfection, the ozone/chlorine disinfection was
demonstrated to promote changes in the content of corrosion-related bacteria within
biofilms formed in these DWDS (Wang et al., 2018). An abundance of iron-oxidizing and
iron-reducing bacteria were detected in the water systems disinfected with ozone
combined with chlorination, in comparison to those only disinfected with chlorine (Wang
etal., 2018). The alterations in the microbial community of biofilms in the ozone/chlorine
systems promoted an increase of FesO4 formation in the corrosion scales of cast iron
surfaces that became more stable than the ones formed in the chlorinated systems.
Therefore ozone/chlorine disinfection was beneficial to inhibit corrosion and iron release
in these DWDS (Wang et al., 2018). Even though a decrease in the gene copy number of
M. avium and L. pneumophila within the biofilms was observed (Wang et al., 2018),
typical opportunistic pathogens, such as Legionella spp., Mycobacterium spp., P.
aeruginosa, Acanthamoeba spp., and Aeromonas spp. were still positively detected in
biofilms of DW treated with ozone/chlorine disinfection or ozone combined with BAC
biofiltration followed by chlorination (Liu et al., 2019a; Wang et al., 2018). Besides the
inability to prevent biofilm formation in chlorinated DWDS, the use of ozone before
water ultrafiltration resulted in the increase of DBPs formation, such as trihalomethanes

and haloacetic acids (Alvarez-Arroyo et al., 2022).
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Alternatively to conventional DW chlorination, electrochemical water disinfection
can also generate free chlorine from the electrolysis of water in the presence of high
concentrations of salts (Choi et al., 2022; Mezule et al., 2015; Murray et al., 2015). Other
oxidative species such as ozone, hydrogen peroxide, and oxygen free radicals can also be
formed (Choi et al., 2022; Mezule et al., 2015), and, therefore, the term “mixed oxidants”
disinfectant solution has been similarly reported in the literature to designate this
disinfection strategy (Choi et al., 2022; Murray et al., 2015; Szabo et al., 2019). Mezule
et al. (2015) reported that electrolyzed water was efficient in decreasing the culturability
and respiratory activity of E. coli in the planktonic state up to 5 and 2 log reduction,
respectively. Biofilm-associated E. coli was more tolerant to disinfection with a 3 log
decrease in culturability and the presence of 30% of cells able to divide (Mezule et al.,
2015). Moreover, electrolyzed water was demonstrated to be more effective than chlorine
gas in reducing the total heterotrophic bacteria present within biofilms formed on
polyethylene surfaces (Choi et al., 2022). Although this strategy resulted in a lower
HOCI/OCI ratio, the weak reactivity of OCI" with the biofilm matrix allowed to
effectively penetrate into the biofilms (Choi et al., 2022).

A comparative study between different disinfection strategies, such UV irradiation,
hydrogen peroxide, ozone, and electrolyzed water, was performed for the control of
biofilms from groundwater wells (Murray et al., 2015). The authors concluded that
hydrogen peroxide at 1 or 6% (v/v) caused the most effective disinfection with a reduction
of biofilm culturability up to 3.1 log, followed by electrolyzed water and ozone with 1.4
and 1.0 log reduction, respectively (Murray et al., 2015).

Bacteriophages, also known as phages, are small viruses that exclusively and
selectively target prokaryotic cells. Specifically, the lytic phages are first absorbed on the

bacterial surface by a viral tail strand that binds to specific receptors, such as
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lipopolysaccharides, proteins, sugar molecules, and fimbriae. The phage then enters the
cell and takes over the metabolism of the host cell. After phage replication, new phages
are released by endolysin-mediated cell lysis (an enzyme encoded by phage capable of
degrading the bacterial cell wall), making a new cycle of infection possible (Parasion et
al., 2014; Tian et al., 2021). For this reason, lytic phages have a cost-effective bactericidal
capacity, even at a low single dosage, and are considered an environment-friendly
strategy for biofilm control (D’Accolti et al., 2021; Parasion et al., 2014). Bacteriophages
have been used in several fields for controlling bacterial pathogens in agriculture, the food
industry, aquaculture, and medicine (D’Accolti et al., 2021; Moye et al., 2018). Recently,
at least two investigations with bacteriophages for water systems have been conducted
(Magin et al., 2019; Zuo et al., 2022). After 14 h of exposure to specific lytic
bacteriophages, biofilm reduction of 24 h-old P. aeruginosa biofilms formed on SS
coupons achieved up to 1.7 log (Magin et al., 2019). Additionally, the authors also
observed that bacteriophages were effective in limiting the spread of detached biofilm
cells in the bulk phase (Magin et al., 2019). However, similarly to other disinfectant
solutions, the action of bacteriophages was higher against planktonic bacteria than in
biofilms. To circumvent the diffusion limitations through the biofilm matrix, Zuo et al.
(2022) proposed a targeted delivery of bacteriophages by encapsulation of phages in
chitosan cross-linked with tri-polyphosphate and 3-glycidoxypropyltrimethoxysilane.
The encapsulated-phage coating on HDPE surfaces allowed a biofilm biomass reduction
of more than 90%, as well as a significant reduction of the biofilm surface area coverage
and the ratio of the viable/damaged cells (Zuo et al., 2022).

Finally, a promising strategy has been recently proposed to control biofilm formation
in water systems and to prevent the emergence of antimicrobial resistance through the use

of a nanomaterial-based approach (Yu et al., 2022). The exposure of P. alloputida to 10
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mg/L of engineered nanoscale zero-valent iron (nZVI) and derivates, including
carboxymethyl cellulose-modified nZVI and oxidized nZVI nanoparticles, revealed a
significant inhibitory effect on biofilm formation (Yu et al.,, 2022). The nzVI
nanoparticles also promoted the removal of pre-established 24 h-old P. alloputida
biofilms. Moreover, both nZV1 and carboxymethyl cellulose-modified nZV1 hindered the
acquisition of P. alloputida resistance to ampicillin, ciprofloxacin, and tetracycline during
a 30-day antimicrobial resistance emergence assay. The mechanism of action of nZVI
nanoparticles was suggested to be through the overproduction of reactive oxygen species,

cytoplasmic membrane destabilization, and inhibition of efflux pumps (Yu et al., 2022).

2.4.3 Challenges for innovation in DW biofilm disinfection

The presence of biofilms in DWDS constitutes an important problem for DW
suppliers given the potential source of microbial contamination, deterioration of water
quality, including the taste and odour, and promotion of pipe corrosion. The biofilm
matrix protects the embedded cells from disinfection and facilitates the recovery and
growth of microbial cells injured by environmental stress and disinfection (Liu et al.,
2016; Simdes and Simdes, 2013). Moreover, the higher biofilm tolerance to disinfection
in comparison to the planktonic cell state (Mezule et al., 2015; Rand et al., 2013; Wang
et al., 2014) poses a significant difficulty in the surveillance of public health risks present
in the DW networks. The presence of opportunistic pathogens namely Legionella spp.,
Mycobacterium spp., P. aeruginosa, Acanthamoeba spp., and Aeromonas spp. (Liu et al.,
2019a; 2019b; Wang et al., 2018) and detection of antibiotic biosynthesis-related
pathways and virulence determinants (Li et al., 2020a; Soto-Giron et al., 2016) in
microbial communities of DW biofilms developed in conventional disinfected DWDS

have been frequently reported. Additionally, sub-inhibitory concentrations of chlorine or
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chloramine, which are possible to be observed in network locations further away from the
treatment plants, may create a selective pressure to enrich antibiotic-resistant bacteria in
the DW biofilms (Khan et al., 2019; Soto-Giron et al., 2016) or promote biofilm resistance
to disinfection (Ng et al., 2021). Therefore, to ensure an optimized control of microbial
recontamination in DWDS it is important to choose a disinfectant presenting adequate
chemical stability though the DW network. On the other hand, it has been observed that
an effective strategy for biofilm control is not necessarily achieved by the use of a
disinfectant with the best activity against microbial cells in a planktonic state (Choi et al.,
2022). The reaction with the EPS components and consequent lower chemical diffusion
through the biofilm hinder the action of disinfectants against biofilms (Xue et al., 2014).
For that reason, an appropriate understanding of the mechanisms involved in the
interaction of disinfectants with biofilms, including biofilm matrix and embedded cells,
will advance the accomplishment of effective strategies for biofilm control in DWDS.
Lastly, when designing a new approach for the disinfection of DW biofilms,
specifically with the use of chemical agents, it is important to not undervalue the public
perception of the solution and the regulatory requirements for approval, particularly the
Biocidal Product Directive (Regulation (EU) No 528/2012) in the European Union.
Chemical agents for water disinfection are also classified as biocidal products, and so, the
practical application of these strategies is dependent on the approval process defined by
the Regulation on the supply and use of biocidal products in the European Union. The
Biocidal Product Directive tries to ensure that the biocidal products are effective and do
not present unacceptable risks to humans, animals, or the environment (Regulation (EU)

No 528/2012).
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Materials and Methods

This chapter describes the materials and methods used to perform the work presented

in chapters 4 to 6.
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3.1 Bacteria and culture conditions

Acinetobacter calcoaceticus (031) and Stenotrophonomas maltophilia (028) were
previously isolated from a DWDS in Braga (Portugal) and used as model microorganisms
in diverse studies to understand DW biofilm formation and to develop control strategies
(Gomes et al., 2016, 2020; Simdes et al., 2007a, 2007b, 2010a). Community composition
studies have revealed that DW microbiota is complex, however, Proteobacteria have been
found to dominate biofilms in DWDS, mainly those belonging to «, 5, y, and ¢ subclasses
(Liu et al., 2016; Proctor and Hammes, 2015). Both A. calcoaceticus and S. maltophilia
belong to the subclass y- Proteobacteria and are recognized as emerging and opportunistic
multi-drug resistant pathogens, often associated with nosocomial infections (Brooke,
2012; Gales et al., 2001; Groschel et al., 2020; Menetrey et al., 2021).

Bacteria were grown overnight in batch cultures using R2A broth (peptone 0.5 g/L
(Merck, Darmstadt, Germany), glucose 0.5 g/L (Merck, Darmstadt, Germany),
magnesium sulphate heptahydrate 0.1 g/L (Labkem, Matard, Spain), sodium pyruvate 0.3
g/L (VWR Chemicals, Solon OH, USA), yeast extract 0.5 g/L (Merck, Darmstadt,
Germany), casein hydrolysate 0.5 g/L (Oxoid, Basingstoke, UK), starch soluble 0.5 g/L
(Acros Organics, Morris Plains NJ, USA) and di-potassium phosphate trihydrate 0.4 g/L
(Fisher Scientific, Leicestershire, UK)) at 25 + 2 °C and under agitation (150 rpm). Cells
were harvested by centrifugation at 3220 x g, 10 min, washed, and resuspended in
phosphate-buffered saline (PBS) pH 7.4 or 10 x diluted R2A broth to achieve the bacterial
concentration required for further experiments [see Annex A for optical density

(ODe10nm) to bacterial concentration (CFU/mL) relationship].
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3.2 Disinfectants

Three disinfectants (sodium dichloroisocyanurate — NaDCC — from Acros Organics
(Morris Plains NJ, USA); trichloroisocyanuric acid — TCCA — from Sigma-Aldrich (St.
Louis MO, USA), and pentapotassium bis(peroxymonosulphate) bis(sulphate) - OXONE
- from Sigma-Aldrich (St. Louis MO, USA)) were selected from the product type 5
Article 95 List of the Biocidal Products Regulation published by ECHA (2020). Calcium
hypochlorite — Ca(OCl). — from Merck (Darmstadt, Germany) was used as a reference
disinfectant whose action is based on free chlorine release (WHO, 2022). Therefore,
throughout this work Ca(OCl) is also described as free chlorine. The free chlorine
concentration was determined using the HI96701 free chlorine portable photometer
(Hanna Instruments) according to the DPD (N,N-diethyl-p-phenylenediamine)
colourimetric method (Meireles et al., 2017). The stock solutions were aseptically and

freshly prepared in ultrapure water and stored at 4 °C.

3.3 Dose-response relationship and determination of

minimum bactericidal concentration (MBC)

The dose-response relationship and the bactericidal activity against planktonic cells
were evaluated according to the European Standard EN 1276 with some modifications
(European Standard, 1997). The pre-cultures grown as previously described were
adjusted to a cellular density of approximately 108 CFU/mL in PBS. Afterwards, 1 mL of
the cell suspension was added to 1 mL of sterile distilled water and 8 mL of the
disinfectant solution prepared in ultrapure water at 1.25 times the required test

concentration. The range of concentrations was between 1/32 and 1/8 of the maximum
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guideline values for DW disinfection: 50 mg/L for NaDCC (WHO, 2022), 30 mg/L for
TCCA (NSF, 2018), and 5500 mg/L for OXONE. In the case of Ca(OCl), the
concentrations were between 0.10 and 5.0 mg/L of free chlorine. Control samples were
performed by replacing the disinfectant solution with ultrapure water. After 30 min of
exposure at room temperature (23 = 2 °C), the disinfectant neutralization was performed
through the dilution-neutralization method using a neutralizer solution [30 g/L of
polysorbate 80 (VWR Chemicals, Solon OH, USA), 30 g/L of saponin (VWR Chemicals,
Leuven, Belgium), 1 g/L of L-histidine (Merck, Darmstadt, Germany), 3 g/L of lecithin
(Alfa Aesar, Karlsruhe, Germany), 5 g/L of sodium thiosulphate (Labkem, Mataro, Spain)
in 0.0025 M phosphate buffer] (European Standard, 1997). Therefore, 100 uL of the test
mixture was added to 800 uL neutralizer and 100 pL of sterile distilled water. At the end
of a further 5 min of incubation, the neutralized test mixture was 10-fold serially diluted
in sterile saline solution (8.5 g/L NaCl), and 10 pL of each dilution was placed on R2A
agar plates. Colony counting was carried out after 48 h of incubation at 25 + 2 °C, and log
CFU/mL was determined. The detection limit was 2.7 log CFU/mL. The antimicrobial
activity was evaluated by the assessment of the logarithmic reduction (log reduction) as
log No/N, where No and N are the CFU/mL counts for disinfectant unexposed (control)
and exposed bacteria, respectively. MBC was considered to be the lowest concentration
in which complete growth absence was detected. The neutralizer toxicity and the dilution-
neutralization efficacy were validated for each of the disinfectants and bacteria (see

Annex B).
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3.4 Bacterial inactivation over time and kinetic

modelling

The evaluation of bacterial inactivation over time was performed as described for the
determination of the dose-response relationship, with some modifications. The
disinfectant solutions were tested at MBC and at a concentration that caused only partial
inactivation. The selection of the sub-lethal concentrations for each disinfectant was
based on approximately a 3 to 4 log reduction in bacterial culturability from the above
experiments. Different exposure times were evaluated: 5, 10, 20, 30, 45, 60, 90, and 120
min at room temperature (23 £ 2 °C). Control samples were performed by replacing the
disinfectant solution with ultrapure water. The bacterial inactivation was then evaluated
by the quantification of log CFU/mL.

The bacterial inactivation data generated in this study was then fitted to different
disinfection models through the use of GinaFiT, a freeware excel plug-in developed by
(Geeraerd et al., 2005).

The biphasic model was considered an adequate disinfection model to describe the
action of NaDCC and TCCA, which can be formulated as follows (Cerf, 1977; Geeraerd

et al., 2005):
log(N) = log(No) + log(f - e~Fmaxit 4 (1 — f) - e~*mazzt) (1)

Herein, N is the number of survivors, No is the inoculum size, t is the time, f is the
fraction of the initial population in a major subpopulation, (1 — f) is the fraction of the
initial population in a minor subpopulation (which is more resistant than the previous
one), and k.1 and k..o are the specific inactivation rates of the two populations,

respectively.
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Conversely, the double Weibull model was used to describe bacterial inactivation
with OXONE. The model can be written as follows (Coroller et al., 2006; Geeraerd et al.,

2005):

t
No

N =— 10‘(6_1)p+“ + 10‘(5) )

Where, «a is the fraction of the first subpopulation remaining in the total population,
6, and &, are the time to first log reduction of the first and second subpopulation, and p
is the shape parameter of the inactivation curve (p < 1 for convex, p > 1 for concave).
The parameter a varies from negative infinity to positive infinity and was introduced
based on logit transformation of the ratio f, which provides insufficient discrimination

and varies from O to 1.
a = log (1%) ©)

The goodness of fit of the different kinetic models was evaluated based on the root

mean squared error (RMSE) between the predicted and observed log inactivation values.

3.5 Assessment of membrane integrity

The Live/Dead BacLight™ kit (Invitrogen, Waltham MA, USA), which comprises
two nucleic acid-binding stains, SYTO 9 and propidium iodide (PI), was used to assess
membrane integrity by selective stain exclusion according to Borges et al. (2013).

After 30 min of exposure to each disinfectant at MBC and at a concentration that
caused only partial inactivation (as described in subsection 3.4), 1 mL of the neutralized
test mixture was filtered through a black polycarbonate membrane (pore size 0.22 um)

and then stained with 250 pL of SYTO 9 and 50 uL of PI. The dyes were left to react for
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7 min in the dark, and then the membrane was prepared on BacLight mounting oil, as
described in the manufacturer’s instructions. A LEICA DMLB2 epifluorescence
microscope (LEICA Microsystems) coupled with a LEICA DFC300 FX camera and a
100x oil immersion fluorescence objective was used for the observation of stained
bacteria. LEICA IM50 Image Manager software was used to acquire images, for their
processing and archiving. Both total and Pl-stained cells on each membrane were
estimated from counts of 15 fields of view. The percentage of Pl-stained cells was

determined as damaged cells/total cells (%).

3.6 Physicochemical characterization of bacterial

membranes

Bacterial lawns were prepared for sessile drop contact angle measurements as
described by Busscher et al. (1984). After 30 min of exposure to each disinfectant at MBC
and at a concentration that caused only partial inactivation, as described in subsection 3.4,
30 mL of each bacterial suspension was filtered using a sterile cellulose nitrate membrane
filter, pore size 0.45 pm (Advantec).

Determination of contact angles was performed automatically using a Contact Angle
System OCA 15 Plus (Dataphysics Instruments) video-based optical measure instrument,
allowing image acquisition and data analysis. The measurements were carried out at room
temperature (23 = 2 °C) using three different liquids: water, the polar formamide (Merck)
and the apolar 1-bromonaphthalene (Sigma). Three independent experiments were
performed for each condition.

Hydrophobicity was evaluated after contact angles measurement following the

approach of van Oss et al. (1987, 1988, 1989), where the degree of hydrophobicity of a
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given surface (s) is expressed as the free energy of interaction between two entities of that
surface when immersed in water (w), AG,s (MJ/m?). If the interaction between the two
entities is stronger than the interaction of each entity with water, AG,,s < 0, the material
is considered hydrophobic. Conversely, if AG,,,; > 0, the material is hydrophilic. AGq,,
can be calculated through the surface tension components of the interacting entities

according to equation 4:

2
AGsws =-2 (V VSLW - yvlflw) + 4 (\/)/s Yw + \/)/S_yv-l'; - \/)/s+ys_ - \/Vv-ti;)/v;) (4)

Where, y LW accounts for the Lifshitz-van der Waals component of the surface free
energy, and y * and y - are the electron acceptor and electron donor parameters of the
Lewis acid-base component (345), respectively, with y48 = 2. /y*y-.

The surface tension components of the surface can be obtained by measuring the
contact angles of the three pure liquids, with known surface tension components, followed
by the simultaneous resolution of three equations of the type of equation 5, one for each

liquid:

(1 + cos B)yLot =2 (\/VSLWVV’(,W +ys v + \/Vs_)/v?:) (5)

Where, 6 is the contact angle and y 7ot = y LW 4 y 45 The liquids' surface tension

components were obtained from the literature (Janczuk et al., 1993).
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3.7 Evaluation of the effects of disinfectants on biofilm

control

3.7.1 Biofilm formation

Polyvinyl chloride (PVC) and stainless steel (SS) coupons (1 x 1 cm) were used as
substrata for biofilm formation and were selected as a representative pipe material from
DW networks (Simdes et al., 2007a). The coupons were cleaned in sequential ultrasonic
baths (Transsonic T420, Elma, Singen, Germany) in a commercial detergent solution in
distilled water for 30 min, followed by ethanol at 70% (v/v) for 30 min (SS) or 1 min
(PVC), and ultrapure water for 30 min to remove any organic or inorganic contaminant
on the surfaces. Afterwards, they were sterilized by ultraviolet light for 90 min.

The coupons were inserted in 24-well microtiter plates and 2 mL of cell suspension
was added to each well. The bacterial cultures were used as inoculum with a cellular
density of approximately 108 CFU/mL in 10 x diluted R2A broth. Biofilm formation was
allowed to occur for 48 h at 25 + 2 °C and 150 rpm, with medium refreshment at the end
of 24 h. After incubation, the coupons were carefully immersed in PBS to remove loosely

attached cells and biofilms were tested on their behaviour to chemical treatment.
3.7.2 Biofilm exposure to disinfectants and biofilm regrowth

The effects of the selected disinfectants on biofilms were assessed in terms of
culturability and total cells, according to Gomes et al. (2016). Coupons with biofilms
were exposed to disinfectants at MBC or 10 x MBC for 30 min, by adding 2 mL of the
disinfectant solutions into each well of the 24-well microtiter plates. After chemical
exposure, the disinfectants were neutralized through the dilution-neutralization method
using the neutralizer solution described in subsection 3.3 (European Standard, 1997).

After this, biofilms were resuspended and homogenized in PBS by vortexing for 2 min,
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followed by 2 min in an ultrasound bath (frequency 35 kHz). For culturability assessment,
10 x serial dilutions in sterile saline solution (8.5 g/L NaCl) were performed and 10 puL
of each dilution were plated on R2A agar. Colony counting was carried out after 48 h of
incubation at 25 °C. The results are presented as log CFU/cm?. For the determination of
total cells, 1 mL of the biofilm suspensions was filtered through a 0.22 um black
polycarbonate membrane and bacteria were stained with 400 uL of 4°,6-diamidino-2-
phenylindole (DAPI — Merck, Darmstadt, Germany) at 0.5 pg/mL for 10 min in the dark
(Gomes et al., 2016). A LEICA DMLB2 epifluorescence microscope (LEICA
Microsystems) coupled with a LEICA DFC300 FX camera and a filter sensitive to DAPI
fluorescence (359 nm excitation filter in combination with a 461 nm emission filter) were
used for the observation of stained bacteria. LEICA IM50 Image Manager software was
used to acquire images, for their processing and archiving. Fifteen micrographs per
sample were obtained to estimate the log cells/cm?.

To evaluate the effects of chemical treatment on biofilm regrowth, after 30 min
exposure to the selected disinfectants the coupons with treated biofilms were carefully
immersed in PBS to remove loosely attached cells and inserted in new 24-well microtiter
plates, each well containing 2 mL of 10 x diluted R2A broth. The biofilms were incubated
for an additional 24 h at 25 + 2 °C, 150 rpm, and finally analysed for determination of
culturability and total cells as explained above.

At least three independent experiments were performed with the use of two coupons

for each test condition.
3.7.3 Atomic Force Microscopy

The 48-h old S. maltophilia biofilms on SS coupons were equally prepared and treated

as mentioned in subsections 3.7.1 and 3.7.2. After chemical exposure, biofilms were
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rinsed with PBS, followed by ultrapure water, and dried for 1 h at 37 °C. Samples were
imaged in air, using a TT-AFM atomic force microscope from AFM Workshop, and ACT
(AppNano) probes in vibrating (tapping) mode. At least six areas per sample were imaged
to obtain representative results, and typical images are shown here. The data analysis was
performed using the free and open-source software Gwyddion 2.51. The surface area of
the cell clusters in the images of each condition was measured using the mask editor and
grain measure tools. Then, the histogram descriptive statistics was assessed by using the
program GraphPad Prism 9 for Windows. The results of the surface area of cell clusters

on the surface of biofilms were represented by violin-plots.

3.8 Determination of viscoelastic properties of biofilms

3.8.1 Biofilm formation and treatment

The colony biofilm method was used to grow 48 h-old S. maltophilia biofilms for
rheometry analysis. This methodology has been used in previous rheological studies due
to the ease of culturing and mechanical evaluation (Gloag et al., 2018; Jones et al., 2011).
In this study, colony biofilms were developed according to Fernandes et al. (2022). The
bacterial culture was diluted to a cellular density of approximately 108 CFU/mL in PBS.
Polycarbonate filter membranes (25 mm, 0.2 pm pore size) Nuclepore™ Track-Etched
(Whatman Inc, UK) that had been previously autoclaved were used as the substrate to
grow the biofilms. Sterilized membranes were placed onto R2A agar plates and a drop of
40 pL of the cell suspension was then pipetted onto the centre of each filter membrane.
The plates were incubated at 25 + 2 °C for 48 h, with the membrane-supported biofilms

transferred to fresh culture medium agar at the end of 24 h.
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These culture conditions allowed the formation of colony biofilms with diameters of
approximately 8 mm and thicknesses of 70-170 um. Colony biofilms were characterized
in terms of culturability, total cells, and content of extracellular proteins and
polysaccharides. Colony biofilms were removed from the filter membranes by
resuspending in 5 mL of extraction buffer [0.76 g/L of NasPOs 12H>O (Merck,
Darmstadt, Germany), 0.4 g/L of Na2HPO4-2H>0 (Chem-lab, Belgium), 0.53 g/L of NaCl
and 0.08 g/L of KCI, pH 7] and vigorously vortexed for 2 min. The culturability
assessment and determination of total cells were performed as described in subsection
3.7.2. Proteins and polysaccharides content were quantified after extraction using
Dowex® Marathon®© resin (Na* form, strongly acidic, 20-50 mesh (Sigma-Aldrich,
Steiheim, Germany) according to Frglund et al. (1996) and Gomes et al. (2020). The
extraction occurred under 400 rpm at 4 °C for 4 h. Then, the extracellular components
were separated from the cells through centrifugation at 3220 xg for 5 min. The total
amounts of proteins and polysaccharides present in the biofilm matrix were assessed. The
quantification of proteins was performed by Peterson’s modification of the micro Lowry
method, using bovine serum albumin as standard (Lowry et al., 1951; Peterson, 1977).
The polysaccharides were quantified according to the phenol-sulfuric method, using
glucose as the standard (Dubois et al., 1951).

The exposure of colony biofilms to the selected disinfectants was performed by
carefully dipping a 2 x 2 cm filter paper from Whatman Inc (UK) in each disinfectant
solution at 10 x MBC, then placing the membrane containing the 48 h-old colony biofilms
on the top of the filter paper for 30 min. Following the chemical exposure, the membrane

was placed onto R2A agar plate to neutralize the disinfectants.
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3.8.2 Rheometry analysis

A Kinexus Rheometer connected with rSpace software (Malvern Instruments Ltd,
UK) was used for the rheological testing. The rheometer was fitted with an 8 mm SS
parallel plate geometry and the measurements were performed at 25 °C. The membranes
containing the colony biofilms were cut with an 8 mm biopsy punch and positioned
directly in the centre of the base plate so that the 8 mm rheometer head completely
covered the biofilm sample. For setting the gap before analysis, colony biofilms were
compressed until a normal force was detected by lowering the head by a small interval,
followed by an equilibrium period of a few seconds. Each biofilm sample was tested only
once and up to five replicate colony biofilms were analysed for each test condition.

Oscillatory strain sweeps were performed by incrementing the shear strain from 0.01-
1000% at a constant frequency of 1 Hz. The viscoelastic parameters of the biofilms [shear
stress, and storage (G’), loss (G’”) and complex shear (G*) moduli] were measured and
the linear viscoelastic region (LVR) was determined for each test condition. Afterwards,
oscillatory frequency sweeps were performed by incrementing the frequency from 0.1-

100 Hz at a constant shear strain of 0.3%.

3.9 Validation of the effects of OXONE on biofilms

using a benchtop biofilm reactor

3.9.1 Biofilm formation in the rotating cylinder reactor (RCR)

S. maltophilia was selected for this study since it was more tolerant to biofilm
inactivation in the microtiter plate experiments. S. maltophilia was grown in two 1 L

Erlenmeyer flasks containing 250 mL of R2A broth and was incubated overnight at 25 +
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2 °C and 120 rpm. Cells were harvested by centrifugation at 3220 xg, 10 min, washed,
and resuspended in 500 mL of R2A broth.

Mature biofilms were formed according to Gomes et al. (2020) with some
modifications, using a RCR under conditions mimicking DWDS. The RCR (Figure 3-1)
was an aerobic biofilm reactor composed of a cylindrical vessel with a 5 L working
volume and a cover that fitted the vessel and supported a triple shaft system connected by
a timing belt, where three cylinders were fixed to each shaft. An overhead stirrer (Hei-
TORQUE 400, Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) provided
the simultaneous rotation, at the same speed and direction, of the cylinders that were
immersed in a bacterial suspension. PVC cylinders were used for biofilm formation with
asampling area of 39.27 cm? (d = 2.5 cm; | =5 cm) per cylinder. This material was chosen
given the lower efficiency of OXONE action on biofilms formed on PVC than on SS in
the microtiter plate experiments.

The reactor was inoculated with 500 mL of bacterial suspension and diluted with
sterile synthetic tap water (STW) to a final volume of 5 L and a final cellular density of
approximately 2.5 x 107 CFU/mL. STW was used to mimic tap water and was composed
of 100 mg/L NaHCO3 (Merck, Darmstadt, Germany), 13.4 mg/L MgSOa-7H20 (Labkem,
Barcelona, Spain), 0.7 mg/L K:HPO4 (VWR BDH CHEMICALS, Leuven, Belgium), 0.3
mg/L KH2POs (VWR BDH CHEMICALS, Leuven, Belgium), 0.01 mg/L (NH4)2SO4
(Panreac, Barcelona, Spain), 0.01 mg/L NaCl (Merck, Darmstadt, Germany), 0.001 mg/L
FeSO4-7H20 (VWR BDH PROLABO, Leuven, Belgium), 1 mg/L NaNOsz (VWR BDH
CHEMICALS, Leuven, Belgium), 27 mg/L CaSO4 (Labkem, Barcelona, Spain), and 1
mg/L humic acids (Sigma-Aldrich, Sintra, Portugal) (U.S. EPA, 2011; Gomes et al.,
2018). The cylinders rotated under constant speed equivalent to a liquid flow of 0.1 m/s

and 0.1 Pa of shear stress on the cylinder surface, similar to typical conditions in plumbing
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systems (Fu et al., 2021; Gomes et al., 2020; Husband and Boxall, 2011; Ragain et al.,
2019). The RCR operated under batch conditions for 7 h to promote initial bacterial
adhesion. Afterwards, silicone tubing and a peristaltic pump operating at 0.5 L/h were
used to continuously feed the reactor with 10 x diluted R2A broth from a polypropylene
50 L feed carboy, ensuring a constant dilution rate of 0.1 ht. The RCR operated for 7
days to obtain mature and steady-state biofilms (Gomes et al., 2020; Lemos et al., 2015;

SimoQes et al., 2005).

Figure 3-1 — Representative photograph of the rotating cylinder reactor. a — 5 L vessel with
bacterial suspension; b — rotating cylinder for biofilm formation; ¢ — triple shaft system connected
by a timing belt; d — inlet of filter sterilized air; e — stirring overhead; f — inlet of diluted R2A
broth; g — support for stirring system.

The shear stress (t,,) on the cylinder surface was assessed by equation 6 (Altman et

al., 2009):
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2
_ frrictionP Vv

T
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(6)

Where frriction IS the Fanning friction factor, p is the fluid density (1000 kg/m?) and

v is the fluid velocity (m/s).
The linear velocity of the fluid (0.1 m/s) on the cylinder surface is given by equation
7, where N is the rotational speed of the cylinder (rpm) and D is the cylinder diameter

(0.025 m):
v = NnD (7
The Fanning factor is calculated according to equation (8) (Gabe and Walsh, 1983):
feriction = 0.158 Reg %3 (8)

Where the Reynolds number of agitation (Re,) is obtained from equation (9)

(Mancilla et al., 2019), where p is the fluid dynamic viscosity (0.001 kg/m/s):

D%N
Re, = y £ (9)

3.9.2 Biofilm characterization

At the end of the operation time, each cylinder was removed from the RCR and
carefully washed in STW to remove non-adhered bacteria. Then, biofilms formed in the
RCR were characterized in terms of wet mass, culturability, total and intact membrane
bacteria, and content of extracellular proteins and polysaccharides. The wet mass was
obtained by the difference between the mass of the cylinder with biofilm and the mass of
the cylinder without biofilm. The biofilms were removed from the cylinder surfaces by
scrapping four times for 1 min using 5 mL pipette tips and rinsing each time with 2.5 mL

of extraction buffer, resuspending the biofilms in a total of 10 mL of extraction buffer.
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The suspensions were further vigorously vortexed for 2 min to homogenize. To assess
culturable bacteria, the procedure was performed as described in subsection 3.7.2. For
determination of total cells and those with no damaged membrane, 1 mL of biofilm
suspension was filtered through a 0.22 um black polycarbonate membrane and bacteria
were stained with Live/Dead BacLight™ bacterial viability kit (Invitrogen, Waltham
MA, USA). Volumes of 250 pL of SYTO 9 and 50 pL of Pl were added to the black
polycarbonate membrane and left in the dark for 10 min. The samples were analysed
using a LEICA DMLB2 epifluorescence microscope connected to a LEICA DFC300 FX
camera (LEICA Microsystems). The optical filter combination for optimal viewing of the
stained preparations consisted of a 515-560 nm excitation filter combined with a
dichromatic mirror at 580 nm and a suppression filter at 590 nm. Bacteria with intact
membranes (green stained cells) and the total number of cells (sum of green and red
stained cells) were assessed by cell counting of a minimum of 15 fields of view. The
results are presented as log cells/cm? and the detection limit of the method is 4.8 log
cells/cm?. For the quantification of EPS, the procedure was performed as described in

subsection 3.8.1.

3.9.3 Biofilm exposure to disinfectants

Solutions of OXONE and free chlorine were prepared in STW at 10 x MBC of each
disinfectant against S. maltophilia. Cylinders with biofilms were carefully washed in
STW to remove non-adhered bacteria. Then, biofilms were exposed to 200 mL of
OXONE or free chlorine solutions for 30 min in a 250 mL glass beaker. At the end of the
exposure time, the cylinders were carefully immersed in STW to wash the disinfectants,
followed by a similar procedure as described above, which included scrapping and

resuspending the biofilms in 10 mL of neutralizer solution (described in subsection 3.3)
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to neutralize residual disinfectants (European Standard, 1997). The samples were
analysed in terms of culturability, the presence of cells with non-damaged membranes
and total cells, as described previously. Unexposed biofilms (control samples) were

performed by replacing the disinfectant solution for STW.

3.10 Chemical stability of OXONE and free chlorine

solutions

The stability of OXONE and free chlorine solutions were evaluated as the depletion
of each disinfectant at 25 + 2 °C for 40 days. The solutions were prepared in STW
(described in subsection 3.9.1) and ultrapure water at 10 x MBC of each disinfectant
against S. maltophilia and stored in light-protected flasks.

The concentration of OXONE was determined by spectrophotometric measurement
using 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS,
Sigma-Aldrich, Saint Louis MO, USA) as indicator and according with the method
described by Zou et al. (2019). The stock solution of ABTS was prepared at 50 mM in
ultrapure water and stored at 4 °C. Phosphate buffer solution at 50 mM and pH 7 was
prepared by mixing 38.5 mL of KH2PO4 (VWR BDH CHEMICALS, Leuven, Belgium)
stock solution (0.5 M) with 61.5 mL of KoHPO4-3H20O (Fisher Scientific, Leicestershire,
UK) stock solution (0.5 M) and diluting the combined stock solutions to 1 L with
ultrapure water. The OXONE standards solutions were freshly prepared in ultrapure water
in the range of 50 to 1000 mg/L. For measuring the OXONE concentration, the procedure
was as follows: 2.25 mL of phosphate buffer solution and 0.125 mL of ABTS solution
were firstly added into appropriately labelled test tubes; then 0.125 mL of OXONE

standard solutions or water samples containing OXONE were orderly added into the test

69



Chapter 3 — Materials and methods

tubes; the mixed solutions were left to react for 10 min at room temperature (23 £+ 2 °C)
in the dark; and finally, the absorption value of the mixed solutions at 415 nm were
recorded using a spectrophotometer (V-1200 Spectrophotometer VWR, Leuven,
Belgium). The mixed solution without OXONE (i.e., replacing with 0.125 mL of
ultrapure water) was used as the blank solution. When necessary, the water samples
containing OXONE were appropriately diluted in ultrapure water before the reaction.

The over time depletion of free chlorine was evaluated with an HI96701 free chlorine
portable photometer (Hanna Instruments) according to the DPD (N,N-diethyl-p-
phenylenediamine) colourimetric method (Meireles et al., 2017).

When possible, a linear regression was performed to the experimental data to quantify
the disinfectant depletion. The slope of the linear model corresponded to the disinfectant
loss rate (%) (mg/L/day) and the Y-intercept represented the estimated initial value of
disinfectants (mg/L). Additionally, the half-life ti»> (days) for the free chlorine to be
reduced by 50% was calculated from the linear models. The goodness of fit was evaluated

based on the coefficient of determination (R?).

3.11 Electron paramagnetic resonance studies

The electron paramagnetic resonance (EPR) spectroscopic studies were performed
aiming to identify the reactive oxygen species (ROS) formed during the disinfection of S.
maltophilia by OXONE at MBC in STW.

EPR spectra were recorded using a Bruker ELEXSYS E500 spectrometer, available
at Laboratory for Electron Paramagnetic Resonance Spectrometry (CEMUP — Centro de
Materiais da Universidade do Porto), operating at 9 GHz (X-band) using the following

general experimental conditions, as specified below for each type of radical detection.
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Xepr software (Bruker) was used for spectra acquisition and Easyspin-5.2.35 for
computational simulations and calculation of the Spin Hamiltonian parameters. The
relative amount of radical formed was estimated by the integration of EPR signal (area
under the curve, AUC) using Origin 2015 software (Rebelo et al., 2019). All experiments
were carried out under room light (only artificial light at constant intensity was present)
and samples were protected from the light with aluminium foil.

For the investigations regarding the production of singlet oxygen radical (10,), a stock
solution of 2,2,6,6-tetramethyl-4-piperidone hydrochloride (4-oxo-TEMP — Sigma-
Aldrich, Darmstadt, Germany) spin trap was freshly prepared before analysis at 14
mg/mL in distilled water. Then, 70 pL of 4-oxo-TEMP solution was added into 1 mL of
bacterial test mixture as described in subsection 3.3, except for the presence of interfering
substance, in which sterile distilled water was replaced by STW (at 10 x its final
concentration). An aliquot was quickly collected and placed in a capillary tube, which
was then placed in the quartz EPR tube for spectra acquisition. Spectra were recorded at
defined time points (0, 10, 20, and 30 min of disinfection) and at the following general
experimental conditions: room temperature (20 = 2 °C), modulation frequency of 100
kHz, microwave power 6 m\W, modulation amplitude 4 Gauss (G), 60 dB of receiver gain,
acquisition time of 50 seconds and 5 scans.

To study the production of superoxide (O2™), hydroxyl (HO"), and sulphate (SO4™)
radicals, a stock solution of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO — TCI chemicals,
Portland OR, USA) spin trap was freshly prepared before analysis at 18 mg/mL in
distilled water. Then, 70 pL of DMPO solution was added into 1 mL of bacterial test
mixture as described above. An aliquot was quickly collected and placed in a capillary
tube, which was then placed in the quartz EPR tube for spectra acquisition. Spectra were

recorded at defined time points (0, 10, 20, and 30 min of disinfection) and at the following
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general experimental conditions: room temperature (20 + 2 °C), modulation frequency of
100 kHz, microwave power 4 mW, modulation amplitude 4 G, 60 dB of receiver gain,

acquisition time of 220 seconds and 5 scans.

3.12 Ecotoxicity tests — impact of OXONE and free

chlorine on freshwater microalga

The preliminary ecotoxicity tests were carried out with the freshwater unicellular
green alga Chlorella vulgaris AGF002 (AllMicroalgae, Leiria, Portugal). C. vulgaris was
used as test organism given the ease of culturing in laboratory and the existence of
previous studies that reported short-term toxicity tests considering this microalga
(Albuquerque et al., 2022; Silva et al., 2009). In the present study, the test organism was
exposed to OXONE and free chlorine at 0.5 mg/L in STW for 72 h. This concentration
was chosen regarding the recommended chlorine residual at the point of delivery between
0.2 and 0.5 mg/L for water that is centrally treated (WHO, 2022).

The test was carried out in accordance with the OECD 201 guideline (OECD, 2011)
and Vale et al. (2022), with some modifications. The microalga was maintained in a solid
OECD medium with 15 g/L agar (Merck, Darmstadt, Germany) at 4 °C in the dark. The
pre-cultures were prepared each week by inoculating 40 mL OECD medium in 100 mL
Erlenmeyer flasks with microalgal cells. They were incubated at 25 + 2 °C for 3 days on
an orbital shaker at 100 rpm under continuous “cool white” fluorescent light with a colour
temperature of 4000-4200 K and an intensity of 3.6 cd at the surface of the flasks. The
temperature, irradiation, and pH (7.5 £ 0.5) were monitored and kept constant throughout
the experiment. The cultures were obtained by inoculating the cells from the pre-cultures

at an initial concentration of 1 x 108 cells/mL in 100 mL OECD medium, in 250 mL
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Erlenmeyer flasks. The cultures were incubated for 2 days under the conditions described
for the pre-cultures. After incubation, the microalgal cells were harvested by
centrifugation at 3220 xg for 5 min and resuspended in STW.

Growth kinetic curves were obtained by the exposure of C. vulgaris to the selected
disinfectants in the exponential growth phase, at a final concentration of 1 x 10° cells/mL,
in 250 mL Erlenmeyer flasks containing STW supplemented with the nutrient
components of OECD medium to a final volume of 100 mL. As a control sample,
microbial cells were incubated in the same medium in the absence of the disinfectants.
The cultures were incubated for 72 h under the same growth conditions (temperature and
light) as described above, except for agitation that was performed by filtrated air bubbling.

Microalga cell density was determined measuring the optical density at 750 nm
(OD7s0nm) at 0, 24, 48, and 72 h and further converted to cellular concentration (X, in

cells/mL) using the following equation (Vale et al., 2022):
OD7sonm = (3.92 x 1078) x X + 1.34 x 1072 (10)

The specific growth rate (u, d* or h™') was determined from equation 11:

_ InXg—InX;

u (1)

tr—t;

Where Xrand X; are the cellular concentration at the times zrand ¢, respectively, the

end and beginning of the exponential growth phase.

3.13 Statistical analysis

The experimental data were analysed using the program GraphPad Prism 9.5.0 for

Windows. At least three independent experiments were performed in duplicate for each
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test condition. Both mean and standard deviation (SD) within samples were calculated.
Statistical calculations were based on a confidence level > 95% (P < 0.05), which was
considered statistically significant. The ANOVA test followed by Tukey’s multiple
comparisons test was performed for the statistical analysis of the most of experimental
data, assuming normal distribution and that all the groups were sampled from populations
with homogeneity of variance. The Brown-Forsythe and Welch ANOVA test followed
by Dunnett’s T3 multiple comparisons test was performed for the statistical analysis of
the data from the rheological testing, assuming normal distribution and that the groups

were sampled from populations with different variances
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Chapter 4

—

Chlorinated cyanurates and OXONE
as antimicrobial and antibiofilm

agents against DW bacteria

The present chapter comprises the evaluation of the antimicrobial activity of NaDCC,
TCCA, and OXONE against two emerging bacterial pathogens isolated from DW, A.
calcoaceticus and S. maltophilia. Free chlorine was used for comparison and as reference
DW disinfectant. The dose and time-responses against planktonic bacteria were
performed as well as the assessment of the effects on selected physiological indices
(membrane integrity and physicochemical properties of bacterial surface). Moreover, the
effects of the selected disinfectants against 48 h-old biofilms formed by A. calcoaceticus
and S. maltophilia were evaluated in the reduction of biofilm culturability and in biofilm

removal.
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4.1 Results and Discussion

4.1.1 Antimicrobial activity against planktonic bacteria — dose-

response relationship and MBC

The antimicrobial activity of the selected disinfectants was found to be dose-
dependent against both A. calcoaceticus and S. maltophilia (Figure 4-1). The increase in
concentration led to an increase in antimicrobial activity until a total reduction of cell
culturability was reached. MBC was considered to be the lowest concentration at which
complete growth absence was detected, and the values obtained for each disinfectant and
bacteria are summarised in Table 4-1. The ranking by dose efficiency against both
bacteria was as follows: free chlorine from Ca(OCl), > NaDCC > TCCA > OXONE. S.
maltophilia was more susceptible than A. calcoaceticus, with total log reduction obtained
for lower doses of each disinfectant. Gomes et al. (2016) reported an opposite trend, with
planktonic S. maltophilia being significantly more tolerant to sodium hypochlorite
(NaOCl) than A. calcoaceticus. These opposite results may denote that the action of
chlorine-based disinfectants is not species-dependent. The results also reinforce that
chlorinated cyanurates are less effective disinfectants against planktonic bacteria in
comparison to the use of free chlorine alone (Murphy et al., 2015; Wahman, 2018;
Wojtowicz, 2001).

Planktonic cultures of P. aeruginosa were not able to grow after 6 h of exposure to
5% (v/v) NaDCC (Morgenthau et al., 2012). Moreover, the antimicrobial effects against
planktonic P. aeruginosa after exposure for 30 min to NaDCC solutions at 50% (v/v) or
higher were equally effective as 5% bleach. On the other hand, to reduce the concentration
of A. calcoaceticus over 6 log, the minimum inhibitory concentration of NaDCC was

circa 1100 mg/L (Penna et al., 2001). Another work regarding the chlorination of
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greywaters demonstrated that products containing Ca(OCl),, NaDCC, or TCCA reduced
the mesophile microorganisms at least 5 and 4 log CFU after 30 min and 30 h, respectively

(Chaillou et al., 2011).

Table 4-1 — Minimum bactericidal concentrations (MBC) and sub-lethal concentrations (mg/L)
of NaDCC, TCCA, OXONE, and free chlorine from Ca(ClO); against A. calcoaceticus and S.
maltophilia.

A. calcoaceticus S. maltophilia

MBC Sub-lethal MBC Sub-lethal

(mg/L) concentration (mg/L) concentration

(mg/L) (mg/L)
NaDCC 3.1 2.1 2.1 1.6
TCCA 38 1.9 2.5 1.1
OXONE 690 340 340 280
Free chlorine 1.0 0.50 0.80 0.40

Regarding the antimicrobial activity of OXONE, a disinfectant product containing
pentapotassium bis(peroxymonosulphate) bis(sulphate) at concentrations above 5000
mg/L reduced the levels of Aeromonas salmonicida, Yersinia ruckeri, Carnobacterium
piscicola, and Lactococcus garvieae more than 5 log CFU/mL after a contact time of 30
min (Verner-Jeffreys et al., 2009). Moreover, 3 h exposure to 1000 mg/L of a commercial
disinfectant containing 40-55% of pentapotassium  bis(peroxymonosulphate)
bis(sulphate) reduced approximately 3 log CFU/mL of a Vibrio spp. and 3 log TCIDso/mL
(the 50% tissue culture infectious dose) of viral nervous necrosis virus in seawater (Ciulli

etal., 2017).
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Figure 4-1 — Dose-response relationship after 30 min of exposure to NaDCC, TCCA, OXONE, and free chlorine from Ca(ClO); against A. calcoaceticus (open

circles) and S. maltophilia (closed circles). The dashed line and solid line represent the AN, for A. calcoaceticus and S. maltophilia, respectively.
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The differences between the studies can be explained by the use of other products,
some of them applying commercially available disinfectants that often contain a blend of
ingredients, and due to alternative methods for the determination of antimicrobial activity.
Moreover, nutrient availability during disinfectant exposure is also distinct among the
different studies. In the present study, the European Standard EN 1276 (1997) was
followed without interfering substances, to avoid neutralization or potentiation of
disinfectant action during the antimicrobial incubation time. The selected disinfectants

were also tested in their unformulated state.

4.1.2 Antimicrobial activity against planktonic bacteria — time-

response

The evaluation of bacterial inactivation over time was performed for each disinfectant
at two different concentrations: MBC and a concentration causing partial inactivation
(Table 4-1). The results of A. calcoaceticus and S. maltophilia inactivation for each
disinfectant are presented in Figure 4-2 and Figure 4-3, respectively. The comparative
analysis of the experimental data did not reveal differences in the inactivation of A.
calcoaceticus by NaDCC, TCCA, and OXONE, with total inactivation at the end of the
60 min exposure to the disinfectants (Figure 4-2). On the other hand, in the case of S.
maltophilia, a total inactivation was observed after 45 min of exposure to OXONE, while
for TCCA a complete log reduction was not obtained until 120 min exposure (Figure

4-3).
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Figure 4-2 — A. calcoaceticus inactivation by NaDCC, TCCA, and OXONE at MBC (open
squares), sub-lethal concentration (closed triangles), and 0 mg/L (closed circles). The lines
represent the disinfection models fitted to the experimental data for the sub-lethal concentrations.
The biphasic model was applied for NaDCC and TCCA, and the double Weibull model for

OXONE.
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Figure 4-3 — S. maltophilia inactivation by NaDCC, TCCA, and OXONE at MBC (open squares),
sub-lethal concentration (closed triangles), and 0 mg/L (closed circles). The lines represent the
disinfection models fitted to the experimental data for the sub-lethal concentrations. The biphasic
model was applied for NaDCC and TCCA, and the double Weibull model for OXONE.
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The bacterial inactivation data generated in this study for the sub-lethal concentrations
were then fitted to different disinfection models: the biphasic model, for NaDCC and
TCCA, and the double Weibull model, for OXONE. To describe all shapes of inactivation
kinetics, both models assume that the population is composed of two groups that differ in
their levels of tolerance to stress (Cerf, 1977; Coroller et al., 2006; Geeraerd et al., 2005).
One major subpopulation that is initially more sensitive to stress (represented by the initial
steep constant decline in the biphasic model or the first wave in the double Weibull
model) and one minor subpopulation that is more tolerant to stress (represented by the
final smoother constant decline in the biphasic model or the second wave in the double
Weibull model). The goodness of fit of the different kinetic models was evaluated based
on the RMSE between the predicted and observed log inactivation values. Table 4-2
summarizes the statistical measures and the parameter values obtained when applying the
models to the experimental data set.

A brief analysis of the kinetic parameters regarding the action of NaDCC and TCCA
on bacterial inactivation demonstrates that S. maltophilia appeared to be more susceptible
to these disinfectants than A. calcoaceticus. The specific inactivation rates, k,,,4,; and
k.nax2, OF S. maltophilia were higher for both disinfectants than these of A. calcoaceticus.
For both disinfectants and bacteria, the fraction of initially major subpopulation - f, the
least tolerant to stress, was equal or close to 1, indicating that all the bacterial population
of A. calcoaceticus or S. maltophilia was similarly susceptible to NaDCC or TCCA.
Nevertheless, the inspection of the inactivation curve of S. maltophilia by TCCA (Figure
4-3 TCCA) shows a clear initial shorter decline in time, which corresponds to a
subpopulation more susceptible to the disinfectant. The following smoother decline is

representative of the tolerant minor subpopulation.
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Table 4-2 — Statistical measures and parameter values when applying the biphasic model on the experimental data of bacterial inactivation over time with
NaDCC and TCCA, and the double Weibull model on the experimental data for OXONE. The parameter values are presented together with their Asymptotic
Standard Error. NQ, not quantifiable.

. . LOg Mo kmaxl kmaxZ
Biphasic model RMSE f
(CFU/mL) (2/min) (1/min)
NaDCC
A. calcoaceticus 1.7 6.7x1.0 0.18 £ 0.08 0.03+£0.25 1.0£0.0
S. maltophilia 1.6 7609 0.21 £ 0.07 0.04 £0.18 1.0£0.0
TCCA
A. calcoaceticus 1.6 6.8+0.9 0.19 £ 0.07 0.03+£0.19 1.0£0.0
S. maltophilia 1.1 76+1.1 1.1+11 0.08 £ 0.03 0.99 +0.02
Log Mo 61 6,
Double Weibull model RMSE a P
(CFU/mL) (min) (min)
OXONE
A. calcoaceticus 0.92 72109 76+7.6 NQ 7.2+6.0 0.88 +0.40
S. maltophilia 0.82 7.4+0.8 9.3+5.9 NQ 7.5+1.9 1.2+05
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Concerning the action of OXONE, the time for the first log reduction - §;, was similar
for both A. calcoaceticus and S. maltophilia. However, the parameter p for A.
calcoaceticus (0.88 + 0.40) and S. maltophilia (1.2 £ 0.5) defined different shapes of the
inactivation curves. For A. calcoaceticus, the p < 1 produced a convex shape to the first
part of the inactivation curve (Figure 4-2 OXONE). For S. maltophilia, the p > 1 caused
a concave shape to the first part of the inactivation curve (Figure 4-3 OXONE). A deeper
analysis of this parameter indicates that A. calcoaceticus (p < 1) bacterial cells became
more tolerant to OXONE during the inactivation process, while S. maltophilia (p > 1)
bacterial cells became more susceptible over time.

Comparing the goodness of fit of the different kinetic models on the experimental
data set, the double Weibull model showed to be more appropriable to the inactivation of
A. calcoaceticus and S. maltophilia by OXONE (RMSE < 1). The RMSE values of the
double Weibull model were lower than those obtained when applying the biphasic model
to the inactivation of both bacteria by NaDCC and TCCA (RMSE > 1). Meireles et al.
(2017) conducted a study to evaluate the antimicrobial effects of different chlorine-based
disinfectants against E. coli. The inactivation curves of NaOCI, neutral electrolyzed
oxidizing water, ClO2, and NaDCC were fitted to the Gompertz model (Gompertz, 1825)
to determine the time-kill kinetic parameters: kg, the maximum antimicrobial rate, and
Acru, the lag time for antimicrobial action evaluated by log CFU/mL decrease. In
planktonic cultures, NaOCl demonstrated to be the fastest disinfectant causing
antimicrobial action, with the shortest A-ry (2.5 to 13 min). NaDCC was the disinfectant
requiring higher time (48 to 72 min) to promote log CFU/mL decrease. On the other hand,

NaDCC and ClO had the highest antimicrobial rates.
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4.1.3 Effects on bacterial cytoplasmic membrane integrity

Pl uptake was determined to assess the effects of NaDCC, TCCA, and OXONE on
cytoplasmic membrane integrity (Table 4-3). The disinfectants were tested at MBC and
sub-lethal concentrations. PI is commonly used as an indicator of cytoplasmic membrane
integrity because it is a nucleic acid stain to which the cell membrane is usually

impermeable (Abreu et al., 2013; Borges et al., 2013; Simdes et al., 2007).

Table 4-3 — Permeability of A. calcoaceticus and S. maltophilia to PI (%) after 30 min of exposure
to NaDCC, TCCA, and OXONE at sub-lethal concentration and MBC.

Pl-stained cells (%0)

A. calcoaceticus S. maltophilia

Control 9.3+89 41+6.9

NaDCC sub-lethal conc. 100+ 0.0 100+0.1
MBC 100+ 0.0 100+ 0.0

TCCA sub-lethal conc. 41 + 25 58 +21
MBC 99+3 100+ 0.2

OXONE sub-lethal conc. 9+1 97 +8

MBC 100+ 0 100+ 0.0

Table 4-3 shows that all disinfectants caused significant changes in the permeability
of A. calcoaceticus and S. maltophilia to Pl (P < 0.05), even at sub-lethal concentrations.
The incubation with NaDCC and OXONE at MBC for 30 min promoted 100% of PI
uptake in both bacteria. A 100% Pl uptake was also observed after S. maltophilia
exposure to TCCA at MBC. OXONE at sub-lethal concentrations also caused a high
percentage of membrane damage (P < 0.05), with 99 + 1% PI uptake for A. calcoaceticus
and 97 + 8% PI uptake for S. maltophilia. The lowest percentages of Pl uptake were

obtained after exposure to TCCA at sub-lethal concentrations (P < 0.05), with 41 + 25%
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Pl uptake for A. calcoaceticus and 58 + 21% PI uptake for S. maltophilia. The analysis of
the results allowed to conclude that NaDCC, TCCA, and OXONE triggered cytoplasmic
membrane destabilization, even at sub-lethal concentrations that only caused a 3 to 4 log
reduction of bacterial culturability. As chlorine-based disinfectants, NaDCC and TCCA
cause cytoplasmic membrane destabilization due to the physiological changes resulting
from chlorination. Haas and Engelbrecht (1980) also demonstrated that the cell membrane
is affected as a result of exposure to chlorine.

Complementary, the study of the selected disinfectants at MBC and sub-lethal
concentrations was performed on the physical and chemical characteristics of A.
calcoaceticus and S. maltophilia membranes (Table 4-4 and Table 4-5). Despite the
significant damages caused by the selected disinfectants on bacterial membranes (Table
4-3), in general, no significant alteration was observed in bacterial hydrophobicity,
surface tension, and ability to accept and donate electrons. Statistically significant
alterations were only found for TCCA, curiously the less effective on membrane damage
(lower Pl uptake). TCCA reduced A. calcoaceticus ability to donate electrons and reduced

the polar component of S. maltophilia as well as increased S. maltophilia hydrophobicity.
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Table 4-4 — Hydrophobicity A Gsws and surface tension parameters (y % Lifshitz-van der Waals, 48 Lewis acid-base, y *electron acceptor and y - electron donor
components) of A. calcoaceticus after exposure to disinfectants for 30 min. * Represents statistically significant differences (P < 0.05) in comparison to the
control sample.

Surface tension parameters (mJ/m?)

AGsws (MJI/m?)
"W (apolar) y## (polar) y* y

Control 37.8+1.2 48+1.6 01+0.1 48.7+8.0 31.3+9.9
NaDCC sub-lethal conc. 39.4+28 0.0+0.0 0.0+0.0 39.1+49 189+6.4
MBC 40.1+2.0 0.0+£0.0 0.0+0.0 355+1.0 12.8+2.38
TCCA sub-lethal conc. 40.5+1.6 0.7+£0.7 0.0+0.0 252+ 1.3* -5.8+3.2
MBC 41.0+13 45+04 01+0.1 38.7+3.6 16.4+6.8
OXONE sub-lethal conc. 41.2+0.7 0.0+£0.0 0.0+£0.0 48.9+6.6 32.4+99
MBC 40.5+1.3 0.0+£0.0 0.0+£0.0 43.7+6.5 17.1+2.3
Free chlorine sub-lethal conc. 38.1.£1.8 3.8+53 05+0.7 29.5+9.0 19.7 £ 26.0
MBC 354+17 0.6+0.6 0.0+0.0 441+ 3.6 27559
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Table 4-5 — Hydrophobicity A Gsws and surface tension parameters (y¢% Lifshitz-van der Waals, y48 Lewis acid-base, y * electron acceptor and y - electron donor
components) of S. maltophilia after exposure to disinfectants for 30 min. * Represents statistically significant differences (P < 0.05) in comparison to the control
sample.

Surface tension parameters (mJ/m?)

AGsws (MJ/m?)
y*¥ (apolar) y4# (polar) v* Vv

Control 42.0+0.3 106 £1.5 1.2+05 31.4+9.0 -6.7+4.8

NaDCC sub-lethal conc. 42.1+0.2 42+14 0.1+01 32.6+0.7 5.7+09
MBC 41.8+0.2 6.7+0.8 04+0.2 28.7+5.0 -5.8+5.6

TCCA sub-lethal conc. 42.3+0.3 6.9+0.5 04+0.1 35.8+4.3 159+11
MBC 42.1+0.1 0.0+ 0.0* 0.0+0.0 43.3+0.0 24.4 +0.1*

OXONE sub-lethal conc. 42.8+0.2 6.2+1.1 03+0.1 35.2+2.0 9.0+33
MBC 42.1+0.2 9.0+£0.9 0.7+£0.0 34077 15.1+9.2

Free chlorine sub-lethal conc. 42.0+0.5 58+33 0.7+05 35423 10.0+3.0
MBC 41.8+0.3 71+21 0.6+0.3 27.1+7.3 -12.8+ 3.0
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4.1.4 Effects on 48 h-old A. calcoaceticus and S. maltophilia

biofilms

The 48 h-old single-species biofilms on PVC and SS were exposed for 30 min to
NaDCC, TCCA, OXONE, and free chlorine at MBC of each disinfectant against A.
calcoaceticus and S. maltophilia. Then, disinfectants were evaluated in terms of biofilm
culturability (Figure 4-4) and removal (Figure 4-5). A. calcoaceticus and S. maltophilia
formed biofilms regardless of the substrata. Comparing the results of CFU numbers in the
control of biofilms (Figure 4-4), A. calcoaceticus and S. maltophilia had similar numbers
of log CFU/cm? on PVC (P > 0.05): 7.5+ 0.2 and 7.4 + 0.1 log, respectively. On the other
hand, a significant statistical difference was observed between A. calcoaceticus and S.
maltophilia biofilms on SS, with a higher value of log CFU/cm? for A. calcoaceticus (7.8
+ 0.1) than for S. maltophilia (7.3 £ 0.2) (P < 0.05). Concerning the results of total cells
(Figure 4-5), A. calcoaceticus formed biofilms with higher cell densities than S.
maltophilia for both substrata (P < 0.05). On SS, A. calcoaceticus formed biofilms with
8.8 + 0.2 log cells/cm? and S. maltophilia with 8.1 + 0.3 log cells/cm?. On PVC, the A.
calcoaceticus cell density was 8.5 + 0.3 log cell/cm? and for S. maltophilia was 8.0 + 0.2
log cell/cm?. Conversely, in another study, S. maltophilia developed a higher number of
log CFU/cm? on PVC than A. calcoaceticus, in both single and dual-species of 24 h-old
biofilms (Gomes et al., 2016). The significant differences in experimental conditions,
particularly the distinct growth media and nutrient availability, may justify these non-
consensual results. In adhesion assays, A. calcoaceticus produced higher biomass on SS
and PVC than S. maltophilia (Simdes et al., 2007a). In the present study, the action of the
disinfectants was tested against single-species biofilms formed by the selected DW

bacteria on two representative pipe materials from DW networks, using the microtiter
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plates as a reactor system. Although several other devices try to mimic the conditions
found in real pipe networks, microtiter plates allowed to form biofilms with CFU and cell
densities closer to the levels reported within DWDS, generally in the order of 10°
CFU/cm? and 107 cells/cm? (Langmark et al., 2005; Olson and Nagy, 1984; Pedersen,
1990).

In terms of culturability (Figure 4-4), biofilm exposure to the selected disinfectants
for 30 min promoted a decrease in the CFU levels up to a 4 log reduction (P < 0.05). A.
calcoaceticus biofilms were more susceptible to the action of disinfectants than those of
S. maltophilia, oppositely to the results obtained for the planktonic state. In Gomes et al.
(2016), A. calcoaceticus formed biofilms more susceptible to NaOCI than those of S.
maltophilia. Independently of the surface material, the exposure of A. calcoaceticus
biofilms to OXONE at 690 mg/L caused approximately 4 log reduction in culturability,
presenting the best disinfection action in comparison to free chlorine, NaDCC and TCCA
(P < 0.05). The treatment with NaDCC at 3.1 mg/L and TCCA at 3.8 mg/L caused 1 and
2 log reduction in the CFU values of A. calcoaceticus biofilms, respectively (P < 0.05),
regardless of the surface material. Moreover, these disinfectants allowed a significant
statistical reduction of the CFU levels of A. calcoaceticus biofilms on SS than with the
exposure to free chlorine (P < 0.05). The analysis of the effects on S. maltophilia biofilms
revealed that the treatment with OXONE at 340 mg/L caused a culturability reduction
significantly higher than free chlorine and NaDCC on both SS and PVC (P < 0.05). The
highest CFU reduction of S. maltophilia biofilms was 2 log after the treatment with
OXONE in biofilms formed on SS. The exposure to free chlorine at 0.8 mg/L, NaDCC at
2.1 mg/L, and TCCA at 2.5 mg/L caused 1 log reduction in the CFU values of S.

maltophilia biofilms on both surface materials (P < 0.05). In general, the alternative
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disinfectants were equally effective or better than the action of free chlorine, in terms of

culturability reduction.
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Figure 4-4 — Log CFU/cm? of 48 h-old A. calcoaceticus and S. maltophilia biofilms formed on
SS (solid-grey bars) and PVC (patterned bars) coupons after 30 min exposure to NaDCC, TCCA,
OXONE, and free chlorine at MBC. The MBC against A. calcoaceticus and S. maltophilia were,
respectively, 1.0 and 0.80 mg/L for free chlorine, 690 and 340 mg/L for OXONE, 3.1 and 2.1
mg/L for NaDCC, 3.8 and 2.5 mg/L for TCCA. # Indicates statistically significant differences to
control/unexposed biofilms. T Indicates statistically significant differences to biofilms exposed to
free chlorine. 8§ Indicates statistically significant differences to biofilms exposed to NaDCC or

TCCA. T Indicates statistically significant differences to biofilms exposed to NaDCC.
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The analysis of the results of total cells (Figure 4-5) revealed that despite the
effectiveness of the selected disinfectants on bacterial inactivation, the biofilms were
generally resistant to removal. Indeed, the log cells/cm? levels in S. maltophilia biofilms
after exposure to disinfectants were generally not statistically different from the control
samples (P > 0.05). In the case of A. calcoaceticus biofilms, all disinfectants caused a
decrease in the number of total cells (P < 0.05), except free chlorine at 1.0 mg/L against
biofilms formed on SS. However, the selected disinfectants only allowed a modest
biofilm removal, with values below 1 log. The highest level of biofilm removal was
obtained for A. calcoaceticus biofilms on SS after exposure to OXONE at 690 mg/L with
a 0.6 log removal (P < 0.05). Moreover, this condition had a better action on biofilm
removal than free chlorine, NaDCC, or TCCA (P < 0.05). The biofilm resistance to
removal by the selected disinfectants is similar to a previous comparative study of
oxidizing disinfectants against S. aureus dry-surface biofilms (Chowdhury et al., 2019).
Among other disinfectants, biofilms were treated for 5 min with chlorine-based products,
which included Chlorclean, a tableted hospital-grade disinfectant containing NaDCC
formulated with sodium toluenesulfonate (a foaming anionic surfactant) and adipic acid,
and an unformulated NaDCC tablet, both at an equivalent concentration of 1000 mg/L
chlorine (Chowdhury et al., 2019). A 2.8 log reduction in biofilm culturability was
observed, but the efficacy of these products on biofilm protein removal was limited to <

30% (Chowdhury et al., 2019).
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A. calcoaceticus
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Figure 4-5 — Log cells/cm? of 48 h-old A. calcoaceticus and S. maltophilia biofilms formed on
SS (solid-grey bars) and PVC (patterned bars) coupons after 30 min exposure to NaDCC, TCCA,
OXONE, and free chlorine at MBC. The MBC against A. calcoaceticus and S. maltophilia were,
respectively, 1.0 and 0.80 mg/L for free chlorine, 690 and 340 mg/L for OXONE, 3.1 and 2.1
mg/L for NaDCC, 3.8 and 2.5 mg/L for TCCA. # Indicates statistically significant differences to
control/unexposed biofilms. T Indicates statistically significant differences to biofilms exposed to
free chlorine. § Indicates statistically significant differences to biofilms exposed to NaDCC or

TCCA.

There are few reports concerning the action of NaDCC, TCCA, and OXONE against

biofilms. Farkas et al. (2014) compared the action of NaDCC and NaOCI against 90 days-
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old biofilms on polypropylene coupons grown in a DW facility. After 2 h of exposure,
none of the disinfectants was able to completely inactivate the opportunistic pathogens
and faecal bacteria present in the biofilms. NaDCC was modestly more effective than
NaOCl in biofilm control. This higher efficacy of NaDCC in comparison to NaOCI was
verified by Yu et al. (2013) against P. aeruginosa biofilms grown on polyamide reverse
osmosis membranes. In the present study, OXONE was found to be the best disinfectant
with antimicrobial activity against both A. calcoaceticus and S. maltophilia biofilms. It
caused a 2 to 4 log reduction in the biofilm culturability, although in the dose-response
relationship from the experiments with planktonic bacteria OXONE was classified as the
lowest efficient. Aarnisalo et al. (2000) showed that two potassium persulfate-based
disinfectants promoted 5 log CFU/cm? reduction against three Listeria monocytogenes
strains after 5 min of exposure, while NaDCC and NaOCI caused 2.2 and 1.5 log
reduction, respectively. These results propose that OXONE might be of significance to

control both Gram-negative and Gram-positive bacteria.

4.2 Conclusions

The antimicrobial and antibiofilm action of NaDCC, TCCA, and OXONE was
extensively analysed. In sum, the dose-response analysis with planktonic cells
demonstrated that S. maltophilia was more susceptible than A. calcoaceticus to the
disinfectants tested and that their efficiency can be ranked as follows: free chlorine >
NaDCC > TCCA > OXONE. Time-response evaluation demonstrated that NaDCC and
TCCA had similar inactivation rates against both bacteria. The values of the parameter f
equal or close to 1, indicated that both A. calcoaceticus and S. maltophilia were similarly

susceptible to both disinfectants. Moreover, OXONE was able to inactivate 90% of both
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bacterial populations after 10 minutes. However, S. maltophilia became more susceptible
to OXONE during the disinfection process, while the opposite was observed for A.
calcoaceticus. The selected disinfectants triggered significant bacterial cytoplasmic
membrane destabilization, even at sub-lethal concentrations.

NaDCC, TCCA, and OXONE had similar or better efficiencies in reducing biofilm
culturability than free chlorine, with reductions up to 4 log. OXONE was the most
efficient disinfectant in causing the inactivation of both bacterial biofilms. It had the best
performance against biofilms regardless of the surface material, with 2 to 4 log CFU/cm?
reduction. However, biofilm removal was invariably modest (always < 1 log), for all the

biofilms tested and disinfectants applied.
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The impact of OXONE and chlorinated
cyanurates on S. maltophilia biofilms:
effects on biofilm control, regrowth

and mechanical properties

The main purpose of the present chapter was to elucidate the action of OXONE and
chlorinated isocyanurates against biofilms, particularly their effects on the structure and
mechanical properties. The effects of the selected disinfectants in the prevention of
biofilm regrowth after disinfection were also evaluated. The activity of NaDCC, TCCA,
and OXONE was compared to the action of free chlorine that was used as reference DW
disinfectant. S. maltophilia was selected for this study since, in the previous study, its

biofilms were more tolerant to the selected disinfectants than A. calcoaceticus biofilms.
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5.1 Results and Discussion

5.1.1 Biofilm control and regrowth after disinfection

The effects of NaDCC, TCCA, OXONE, and free chlorine on biofilm culturability
and total cells of 48 h-old S. maltophilia biofilms after 30 min exposure to the
disinfectants at 10 x MBC are represented in Figure 5-1 (a) and Figure 5-2 (a),
respectively. S. maltophilia formed biofilms regardless of the surface material (SS or
PVC), with CFU and cell densities approximately equal to the levels reported within
DWDS, usually with approximately 10° CFU/cm? and 107 cells/cm? (Langmark et al.,
2005; Olson and Nagy, 1984; Pedersen, 1990). The unexposed biofilms presented values
of 7.2+0.3and 7.2 + 0.1 log CFU/cm? on SS and PVC, respectively. The exposure to the
selected disinfectants promoted a reduction in biofilm culturability up to 7 log (P < 0.05).
The highest log reductions were obtained for biofilms on SS with exposure to OXONE,
NaDCC and TCCA (7, 5, and 7 log reduction, respectively) and for biofilms on PVC with
exposure to TCCA (6 log reduction). The biofilms on SS and PVC exposed to free
chlorine and biofilms on PVC exposed to NaDCC and OXONE presented reductions in
culturability between 2 and 4 log. Noteworthy, the action of OXONE, NaDCC, and
TCCA against biofilms on SS was significantly more effective in reducing the biofilm
culturability than the action of free chlorine (P < 0.05), which showed a reduction in
biofilm culturability in the order of 2 log. Additionally, for biofilms on SS, the reduction
of biofilm culturability was significantly more effective with the exposure to OXONE
and TCCA than the exposure to NaDCC (P < 0.05). For biofilms on PVC, the action of
TCCA was significantly more effective in reducing the biofilm culturability than the
action of free chlorine and NaDCC (P < 0.05). However, regarding the effects on total

cells, the biofilms exposed to the disinfectants presented cell densities in the same
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magnitude of the unexposed biofilms, with approximately 8 log cells/cm?, suggesting that
these disinfectants were able to inactivate a significant number of sessile bacteria on SS

and PVS but were not able to remove bacteria from the surface.
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Figure 5-1 — The effects of free chlorine, OXONE, NaDCC and TCCA at 10 x MBC on the
culturability of 48 h-old S. maltophilia biofilms formed on SS (solid-grey bars) and PVC
(patterned bars) coupons. (a) After biofilm exposure to the selected disinfectants for 30 min. (b)
Regrowth for 24 h of biofilms previously exposed to the selected disinfectants for 30 min. * Below
the detection limit of 2.7 log CFU/cm?2. # Indicates statistically significant differences to
control/unexposed biofilms. 1 Indicates statistically significant differences to biofilms exposed
to free chlorine. ¥ Indicates statistically significant differences to biofilms exposed to NaDCC.
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To examine the impact of biofilm exposure to the selected disinfectants on regrowth,
the biofilms were incubated for 24 h with nutrient repositioning after the chemical
treatment. The results of log CFU/cm? and log cells/cm? are shown in Figure 5-1 (b) and
Figure 5-2 (b), respectively. The exposure to the selected disinfectants did not prevent
biofilm regrowth when compared with the results immediately after chemical exposure
(Figure 5-1 (a)) and 24 h after biofilm regrowth (Figure 5-1 (b)). However, the regrown
biofilms on SS and PVC previously exposed to OXONE and TCCA presented numbers
of log CFU/cm? statistically significantly lower than the biofilms unexposed to the
disinfectants (P < 0.05). For the regrown biofilms previously exposed to NaDCC, a
statistically significant difference in comparison to the unexposed biofilms was only
obtained for biofilms formed on PVC (P < 0.05) with a 2 log difference. The exposure to
OXONE promoted the best efficacy in limiting biofilm regrowth on SS, with 5 log
difference in comparison to the unexposed biofilms (P < 0.05), and 4 log difference in
comparison to the biofilms exposed to free chlorine or NaDCC (P < 0.05). Regardless of
the surface material used, the regrown biofilms previously exposed to TCCA presented a
difference in biofilm culturability in the order of 2 log in comparison to the unexposed
biofilms (P < 0.05) and a difference in the order of 1 log in comparison to the biofilms
exposed to free chlorine (P < 0.05). Regarding the quantification of total cells,
independently from the tested conditions, had a cellular density of approximately 8 log

cells/cm?, with a log difference less than 0.6 log in comparison to the unexposed biofilms.
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Figure 5-2 — The effects of free chlorine, OXONE, NaDCC and TCCA at 10 x MBC on the total
cells of 48 h-old S. maltophilia biofilms formed on SS (solid-grey bars) and PVC (patterned bars)
coupons. (a) After biofilm exposure to the selected disinfectants for 30 min. (b) Regrowth for 24
h of biofilms previously exposed to the selected disinfectants for 30 min. # Indicates statistically
significant differences to control/unexposed biofilms.

Regrowth events can impact the quality of DW because it is associated with the
proliferation of bacteria within the DWDS, particularly at the pipe walls and consequently

in the bulk water (Camper, 1994). Even with the application of disinfection measures, the
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remaining biofilm-associated bacteria after disinfectant exposure can recover and
recolonise the DW network (Fish and Boxall, 2018). Additionally, the development of
highly resilient biofilms, which include iron-associated and tolerant bacteria to oxidants,
is known to be selected by high-chlorine regimes (Fish et al., 2020; Fish and Boxall,
2018).

The 48 h-old S. maltophilia biofilms were resistant to removal, given the similar cell
densities observed between the unexposed and exposed biofilms to the selected
disinfectants. This phenomenon is in accordance with previous studies that also reported
biofilm resistance to removal (Chowdhury et al., 2019; Gomes et al., 2016). A 5 min
treatment with chlorine-based products at an equivalent concentration of 1000 mg/L
chlorine promoted a 2.8 log reduction in culturability of S. aureus biofilms, but the
removal of biofilm mass was less than 30% (Chowdhury et al., 2019). The disinfection
of 24 h-old S. maltophilia biofilms on PVVC with NaOClI at 0.5 and 175 mg/L for 30 min
resulted in a 2.1 log CFU/cm? reduction and total CFU reduction, respectively (Gomes et
al., 2016). However, the biofilm removal was only up to 0.5 log in the number of total
cells (Gomes et al., 2016). The exposure of 48 h-old A. calcoaceticus biofilms formed on
PVC or SS to TCCA at 3.8 mg/L and OXONE at 690 mg/L for 30 min caused
approximately 2 and 5 log CFU/cm? reduction, respectively, yet the decrease in the
number of total cells was below 1 log (subsection 4.1.4).

In the present work, NaDCC, TCCA, and OXONE proved to be efficient in S.
maltophilia inactivation with biofilm culturability reduction up to 7 log after 30 min of
disinfectant exposure. Events of biofilm regrowth were observed in the subsequent 24 h,
under more favourable conditions: without chemical stress and with nutrient availability.
Nevertheless, the regrown biofilms on SS previously exposed to OXONE showed notably

less biofilm culturability than the unexposed biofilms or the biofilms previously exposed
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to free chlorine (P < 0.05), with a CFU difference up to 5 log. In spite of the fact that the
free chlorine concentration used in the present work (8 mg/L) was above the guideline
value of chlorine for the use in water treatment or materials in contact with DW that is of
health significance (WHO, 2022).

The effects of the selected disinfectants on biofilms can be related to their different
chemical structure and mode of action. NaDCC and TCCA are chlorine-based
disinfectants that in water rapidly provide an equilibrium between cyanuric acid and the
dissociation products, which includes free chlorine in the form of hypochlorous acid
(HOCI) and chlorinated cyanurates (Wahman, 2018). The principal microbicidal activity
is attributed to the oxidizing action of HOCI (E° =1.48 V), unlike chlorinated cyanurates
that have minimal disinfecting efficiency (Clasen and Edmondson, 2006; Fukuzaki, 2006;
Wahman, 2018). The advantage of the use of NaDCC and TCCA instead of NaOCI or
Ca(OCl)2 is that chlorinated cyanurates act as a reservoir of free chlorine until the total
available is depleted (Clasen and Edmondson, 2006). OXONE is a potassium salt of
peroxymonosulphate with a strong oxidizing action via two-electron reduction

E°(HSO5/SO3™) = 1.85 Vnue and decomposition into sulphate and hydroxyl radicals by

cleaving the peroxide bond in the persulphate molecule [E®(SO} / SO3~) = 2.60 — 3.10
Ve, E°COH / OHY) = 1.90 — 2.70 Vnre] (Lee et al., 2020; Liu et al., 2021; Wactawek et
al., 2017). Although OXONE was the lowest efficient disinfectant in a dose-response
relationship from planktonic experiments, given the higher value of MBC than for free
chlorine, NaDCC, and TCCA (subsection 4.1.1), it allowed the best inactivation of
bacterial biofilms. The action of OXONE against biofilms may be due to its effects on
the EPS coupled with its antimicrobial activity. Accordingly, a possible more pronounced
alteration of the biofilm matrix properties than the effects of other disinfectants can

expose the biofilm embedded cells to chemical stress and limit their capability to recover.
104



Chapter 5 — The impact of OXONE and chlorinated cyanurates on S. maltophilia biofilms:
effects on biofilm control, regrowth and mechanical properties

In the present work, the selected disinfectants were generally more efficient against
biofilms formed on SS than on PVC. Even though the number of culturable cells and the
cellular densities were similar in biofilms formed on both materials, the different
susceptibility could be related to distinct characteristics of the biofilms formed on SS and
PVC. It is known that the surface material influences biofilm characteristic, such as
biomass, bacterial composition, and biofilm structure (Learbuch et al., 2021; Rozej et al.,
2015; Yan et al., 2022), which may be the cause for different responses to disinfection
processes. In addition, the chemical reactions of disinfectants with pipe materials and
biofilms on the pipe surface are known to be affected by the type of pipe materials

(Hallam et al., 2002; Li et al., 2019).

5.1.2 Effects on mechanical properties and structure of

biofilms

To evaluate the changes in the viscoelastic properties of biofilms resulting from the
30 min exposure to the selected disinfectants, rheometry analysis was performed using
48 h-old colony S. maltophilia biofilms (see Annex C — characterization of colony
biofilms). The results of oscillatory strain sweeps and oscillatory frequency sweeps are
presented in Figure 5-3, Figure 5-4, Figure 5-5 and Table 5-1.

The first step taken to characterize the viscoelastic behaviour of biofilms was the
measurement of oscillatory strain sweeps, which established the extent of the biofilm
viscoelastic linearity (Gloag et al., 2018; Rosalina and Bhattacharya, 2002). The shear
strain increased from 0.01-1000% at a constant frequency of 1 Hz, and the elastic and
viscous behaviour of the biofilms were recorded as the storage (G”) and loss (G’”) moduli,
respectively. However, only for the control/unexposed biofilms it was possible to reach

values of shear strain higher than 10%, with crossover point G’ = G’ at approximately
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240% of shear strain (Figure 5-3). For the other conditions, the experimental values of
G’ and G”” were recorded up to 10% of shear strain, the maximum value where it was
guaranteed that the biofilm samples completely covered the parallel plates of the

rheometer without network rupture of the biofilms under consideration.
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Figure 5-3 — Oscillatory strain sweeps performed on control/unexposed biofilms. The shear strain
increased from 0.01-1000% at a constant frequency of 1 Hz. Crossover point G’=G’’ at
approximately 240% of shear strain.

The linear viscoelastic region (LVR) of the biofilms ranged from 0.02 to 0.8%
(Figure 5-4), where the deformation of the samples was within the non-destructive
deformation limits. Independently of the disinfectant used, the S. maltophilia biofilms
displayed values of elastic shear modulus (G”) approximately 10 times larger than the
viscous shear modulus (G’”) (Figure 5-4 (a)). Therefore, S. maltophilia biofilms showed
a rheological character reflective of gel-like or solid structure and can be defined as
viscoelastic solid materials (Gloag et al., 2018; Kavanagh and Ross-Murphy, 1998; Yan

etal., 2018). This is a consequence of the links inside the biofilm matrix, such as chemical
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bonds or physical-chemical interactions, that contributed to the solid-state behaviour of
the biofilms (Horvat et al., 2019; Jara et al., 2021; Pandit et al., 2020).

The analysis of the complex shear modulus (G*) (Table 5-1), which gives a
comparative stiffness degree of the materials, revealed a significant decrease in the
physical robustness of biofilms after exposure to free chlorine and OXONE (P < 0.05).
The G* value of control/unexposed biofilms was 140 + 29 kPa, whereas the G* values
for biofilms exposed to free chlorine and OXONE were 104 + 70 kPa and 69 + 21 kPa,
respectively. Remarkably, the exposure to OXONE promoted a better G* value reduction
of S. maltophilia biofilms than the exposure to free chlorine (P < 0.05). Indeed, these
results demonstrated that OXONE could modify the stiffness of the S. maltophilia

biofilms, weakening its cohesiveness.

Table 5-1 — Complex shear modulus (G*) of 48 h-old S. maltophilia colony biofilms after 30 min
exposure to free chlorine, NaDCC, TCCA, and OXONE at 10 x MBC. # Indicates statistically
significant differences to control/unexposed biofilms. 1 Indicates statistically significant
differences to biofilms exposed to free chlorine.

o Complex shear modulus
Disinfectants

(G*, kPa)
Control 140 £ 29
Free chlorine 104 + 70%
NaDCC 147 £ 51
TCCA 139 £ 65
OXONE 69 + 21%1
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Figure 5-4 — Linear viscoelastic region (LVR) of 48 h-old S. maltophilia colony biofilms. (a)
Oscillatory strain sweeps were performed on control/unexposed biofilms and biofilms exposed to
free chlorine, OXONE, NaDCC, and TCCA at 10 x MBC for 30 min. The dashed lines indicate
the average LVR for each condition. (b) Shear strain values from LVVR were depicted in (a) for
each condition with the corresponding shear stress. The dashed line indicates the shear strain of
0.3%, the selected value of shear strain within the LVR for all conditions. Control — blue, free
chlorine — green, NaDCC — magenta, TCCA — black, OXONE — purple.

108



Chapter 5 — The impact of OXONE and chlorinated cyanurates on S. maltophilia biofilms:
effects on biofilm control, regrowth and mechanical properties

For further measurements, the shear strain of 0.3% (Figure 5-4 (b)) was selected as a
representative value of shear strain within the LVR for each condition. The oscillatory
frequency sweeps were performed to evaluate the time-dependent behaviour of the
complex viscoelastic parameters of unexposed and exposed biofilms to disinfectants
within the non-destructive deformation range (Figure 5-5). Across the frequency testing
limits of 0.1 to 100 Hz both moduli, G” and G’’, were relatively stable for all conditions
tested. Additionally, the magnitude of the storage modulus (G’) was greater than the loss
modulus (G”’), as observed for the strain sweeps measurements. Therefore, independently
of the chemical treatment, S. maltophilia biofilms presented a predominantly solid
consistency dimensionally stable at slow motion on long timescales (low frequencies), as
well as at fast motion on short timescales (high frequencies).

The quantification of the effects of chemical stress on the viscoelastic properties of
biofilms is limited to a few reports. P. aeruginosa biofilms presented mechanical
properties highly resistant to different chemical perturbations, including chlorine that
promoted no effect on biofilm elasticity (Lieleg et al., 2011). Among the chemical agents
used in the study, mono- and divalent ions, polyelectrolytes, distinct pH levels and
potential nutrients, only citric acid was able to reduce the biofilm elasticity by almost
99.5% (Lieleg et al., 2011). Conversely, when colony biofilms of P. aeruginosa were
subjected to a classical creep test, different disinfectants increased the peak strain values
of the creep curves, even though the treatment with chlorine at 50 mg/L did not show

significant changes in the biofilm properties (Jones et al., 2011).
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Figure 5-5 — Frequency sweeps of 48 h-old S. maltophilia colony biofilms. The oscillatory
frequency sweeps were performed by incrementing the frequency from 0.1-100 Hz at a constant
shear strain of 0.3% on control/unexposed biofilms and biofilms exposed to free chlorine,
OXONE, NaDCC, and TCCA at 10 x MBC for 30 min.
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The present work demonstrated that the colony S. maltophilia biofilms were
significantly weakened by the 30 min exposure to free chlorine or OXONE, although the
complex shear modulus (G*) of the biofilms exposed to NaDCC or TCCA was similar to
the control/unexposed biofilms. Notably, OXONE reduced the biofilm stiffness by 51%.
Consistent with the previous studies, the disinfectant activity on biofilm culturability
cannot be directly linked to its ability to change the biofilm mechanical properties (Jones
etal., 2011; Lielegetal., 2011). Besides the oxidative action, OXONE possibly decreased
the biofilm cohesiveness by increasing the ionic strength of the biofilm matrix with the
addition of potassium ions that could break down crosslinking electrostatic interactions
(Chen and Stewart, 2002).

Given the surprising results of biofilm inactivation and the effects on viscoelastic
properties of biofilms exposed to OXONE, the AFM analysis aimed to verify the
topography of S. maltophilia biofilms after disinfectant exposure (Figure 5-6). A
qualitative analysis of the images revealed that S. maltophilia biofilms exposed to
OXONE were not removed from the surface of the coupon but presented distinct features.
The biofilms exposed to OXONE showed a non-uniform surface with a fractured
appearance and small bacterial clusters dispersed on top of the biofilm. Additionally, 50%
of the cell clusters on the superior layers of biofilms exposed to OXONE had a surface
area approximately between 1 and 2 pm? conversely to the cell clusters of
control/unexposed biofilms with a surface area approximately between 1.5 and 4.5 um?
(Figure 5-7). The maximum value of the surface area of the cell clusters after the
treatment with OXONE (=~ 20 pm?) was also lower than in the control/unexposed biofilms
(= 70 um?). These findings corroborate the above results of the effects of OXONE on
biofilm control and mechanical properties. Actually, 30 min exposure to OXONE was

not able to remove the biofilm, with the numbers of total cells in the same magnitude as
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the control/unexposed biofilm. However, it weakened the biofilm cohesiveness, breaking

the cell aggregates into smaller clusters.
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Figure 5-6 — AFM analysis of 48 h-old S. maltophilia biofilms on SS exposed to OXONE at 10
x MBC for 30 min. (a) Representative AFM height image of the control/unexposed biofilm. (b)
Representative AFM height image of the biofilm exposed to OXONE.
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To the best of my knowledge, this is the first study that demonstrated the changes in
biofilm structure by unactivated peroxymonosulphate, particularly by AFM. A previous
study evaluated through confocal laser scanning microscope observation the effects of
Cu(Il)-activated peroxymonosulphate in the structure of biofilms grown on reverse
osmosis membranes, but even after 2 h of treatment, the biofilm structure was hardly

disrupted (Lee et al., 2020a).
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Figure 5-7 — Violin-plot of the surface area of cell clusters on the surface of the control/unexposed
biofilms and biofilms exposed to OXONE (data from at least six areas per sample).

5.2 Conclusions

This study investigated the performance of NaDCC, TCCA, and OXONE on biofilm
control, prevention of biofilm regrowth, and the ability to change the mechanical
properties of S. maltophilia biofilms, compared to free chlorine disinfection. The main
achievements of this work can be summarized as follows. S. maltophilia biofilms were
efficiently inactivated by NaDCC, TCCA, and OXONE, being the action against biofilms

on SS significantly better than free chlorine. The selected disinfectants did not prevent
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biofilm regrowth; however, OXONE was able to limit biofilm regrowth on SS with a
decrease in culturable cells remarkably higher than free chlorine. OXONE promoted a
reduction of biofilm stiffness, weakening the cohesiveness of the matrix and breaking
down the cell clusters on the superior layers of S. maltophilia biofilms. The insights
gained from this work reinforce OXONE as a promising alternative to free chlorine for
DW biofilm disinfection. This study also highlights the importance of understanding

biofilm mechanical properties to improve biofilm control strategies.
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@hapter 6

Validation of the potential of OXONE
as a new alternative to conventional
hypochlorite-based disinfection for

the control of DW biofilms

The present chapter comprises the realism-based assessment of the potential of
OXONE to control DW biofilms in comparison to chlorine disinfection. The effects of
disinfectants were evaluated against 7 day-old S. maltophilia biofilms formed under
conditions mimicking DWDS. The chemical stability of OXONE and chlorine solutions
in STW at 25 °C was evaluated over 40 days. The reactive species produced during the
OXONE disinfection in STW were identified by EPR analysis. Additionally, the

ecotoxicity of the disinfectants was also examined.
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6.1 Results and Discussion

6.1.1 Effects of OXONE on biofilms formed in a benchtop

biofilm reactor

The RCR was used for biofilm formation under conditions mimicking DWDS. S.
maltophilia biofilms were formed for 7 days on PVC cylinders under constant rotation
speed similar to the typical water velocity in plumbing systems (0.1 m/s) (Fu et al., 2021;
Gomes et al., 2020; Husband and Boxall, 2011; Ragain et al., 2019). Before exposure to
disinfectants, biofilms were characterized in terms of wet mass, culturability, total and

non-damaged bacteria, and content of extracellular proteins and polysaccharides (Table

6-1).
Table 6-1 — Characterization of biofilms formed in the rotating cylinder reactor.
S. maltophilia biofilms on
PVC cylinders

Wet mass, mg/cm? 41+1.2
Culturable cells, log CFU/cm? 76+05
Total cells, log cells/cm? 74+04
Biofilm viability, log non-damaged cells/cm? 7.2+05
Extracellular proteins, Hg/g biofiim 519 + 146
Extracellular polysaccharides, 1g/g biofiim 460 £ 91

The numbers of culturable and total cells were in the same magnitude, respectively,
7.6 + 0.5 log CFU/cm? and 7.4 + 0.4 log cells/cm?. Usually, the level of biofilm cell
density is one order of magnitude higher than the number of biofilm culturable cells,
however, the results were between the range of CFU and cell densities of biofilms
reported within DWDS (Langmark et al., 2005; Olson and Nagy, 1984; Pedersen, 1990).

The number of non-damaged cells represented 97% of the total biofilm cell density.
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Regarding the content of EPS, the level of extracellular proteins (519 £ 146 pg/g biofiim)
was approximately equal to the level of extracellular polysaccharides (460 + 91 pg/g
biofilm). Conversely, Gomes et al. (2018a, 2020) reported contents of extracellular
polysaccharides of S. maltophilia biofilms formed in the RCR higher than the levels of
extracellular proteins. The different EPS composition of the biofilms could be related to
the use of distinct surface materials for biofilm formation (Gomes et al., 2020; Learbuch
et al., 2021; Yan et al., 2022) or different medium broth composition for biofilm
formation (Gomes et al., 2018a).

The biofilms were exposed to OXONE and free chlorine at 10 x MBC in STW for 30
min and the effects were evaluated in terms of biofilm culturability, biofilm cell density
and number of non-damaged cells (Figure 6-1). The exposure of the 7 day-old biofilms
to the disinfectants promoted a statistically significant reduction of biofilm culturability
in comparison to the unexposed/control biofilms of approximately 1 log reduction with
free chlorine and 4 log reduction with OXONE (P < 0.05). Remarkably, the action of
OXONE in decreasing biofilm culturable cells was more efficient than the exposure of
biofilms to free chlorine (P < 0.05). Considering the biofilm cellular density, no
significant differences were observed in the total number of cells on biofilms after the
exposure to the disinfectants (P > 0.05). Unexposed biofilms (control group) or those
exposed to disinfectants presented total levels of cells approximately of 7 log cells/cm?.
However, the exposure of the 7 day-old S. maltophilia biofilms to free chlorine and
OXONE promoted a significant decrease in the number of non-damaged cells (P < 0.05).
Notably, biofilms exposed to OXONE presented levels of non-damaged cells below the
detection limit of 4.8 log cells/cm?, whereas the exposure to free chlorine only allowed a

decrease of non-damaged cells to 6.4 + 0.5 log cells/cm? (P < 0.05).
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Figure 6-1 — The effects of free chlorine and OXONE at 10 x MBC in STW against 7 day-old S.
maltophilia biofilms formed in the RCR. (a) Biofilm culturable cells. (b) Biofilm cellular density:
number of non-damaged cells (solid-white bars) and total cells (patterned bars). g Below the
detection limit of 4.8 log cells/cm? (dashed line). # Indicates statistically significant differences
to control/unexposed biofilms. T Indicates statistically significant differences to biofilms exposed
to free chlorine.
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The results demonstrated that the treatment with OXONE was efficient to control
mature S. maltophilia biofilms formed under conditions mimicking DWDS. The biofilms
exposed to OXONE were substantially inactivated, resulting in more than 4 log reduction
in biofilm culturability and the number of non-damaged cells. However, it was unable to
remove the biofilms from the PVC surface, in accordance with previous studies
(subsection 4.1.4 and subsection 5.1.1). Moreover, the action of OXONE was
significantly better than the exposure to free chlorine, which only allowed a reduction in
biofilm culturability and the number of non-damaged cells in the order of 1 log. The
inability of chlorine for biofilm control was already reported in previous studies (Assaidi
et al., 2020; Gomes et al., 2020; Hemdan et al., 2020). Gomes et al. (2020) demonstrated
that free chlorine at 10 mg/L for 10 min did not reduce the number of non-damaged
membrane and culturable cells of 7 day-old S. maltophilia biofilms grown on SS, copper,
and 57% copper alloy. High levels of chlorination (between 50 and 200 mg/L for 2 h)
decreased the number of culturable cells in 18 and 30 day-old L. pneumophila biofilms
on galvanized steel and PVC, however, biofilms were not eradicated and continued to
grow on subsequent days (Assaidi et al., 2020). Moreover, detached cells from 90 day-
old E. coli biofilms formed on plastic-based materials (PVC, polypropylene, and
polyethylene) were eradicated by chlorine, but E. coli cells from biofilms formed on iron
pipes could resist the chlorine treatment (Hemdan et al., 2020). Furthermore, it should be
pointed out that the exposure of biofilms to OXONE in STW, which has chloride ions
(CI) in its composition, could overestimate the effects of OXONE because the production
of hypochlorous acid (HOCI) was reported to be generated from saltwater oxidation of
peroxymonosulphate (Feng and Li, 2022; Lee et al., 2020a). Nevertheless, the present
results are in agreement with the effects on biofilms exposed to OXONE in ultrapure

water, where an approximately 4 log reduction was also observed (see subsection 5.1.1).
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6.1.2 Evaluation of the chemical stability of OXONE and free

chlorine solutions

Among different factors, the control of microbial proliferation in DWDS is dependent
principally on the maintenance of residual disinfectant concentration through the water
distribution network (Liu et al., 2016; Simdes and Simdes, 2013). Maintaining an
effective free chlorine residual is known to be a challenge given the existence of chemical
reactions occurring both in the bulk phase and at the pipe walls that contribute to chlorine
decay in DWDS (Brown et al., 2011; Kiéné et al., 1998; Shi et al., 2022; Tonev and
Dimova, 2020). Therefore, the chemical stability of OXONE solutions in ultrapure water
and STW was evaluated as disinfectant depletion over time and compared to the free
chlorine decay in the same conditions. The initial disinfectant concentrations were
prepared at the correspondent 10 x MBC of each disinfectant against S. maltophilia and
the temperature was controlled at 25 °C for 40 days.

The analysis of Figure 6-2 (a) demonstrated that after an initial drop of OXONE
concentrations during the first 9 days of the experiment, the OXONE solutions were
mainly stable over time, both in ultrapure water and in STW. The median values of
OXONE concentrations in ultrapure water and in STW were approximately 2700 mg/L
and 2500 mg/L, respectively. The interquartile range of OXONE concentrations in
ultrapure water was 2600-2800 mg/L. In STW, the interquartile range was 2400-2600

mg/L.
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Figure 6-2 — Time course of chemical stability of OXONE in ultrapure water (open magenta
circles) and STW (closed black circles) solutions at 25 °C in light-protected conditions. (a) Over
the 40 days of the experiment. The blue and orange lines represent the median of OXONE
concentrations in STW and in ultrapure water, respectively. Shade zones define the interquartile
range of OXONE concentrations in STW and ultrapure water. (b) Zoom in on OXONE
concentration in the first 9 days of the experiment. Solid lines represent the linear regression of
the experimental data. Dashed lines define the 95% confidence band of the model.
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To quantify the OXONE depletion during the first 9 days, a linear regression was
performed on the experimental data (Figure 6-2 (b)). The results of the OXONE loss rate
and statistical measures of the linear models are presented in Table 6-2. The OXONE

loss rate (%) in STW and ultrapure water was -70.4 + 13.4 and -66.1 + 9.0 mg/L/day,

respectively. No statistical difference was observed between the linear regression of
OXONE depletion in STW and in ultrapure water (P > 0.05). Therefore, the overall results
indicate that the presence of inorganic and organic substances in STW had a small impact
on OXONE depletion over the 40 days of the experiment, resulting in OXONE
concentrations approximately equal to the values obtained in the solution without
interfering agents. However, in both conditions, the OXONE solutions presented a
disinfectant depletion of approximately 10% of the initial OXONE concentrations within

the first 9 days, after this time the values of OXONE concentration became stagnated.

Table 6-2 — Kinetic parameters and statistical measures of the linear regression of the
experimental data from the chemical stability evaluation for OXONE over the first 9 days of the
experiment.

Parameters Ultrapure water STW
Slope = 2£, mg/L/day -66.1+9.0 -70.4 +13.4
Y-intercept, mg/L 3046 + 51 2980 + 76
R? 0.8444 0.7347

Regarding the evaluation of the chemical stability of free chlorine, the results of free
chlorine concentration over time in ultrapure water and STW are presented in Figure 6-3.
The linear regression of the experimental data allowed the assessment of the kinetic

parameters that quantify chlorine decay (Table 6-3).
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Figure 6-3 — Concentration of free chlorine (mg/L) over 40 days in ultrapure water (open magenta
circles) and STW (closed black circles) solutions at 25 °C in light-protected conditions. Solid lines
represent the linear regression of the experimental data. Dashed lines define the 95% confidence

band of the model.

The absolute value of the chlorine loss rate () in STW, 0.078 + 0.005 mg/L/day, was
statistically significantly higher than the loss rate (%) in ultrapure water, 0.022 + 0.002

mg/L/day (P < 0.05). Moreover, the estimated half-life (ti2) for chlorine depletion in

STW was approximately 45 days, whereas in ultrapure water the t1» was approximately

198 days (P < 0.05).

Table 6-3 — Kinetic parameters and statistical measures of the linear regression of the
experimental data of free chlorine depletion in ultrapure water and STW.

20

Time (days)

Parameters Ultrapure water STW
Slope = % mg/L/day -0.022 £ 0.002 -0.078 £ 0.005
Y-intercept, mg/L 8.72+0.04 7.00 £0.09
R? 0.7331 0.8834
ti2, days 198 45
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Over the 40 days of the experiment, the free chlorine depletion in STW was
approximately 48% of the initial value, revealing a possible reaction of chlorine with the
inorganic and organic substances of STW (Brown et al., 2011). Indeed, the reactions of
chlorine with inorganic substances in natural waters are relatively quick and, generally,
involve compounds such as ammonia, halides, iron, and sulphide (Brown et al., 2011,
Deborde and von Gunten, 2008). Whereas low chlorine reaction rates with organic
compounds are commonly observed during chlorination (Brown et al., 2011; Deborde
and von Gunten, 2008). In the present work, chlorine in ultrapure water was mainly stable,
with approximately 11% of free chlorine depletion over the 40 days of the experiment. In
fact, without interfering substances, sodium hypochlorite at 25 °C demonstrated to be
more stable than neutral electrolysed oxidizing water, chlorine dioxide, and NaDCC

solutions (Meireles et al., 2017).

6.1.3 EPR studies for identification of reactive species

produced in OXONE disinfection

In chapter 4 it was demonstrated that OXONE was able to trigger significant bacterial
cytoplasmic membrane destabilization and promoted 90% inactivation of the bacterial
population of S. maltophilia within 10 min, even at a sub-lethal concentration. Research
on advanced oxidation processes for oxidative degradation of organic pollutants indicates
that persulphates have a strong oxidizing action via two-electron reduction, and
decomposition into sulphate and hydroxyl radicals by cleaving the peroxide bond (Lee et
al., 2020; Liu et al., 2021; Wactawek et al., 2017). However, the mechanism behind the
disinfectant activity of OXONE has not been fully elucidated and is limited to a few
studies (Anipsitakis et al., 2008; Lee et al., 2020a). So, in the present work, the activity

of OXONE against S. maltophilia was monitored by EPR spectroscopy, to get insight into
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its mechanism of disinfection. The experiments were performed under STW to simulate
microbial disinfection for application in DW treatment.

Studies using spin trap 4-oxo-TEMP were performed aiming to detect singlet oxygen
radicals (*O,) formed during the disinfection of S. maltophilia with OXONE. This spin
trap forms an adduct with 1O, which can be detected by EPR (Lopes et al., 2023). The
spectra obtained are depicted in Figure 6-4 and exhibit the typical (1:1:1) triplet signal
and g value (g = 2.0067) of the adduct 4-oxo-TEMP-singlet oxygen radical (Lopes et al.,
2023; Miyaji etal., 2017; Qi etal., 2016; Tian et al., 2019). The relative amount of trapped
10, over 30 min is represented in Figure 6-5 (a).

The formation of 1O, radicals was immediately confirmed at time zero with high-
intensity EPR signals registered for OXONE solutions in STW, with and without the
presence of bacterial cells (Figure 6-4 (a)). Over the 30 min of analysis, the intensity of
the signals significantly increased, in both conditions (Figure 6-4 (b) and Figure 6-5 (a)).
However, no statistically significant differences (P > 0.05) were observed in the relative
amount of O, trapped in the presence or absence of S. maltophilia cells. The results
suggested that OXONE is activated by the presence of inorganic and organic substances
in STW, allowing the generation of 'O, radicals. During the disinfection process of S.
maltophilia by OXONE in STW, the presence of O radicals was also detected, but there

was no evidence of an increase in 1O, generation from the inactivation of S. maltophilia.
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Figure 6-4 — Representative EPR spectra of singlet oxygen radical production at time zero (a)
and after 30 min (b) of S. maltophilia exposure to OXONE in STW. A. u. means arbitrary units.
The blue line represents the blank sample (bacterial cells in STW without exposure to OXONE);
the black line represents the control sample (OXONE in STW without bacterial cells); the red line
represents the test sample (bacterial cells exposed to OXONE in STW).

A study on base-catalysed hydrolysis of OXONE to sulphate anion and hydrogen

peroxide proved that 1O, and superoxide (O2") radicals were the primary reactive oxygen
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species in the system, resulting in the degradation of a variety of organic pollutants (Qi et
al., 2016). The possible activation mechanism was supported by the radical quenching
method (tert—butyl alcohol, methanol, sodium azide, and p—benzoquinone) and electron
spin resonance trapping studies (Qi et al., 2016). The present work also confirmed the
presence of O, radicals during microbial exposure to OXONE that may be involved in
the mechanism of S. maltophilia inactivation. Indeed, *O- radicals are known to oxidize
many biological molecules, such as proteins, nucleic acids, and lipids, resulting in cell
damage (Hamblin and Hasan, 2004; Lee et al., 2009; Manjén et al., 2008; Redmond and
Gamlin, 1999).

Superoxide (O27), hydroxyl (HO"), and sulphate (SO4™) radicals have been reported
to participate in the antimicrobial mechanism of action of activated persulphates, mainly
peroxydisulphate (Lee et al., 2020a; Qi et al., 2018; Wordofaet al., 2017; Xiaetal., 2017).
Therefore, the DMPO spin trap was used to detect the formation of these radicals in the
disinfection process by OXONE in STW. The spectra obtained are depicted in Figure 6-6
and the relative amount of radicals trapped over 30 min is represented in Figure 6-5 (b).
A weak EPR signal was detected, and its intensity strengthened over time. After 20 and
30 min of S. maltophilia exposure to OXONE in STW, the relative quantity of trapped
radicals was statistically significantly higher than in the OXONE solution in STW without
bacterial cells (P < 0.05). However, it was still not possible to assign the detected EPR
signal to specific radical species formed in the process. The obtained signal did not
correspond to the typical shapes of DMPO-OH, DMPO-SO4, and DMPO-OOH adducts
(Qietal., 2016; Wei et al., 2017; Xia et al., 2017), so it must correspond to another non-
identified free radical. Qi et al. (2016) and Wei et al. (2017) reported a signal presenting
four characteristic peaks which was attributed to a DMPO-OH adduct (1:2:2:1) with

hyperfine coupling constants of an between 14.9 - 15.0 G and an between 14.7 — 14.9 G.
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Also, a spectra showing six characteristic peaks was assigned as a DMPO-OOH adduct
with any = 14 G and ay = 8 G and a DMPO-SO4 adduct (1:1:1:1:1:1) with an =~ 14 G, agH

~10G, a,H1~1.5G,and a,.H2~ 0.8 G (Qi et al., 2016; Wei et al., 2017; Xiaetal., 2017).
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Figure 6-5 — Time course of reactive species generation during the disinfection of S. maltophilia
by OXONE in STW. (a) 4-oxo-TEMP spin trapped singlet oxygen radicals. (b) DMPO spin
trapped detected other radicals. Closed black circles represent test samples (bacterial cells
exposed to OXONE in STW). Open magenta circles represent control samples (OXONE in STW
without bacterial cells). The values represent the area under the curve (AUC) of the EPR spectra
for each condition subtracted by AUC of the blank samples (bacterial cells in STW without
exposure to OXONE). * Indicates statistically significant differences to the control sample (P <
0.05).
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Regarding the study of the presence and contribution of the specific reactive species
on microbial inactivation by persulphates, to the best of the author's knowledge, there is
only one published article that has examined the disinfection mechanism through EPR
analysis. Xia et al. (2017) reported that the dominant reactive species responsible for the
E. coli K-12 inactivation with peroxydisulphate activated by magnetic pyrrhotite were
sulphate and hydroxyl radicals. In that work, the evaluation of the mechanism of
inactivation was based on the integration of EPR analysis and a positive scavenging test
using methanol for SO4™, tert-butyl alcohol for HO®, Fe(ll)-EDTA for H.O, and

TEMPOL for Oz (Xia et al., 2017).
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Figure 6-6 — Representative EPR spectra of radicals trapped by DMPO after 30 min of S.
maltophilia exposure to OXONE in STW. A. u. means arbitrary units. The blue line represents
the blank sample (bacterial cells in STW without exposure to OXONE); the black line represents
the control sample (OXONE in STW without bacterial cells); the red line represents the test
sample (bacterial cells exposed to OXONE in STW).
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Other studies evaluated the major contributing radicals in microbial inactivation only
by indirect methods, such as through the quantification of the degradation of chemical
probes, pathogen survival with the presence of radical scavengers, and theoretical models
(Lee et al., 2020a; Qi et al., 2018; Sun et al., 2016; Wordofa et al., 2017). The specific
reactive species responsible for the antimicrobial activity appear to be dependent on the
method of persulphate activation, for instance, Cu(ll) or Fe(ll) catalysis, UV photolysis,
or alkali activation (Lee et al., 2020a; Qi et al., 2018; Sun et al., 2016; Wordofa et al.,
2017). Particularly, in the Cu(ll)-activated peroxymonosulphate system, SO4™ was the
dominant reactive oxidant present in the inactivation of P. aeruginosa (Lee et al., 2020a).
Additionally, P. aeruginosa demonstrated to promote the production of reactive oxidants,
given the increase in the degradation of a chemical probe (phenol) with an increasing
population of bacterial cells (Lee et al., 2020a). However, one should be cautious when
interpreting findings of the mechanism of action based on indirect methods, as
highlighted in a recent work that proved the invalidity of quenching methods for the
persulphate-based processes (Gao et al., 2022). The misinterpretation of the role of the
reactive species in these systems can be caused by an increase of peroxymonosulphate
decomposition, interfering reactive species generation, and scavenging of non-target

reactive species in the presence of high-concentration quenchers (Gao et al., 2022).

6.1.4 Impact on freshwater microalga and considerations on

ecotoxicological profile of the disinfectants

A preliminary evaluation of the ecotoxicity of free chlorine and OXONE was
performed by the assessment of the impact of residual levels of these disinfectants on
freshwater microalga C. vulgaris. The microalga was exposed to OXONE and free

chlorine at 0.5 mg/L in STW for 72 h. This value was chosen regarding the common
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chlorine residual concentrations between 0.2 and 0.5 mg/L at the point of delivery for
water that is centrally treated (WHO, 2022). The results of C. vulgaris cell concentration
over 72 h of exposure to free chlorine and OXONE are presented in Figure 6-7. The

specific growth rate for each condition is presented in Table 6-4.
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Figure 6-7 — Microalgal cellular growth over 72 h of exposure to free chlorine (open magenta
circles) and OXONE (green triangles) at 0.5 mg/L in STW. The closed black circles represent the
control samples (unexposed microalga). * Indicates statistically significant differences to the
control sample (P < 0.05).

The C. vulgaris cellular growth in STW presented a similar profile for the control and
the microalgal cultures exposed to OXONE at 0.5 mg/L (P > 0.05). However, when
exposed to free chlorine at 0.5 mg/L, the cellular growth was significantly lower than for
the unexposed microalga upon 48 h of incubation (P < 0.05). At the end of 72 h, the
cellular growth of C. vulgaris exposed to free chlorine was significantly reduced by circa
78% in comparison to the control (P < 0.05). Regarding the microalga specific growth
rate (1), the values observed for the control (0.43 + 0.04 d*) and for microalgal cultures
exposed to OXONE (0.39 + 0.04 d!) were within the range of values reported for lab

scale treatment of urban wastewater, between 0.2 and 1 d* (Matamoros et al., 2016; Vale
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etal., 2022). No statistical differences were observed between the unexposed and exposed
cultures to OXONE (P > 0.05). Nevertheless, the exposure to free chlorine caused a
significant decrease in the specific growth rate to 0.20 + 0.04 d* (P < 0.05), representing
areduction of the growth rate of approximately 54% in comparison to the control cultures.
Therefore, the results indicated that under these experimental conditions, the toxicity of
OXONE to the freshwater microalga C. vulgaris was limited in contrast to the impact of

free chlorine.

Table 6-4 — Specific growth rate (1) of C. vulgaris for 72 h of exposure to free chlorine or
OXONE at 0.5 mg/L in STW. * Indicates statistically significant differences to the control sample
(P <0.05).

Cultures u(dd)
Control 0.43 +£0.04
OXONE 0.39+£0.04
Free chlorine 0.20 £ 0.04"

Contradictory information was found regarding the acute toxicity of chlorine to
microalgae. The median effective concentrations (ECso) of chlorine which resulted in a
50% reduction in marine microalgae growth after 96 h exposure were reported to be 2.91
mg/L for Isochrysis galbana and 1.73 mg/L for Dunaliella salina (Lopez-Galindo et al.,
2010). On the other hand, the ECsg values for freshwater microalgae Pseudokirchneriella
subcapitata and C. vulgaris were 1.6 and 5.1 mg/L, respectively, after 72 h of exposure
(Pitanga, 2011). In addition, Vannoni et al. (2018) demonstrated that the ECso values for
chlorine after 72 h of growth inhibition test using marine diatoms Achnanthes spp. and
Navicula pelliculosa were 2.79 and 0.23 mg/L, respectively. Furthermore, Ebenezer and
Ki (2013) observed that chlorine concentrations within the range of DW supply (0.1-0.5

mg/L) promoted a decrease in growth rate and pigment levels of the marine dinoflagellate
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microalga Prorocentrum minimum. Indeed, the public information within the registration
dossier of sodium hypochlorite in the ECHA database indicates an ECso value for
freshwater algae of 0.05 mg/L, based on a toxicity study using the microalga P.
subcapitata according to OECDE 201 (ECHA, 2023Db; Liedtke, 2013). Considering the
ecotoxicity of OXONE, to the best of my knowledge, there is only one published article
that investigated the toxic effect of peroxymonosulphate on water organisms from
different trophic levels (Olmez-Hanci et al., 2014). However, the high doses implemented
in that study (>1000 mg/L of OXONE) revealed to promote approximately 77% of cell
growth inhibition to the freshwater microalga P. subcapitata, after 72 h of exposure
(Olmez-Hanci et al., 2014).

Concerning the toxicological information for repeated doses via the oral route, a
tolerable daily intake (TDI) of 0.15 mg chlorine/kg of body weight is indicated by WHO
to be safe for a human being on a long-term basis (WHO, 1996). This TDI value was
derived from a no-observed-adverse-effect level (NOAEL) of 15 mg/kg of body weight
per day for the absence of toxicity in rodents ingesting chlorinated DW for up to 2 years
(NTP, 1992; WHO, 1996). On the other hand, a derived-no-effect level (DNEL) of 1
mg/kg of body weight per day was calculated to OXONE for long-term exposure via the
oral route, as declared in the registration dossier of pentapotassium
bis(peroxymonosulphate) bis(sulphate) in the public ECHA database (ECHA, 2023c).
The DNEL value was derived from a 90-day oral toxicity study in rodents according to
the OECD Guideline 408, where a NOAEL of 200 mg/kg of body weight per day was
observed for OXONE (ECHA, 2023c). Nevertheless, the toxicological information about
OXONE is still under revision by the Biocidal Products Committee (ECHA, 2023a), and
therefore careful conclusions should be made. Even so, comparing the NOAEL values of

these disinfectants, OXONE demonstrated to be less toxic than chlorine. However, it
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remains uncertain if the proposed DNEL value for OXONE, which should be safe for
human consumption in DW, guaranties water disinfection and biofilm control as proposed

through this work.

6.2 Conclusions

The purpose of the current study was to validate the capability of OXONE to control
DW biofilms under realism-based conditions and highlight it as a promising alternative
to hypochlorite-based disinfection. The results of this investigation revealed that OXONE
was able to promote significant inactivation of 7 day-old biofilms formed under
conditions mimicking DWDS, with a reduction of biofilm culturability and the number
of non-damaged cells up to approximately 4 log. The relevance of OXONE was supported
by the significant effects on biofilm control and its chemical stability in comparison to
the results for chlorine. Moreover, during S. maltophilia exposure to OXONE, the
formation of reactive species was detected by EPR, demonstrating the presence of singlet
oxygen and other non-identified radicals. Notwithstanding the preliminary evaluation of
the ecotoxicological profile, the findings suggested that OXONE was less toxic to
freshwater microalga C. vulgaris than chlorine, even at a concentration within the range
of DW supply. More information on the toxicological profile of OXONE for long-term
exposure via the oral route would help to establish a safe guideline value for routine DW
treatment with OXONE. Even though, a possible application of OXONE may be

proposed in a first instance for temporary emergency disinfection of DW biofilms.
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The major conclusions of this investigation project are described in this chapter, as

well as some recommendations for further research work.
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7.1 General conclusions

Although chlorination is widespread for the disinfection of DW, the control of DW
biofilms is limited by the increase of biofilm tolerance to chlorine and the persistence of
biofilms in the distribution systems. This project was undertaken to extensively analyse
and provide new information about the antimicrobial and antibiofilm action of NaDCC,
TCCA, and OXONE against two emergent pathogens isolated from DWDS. The
antimicrobial activity against planktonic bacteria revealed that the disinfectant
concentrations x contact time (Ct) for S. maltophilia were lower than the Ct values
obtained for A. calcoaceticus, for all disinfectants. The dose-response analysis showed
that the efficiency of the selected disinfectants for approximately 3 to 4 log reduction was
between 12-15 min-mg/L for free chlorine, 48-63 min-mg/L for NaDCC, 33-57 min'mg/L
for TCCA, and 8.4-10.2 (x10°) min'mg/L OXONE. The time-response evaluation
demonstrated that NaDCC and TCCA had similar inactivation rates against both bacteria
and that S. maltophilia became more susceptible to OXONE during the disinfection
process, while an opposite trend was observed for A. calcoaceticus. The disinfectants also
triggered significant bacterial cytoplasmic membrane destabilization, even at
concentrations below the MBC. On the other hand, in general, no significant alteration
was observed in bacterial hydrophobicity, surface tension, and ability to accept and
donate electrons. The control of 48 h-old single species biofilms of A. calcoaceticus and
S. maltophilia formed on two representative pipe materials from DW networks, PVC and
SS, demonstrated that the selected disinfectants presented similar or better efficiencies in
reducing biofilm culturability than free chlorine. Moreover, OXONE showed the best
performance against biofilms, with 2 to 4 log CFU/cm? reduction. However, none of the

disinfectants caused biofilm removal of more than 1 log cells/cm? Unlike the
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susceptibility profile in the planktonic state, S. maltophilia biofilms were more tolerant
to the action of disinfectants than those of A. calcoaceticus.

Further studies on the effects of OXONE and chlorinated isocyanurates in the biofilm
viscoelastic properties and structure revealed that S. maltophilia biofilms presented a
rheological character of a viscoelastic solid material, regardless of the treatment. One of
the most important findings to emerge from this study was that the exposure to OXONE
allowed a significant reduction of biofilm stiffness, weakening the cohesiveness of the
matrix, even in comparison to biofilms exposed to free chlorine. These results were
coherent with the topographic analysis of biofilms that showed a fractured appearance
and smaller bacterial clusters dispersed on top of the biofilm structure after exposure to
OXONE. However, the selected disinfectants did not prevent biofilm regrowth for 24 h
after disinfection. Nevertheless, OXONE was able to remarkably limit biofilm regrowth
on SS by 5 and 4 log CFU/cm? in comparison to the unexposed and biofilm exposed to
free chlorine, respectively.

The realism-based assessment of OXONE performance as an alternative to
hypochlorite disinfection was validated using the RCR that allowed the formation of
mature 7 day-old biofilms in conditions that mimic real DWDS. These experiments
confirmed that the exposure to OXONE effectively inactivated mature S. maltophilia
biofilms, promoting a reduction of biofilm culturability and the number of non-damaged
cells up to approximately 4 log. The effects of OXONE were also of significance in
comparison to the conventional disinfection with free chlorine. The second major finding
was that OXONE in STW demonstrated to be more stable than chlorine, indicating that
the presence of inorganic and organic substances in STW made no significant difference
in OXONE depletion over 40 days at 25 °C. The results showed that after an initial

depletion of circa 10%, the OXONE concentrations maintained stable over time, whereas
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the free chlorine depletion in STW was approximately 48% of the initial value. The
investigation of the reactive species involved in the inactivation of S. maltophilia by
OXONE confirmed the presence of singlet oxygen and other non-identified radicals.
Furthermore, the findings of ecotoxicity against freshwater microalgae suggested that
OXONE is less toxic than chlorine, even at a concentration within the range of DW
supply. Overall, this project strengthens OXONE as a promising alternative to
conventional hypochlorite-based disinfection for the control of DW biofilms. The
application for routine DW treatment needs further research given the scarce information
about the safe intake for human consumption on a long-term basis via the oral route, but
initially, OXONE may be indicated for temporary emergency disinfection of DW

biofilms.

7.2 Future work

This work highlighted new information about alternative disinfection strategies to
control DW biofilms, but it is recognizable that further research is still needed to achieve
an insightful understanding of their effects and practicable application in real scenarios.

In the present project, only single-species biofilms from relevant DW-isolated
bacteria were evaluated. Given the high complexity and microbial biodiversity of real
DW biofilms, a natural progression of this work would be to analyse the effects of
disinfectants on heterogeneous biofilms of the autochthonous DW microbial community.
To accomplish this, the RCR or other bench-scale biofilm reactor can be connected to
drinking tap water, as well using sampling devices attached to full-scale water mains.

These strategies for biofilm formation can approximate the characteristics of laboratory
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biofilms to the real DW biofilms, however, some variables such as pH, conductivity,
residual chlorine, heterotrophic microorganism population, total organic carbon, which
are unique to each DW network, must be monitored to guarantee representativeness and
reproducibility of the methods. Another disadvantage is the long experimental time
necessary for biofilm formation in these conditions.

Although the results of this study revealed that the selected disinfectants were
effective on biofilm control in two representative pipe materials, further experiments with
other surfaces for biofilm formation, for example, cast iron, copper, and different plastic-
based materials (polypropylene, polyethylene, HDPE), would be of interest. The impact
of the surface material on the disinfection action, specifically the greatest performance of
OXONE in the limitation of biofilm regrowth in SS, remains to be answered. Further
research could usefully explore if metal leaching from SS or copper can act as a
synergistic effect of disinfection by metal transition catalysis of OXONE, allowing to
decrease disinfectant concentration required for biofilm control. To assess metal leaching,
inductively coupled plasma mass spectrometry, flame emission, and atomic absorption
spectrometry could be performed (Gomes et al., 2019; Kamerud et al., 2013).

The findings of this research indicate that the exposure to OXONE impacts the biofilm
cohesiveness. To better conclude the mechanism of action against biofilms, the study of
the effects on EPS production and composition and bacterial phenotypic alterations
during biofilm formation would also give relevant information. Additionally, the
evaluation of the effects of the combination of biofilm exposure to OXONE and water
flushing would be valuable for biofilm removal.

Further work needs to be done to identify the reactive species involved in the

disinfection with OXONE. Simulation of the EPR spectra (Chen et al., 2022; Timofeev
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etal., 2011; Wang et al., 2022) obtained for the DMPO-radical adducts can fully elucidate
the reaction mechanism of disinfection.

A study about the formation and estimated cytotoxicity of DBPs formed during
OXONE disinfection would be important to minimize the formation of unintended
compounds that have adverse health effects on humans. Chlorine disinfection is widely
reported to promote the formation of a long list of DBPs, such as trihalomethanes, and
halogenated and non-halogenated organic and inorganic compounds (Li and Mitch,
2018). Nevertheless, the difference between DBP formation during OXONE disinfection
and DBP formation in chlorinated DW is a research topic that should be carefully
evaluated. With this purpose, collaborative research has been established with Dr.

Mourad Harir, from the Helmholtz Zentrum Miinchen.
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Annexes

Annex A — Bacterial concentration and

optical density relationship

Throughout this work, the antimicrobial and antibiofilm assays were typically run at
bacterial concentrations of 108 or 10 CFU/mL. To achieve the proper dilution, initially,
a curve that relates optical density (ODe10 nm) to bacteria concentration (CFU/mL) was
generated for S. maltophilia and A. calcoaceticus. The procedure was based on the
protocol reported by Campbell (2010), with some modifications. Bacteria were grown
overnight in batch cultures using R2A broth at 25 + 2 °C and under agitation (150 rpm).
Cells were harvested by centrifugation at 3220 xg, 10 min, washed, and resuspended in
PBS (pH 7.4) until ODs10nm~ 1.0. The cultures were then diluted in proportions 4:1, 3:2,
2:3,1:4,and 1:9 into PBS and the optical density at 610 nm of each sample was measured,
including the original sample where ODe10 nm =~ 1.0. Finally, the samples were 10-fold
serially diluted in PBS, and 10 pL of each dilution was placed on R2A agar plates. Colony
counting was carried out after 48 h of incubation at 25 £ 2 °C, and bacterial concentration
(CFU/mL) was determined. A linear regression was performed on the data and the
equation representing bacterial concentration (CFU/mL) vs. optical density ODe10nm Was

recorded (Figures A-1 and A-2).
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Figure A-1 — Graph depicting S. maltophilia concentration (CFU/mL) vs. optical density
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Annex B — Test for validation of dilution-

neutralization method

The validation of the dilution-neutralization method for each disinfectant and bacteria
was performed according to the European Standard EN 1276 (European Standard, 1997).
The pre-cultures grown as described in subsection 3.1 were adjusted to a cellular density
between 6 x 102 and 3 x10° CFU/mL in PBS. A 10 dilution with ultrapure water was
performed and 100 puL samples were plated on R2A agar plates. Colony counting of the
suspensions were carried out after 48 h of incubation at 25 + 2 °C, and log CFU/mL in
the experimental conditions validation (A) was determined.

For neutralizer toxicity validation, 1 mL of the cell suspension, containing
approximately 10° CFU/mL, was added to 1 mL of sterile distilled water and 8 mL of
neutralizer (described in subsection 3.3). At the end of 5 min of incubation at room
temperature (23 + 2 °C), 100 pL samples were plated on R2A agar plates and colony
counting was carried out after 48 h of incubation at 25 + 2 °C for determination of log
CFU/mL in the neutralizer toxicity conditions validation (B).

For dilution-neutralization validation, the disinfectants were prepared at the highest
strength used in the test (according to subsection 3.3). In a sterile tube, 1 mL of distilled
water, 1 mL of PBS, and 8 mL of disinfectant solution were added and leaved in contact
for 30 min at room temperature (23 + 2 °C). Then, 1 mL of the mixture was transferred
into a test tube containing 8 mL of neutralizer. At the end of further 5 min of incubation
at room temperature (23 + 2 °C), 1 mL of the cell suspension, containing approximately
103 CFU/mL, was added into the test tube. After 30 min of incubation at room temperature

(23 +2°C), 100 pL samples were plated on R2A agar plates. Colony counting was carried
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out after 48 h of incubation at 25 + 2 °C for determination of log CFU/mL in the dilution-
neutralization validation (C).

The results of the test for validation of the dilution-neutralization method for each
disinfectant and bacteria are presented in the following table. It was concluded that the

test results complied the relevant requirements for validation of the method.

Table B-1 — Validation of the dilution-neutralization method

A. calcoaceticus S. maltophilia
A log CFU/mL 2.5 2.5
B log CFU/mL 2.5 2.4
C log CFU/mL
NaDCC 2.5 2.5
TCCA 2.6 2.6
OXONE 2.6 2.7
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Annex C - Characterization of colony

biofilms

The 48 h-old S. maltophilia colony biofilms used in the rheological measurements
presented diameters of approximately 8 mm and thickness of 70-170 um. The magnitude
of culturable cells and total cells were higher than the corresponding values for biofilms
formed on PVC and SS coupons. However, these results are in accordance with other

studies using colony biofilms (Fernandes et al., 2022).

Table C-1 — Characteristics of 48 h-old colony biofilms of S. maltophilia.

Colony biofilms

Culturable cells, log CFU/cm? 9.8+0.1

Total cells, log cells/cm? 10.1+0.2

Biofilm matrix proteins, pg/cm? 153.6 £ 34.0

Biofilm matrix polysaccharides, pg/cm? 84.1+37.3
References
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Annex D — Antimicrobial activity of

other disinfectants

During the first task of the project to accomplish the first objective of the work, other
disinfectants were also tested for screening the antimicrobial activity against S.
maltophilia and A. calcoaceticus in the planktonic states. However, in the following tasks,
these disinfectants were not further evaluated given their lower biocidal efficacy than the
disinfectants studied throughout this work. Below are described the results obtained for
the disinfectants that were declined during the screening task.

Sodium N-chlorobenzenesulfonamide (chloramin B) from Sigma-Aldrich (St. Louis
MO, USA) was also selected from the product type 5 Article 95 List of the Biocidal
Products Regulation published by ECHA (2020). A similar dose-response relationship
was performed as described in subsection 3.3. The results are presented in Figure D-1.
However, this disinfectant did not show antimicrobial activity in the range of the
concentrations tested. On the other hand, even though at the time of disinfectant selection,
the initial application for approval of chloramin B was under competent authority
evaluation, on 24 November 2022 the European Commission adopted the decision to not
approve this disinfectant as an active substance for the use in biocidal products of product-
types 2, 3, 4, and 5 (private area and public health area disinfectants and other biocidal
products, veterinary hygiene biocidal products, food and feed area disinfectants, drinking

water disinfectants) (Commission Implementing Decision (EU) 2022/2327).
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Figure D-1 — Dose-response relationship after 30 min of exposure to chloramine B against A.
calcoaceticus and S. maltophilia.

Additional disinfectants (e.g. cinnamaldehyde, gallic acid, ferulic acid, syringic acid,
vanillic acid) were selected based on the results from the FCT project Phytodisinfectants
(FCT|PTDC/DTP-SAP/1078/2012) on the testing of phytochemical products for
disinfection. The off-label use of chemical molecules currently applied as additives and
preservatives in industrial products is a strategy of potential interest to replenish the
pipeline of disinfectants (Tajkarimi and lbrahim, 2012). Herbal-based treatments have
been employed for coagulation processes and disinfection of DW in rural areas of
developing countries for several centuries (Pandit and Kumar, 2015). Details of structures
and sources of many antimicrobial phytochemicals have been widely compiled, and
evidence of the functions of these products has also been reviewed (Cowan, 1999; Simdes
et al., 2009).

The minimum inhibitory concentrations (MIC) of cinnamaldehyde, gallic acid, ferulic
acid, syringic acid, and vanillic acid (Sigma-Aldrich, St. Louis MO, USA) for A.
calcoaceticus and S. maltophilia were determined by the broth microdilution method
according to Gomes et al. (2016) and Oliveira et al. (2019), with some modifications. Pre-

culture as described in subsection 3.1 were used as inoculum (= 108 CFU/mL) in R2A
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broth. Then, 96-well polystyrene microtiter plates were filled with 20 pL of
phytochemical solution at a range of different concentrations (final concentrations
between 12.5 and 1000 mg/L in DMSQ) and 180 uL of the bacterial suspension. Bacterial
suspensions without phytochemicals and with DMSO were used as controls. The highest
DMSO concentration remaining after dilution was 5% (v/v). The optical density was
measured in a microtiter plate reader at 610 nm (FLUOstar Omega; BMG LABTECH,
Germany) before and after 24 h incubation at 25 + 2 °C and 150 rpm. The MIC was
defined as the lowest concentration that prevented bacterial growth. Then, for MBC
determination, a volume of 10 pL of bacterial suspension was directly removed from the
wells containing phytochemical concentrations equal to and above the MIC and placed
onto R2A agar. Plates were incubated at 25 £ 2 °C for 24 h and bacterial growth was
visually inspected. MBC was considered to be the lowest concentration in which
complete growth absence was detected on the solid culture medium after exposure to

phytochemicals. The results are presented in Table D-1.

Table D-1 — MIC and MBC values of selected phytochemicals against A. calcoaceticus and S.
maltophilia.

A. calcoaceticus S. maltophilia
MIC (mg/L) MBC (mg/L) | MIC (mg/L) MBC (mg/L)
cinnamaldehyde 400 800 200 >1000
ferulic acid 800 >1000 800 >1000
gallic acid 800 >1000 1000 >1000
syringic acid 800 >1000 800 >1000
vanillic acid 800 >1000 800 >1000

The MIC values were between 200 and 1000 mg/L, the MIC of cinnamaldehyde

against S. maltophilia was the lowest value, and the MIC of gallic acid against S.
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maltophilia was the highest. Cinnamaldehyde presented the best results against both
bacteria. However, in general, the selected phytochemicals did not show biocidal activity
within the range of concentrations tested (MBC > 1000 mg/L), except for the case of
cinnamaldehyde that exhibited MBC equal to 800 mg/L against A. calcoaceticus. The
results are under MIC and MBC values reported for other bacteria (S. aureus, E. coli, P.
aeruginosa, and L. monocytogenes) with food and biomedical relevance (Borges et al.,

2013; Malheiro et al., 2016).
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Annex E - AFM-based measurement of

biofilm stiffness

The AFM-based indentation experiments were performed on 48 h-old S. maltophilia
biofilms formed on SS equally prepared and treated as mentioned in subsections 3.7.1
and 3.7.2. After exposure to OXONE, biofilms were rinsed two times with PBS to remove
loosely attached fragments of the surface. Indentation measurements were executed on
biofilms under ultrapure water using a custom-made chamber, an atomic force
microscope TT-AFM from AFM Workshop, and DNP-10 probes (Bruker) in non-
vibrating (contact) mode. After the acquisition of deflection-distance curves, the software
MountainsSPIP 8 was used to perform the data treatment — the conversion of deflection
to force and the calculation of Young’s modulus. At least 8 curves from at least 16
different zones on the biofilm surface were recorded for each sample. The deflection
sensitivity (nm/V) was obtained by measuring the slope of the deflection signal versus
vertical piezo displacement plot on the SS coupon without biofilms. The spring constant
of the cantilever (N/m) was calibrated at the beginning of the experiments.

The following figure illustrates examples of raw data obtained in the indentation

experiments of biofilms and a deflection-calibration curve.
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Figure E-1 — Examples of deflection-distance curves (raw data) obtained in the indentation
measurements with AFM.

The values of Young’s modulus calculated for unexposed and exposed biofilms to
OXONE are represented in the form of histograms in Figure E-2. The descriptive

statistics are shown in the following table.

Table E-1 — Descriptive statistics of the results obtained for Young’s modulus (stiffness) of
unexposed biofilms (control) and biofilms after 30 min treatment with OXONE at 10 x MBC.

Young’s Modulus (kPa) Control After disinfection
Mean £ SD 319+414 370 £ 404
Minimum 23 4
Maximum 3336 2324
Median 238 203
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The results revealed a high discrepancy of Young’s modulus within each sample,
principally in the unexposed biofilms (control), compromising further conclusions of the
effect of disinfection on biofilm stiffness. The challenges to obtaining representative
results in these experiments could be related to the heterogeneity of the biofilm surface.
A different silicon nitride probe (Novascan Technologies) with a 5 um borosilicate
particle was also tested but the experimental curves were similar to the deflection-
calibration curve performed with SS. Therefore, the indentation of the biofilm samples
by this probe was not guaranteed. Further optimizations of the protocol would be needed
to study the effects of disinfection on biofilm stiffness by the AFM-based indentation

technique.
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Figure E-2 — Example of histograms of Young’s modulus obtained for unexposed biofilms
(control) and biofilms after 30 min treatment with OXONE at 10 x MBC.
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