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Abstrakt

UNIVERZITA KARLOVA, Farmaceuticka fakulta v Hradci Kralové

Cardiff University, School of Pharmacy and Pharmaceutical Sciences

Stadijny program: Farmacia

Kandidat: Andrej Hutlas

Konzultanti: PharmDr. Marta Kucerova, Ph.D. (UK); Prof. Jean-Yves Maillard (Cardiff);
BSc. Katarzyna Ledwoch Ph.D. (Cardiff)

Biofilmy st zdkladny spdsob rastu vacsiny baktérii. Mikroby sa obalia v matrici, zloZene;j
najmé z extracelularnych polymérnych zli€enin. Biofilm sa mo6Ze skladat’ z viacerych
druhov baktérii. Prostredie biofilmovej matrice indukuje rozlicné fyziologické zmeny,
ako zmena do latentného stavu ¢i indukcia biofilm-Specifickych génov. Vyzrety biofilm
je heterogénny, kvoli rozdielom v spotrebe zivin a distribicii mikrobov napriec
biofilmom. Matrica poskytuje baktériam vel'a vyhod, napriklad zachytavanie a transport

zivin alebo ochranu pred extrémnymi podmienkami.

Skiimané boli viacdruhové biofilmy z umyvadlového sifonu so zameranim na P.
aeruginosa. Tento oportunisticky patogén sposobuje nozokomidlne infekcie, hlavne
u imunokompromitovanych pacientov, so zna¢nymi zdravotnymi a socio-ekonomickymi
dopadmi. Bola stanovena spojitost medzi umyvadlami a prostredim kontaminovanim
P. aeruginosa. Dekontaminécia prostredia moéze byt pristup ako znizit' spominané

dopady.

Bola vyvinuta novéa metodologia na popis vertikdlneho pohybu baktérii prostrednictvom

Sirenia biofilmu.



Abstract

Charles University, Faculty of Pharmacy in Hradec Kralové
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Biofilms are a default mode of growth for most bacteria. Microbes encapsulate
themselves within a matrix, composed mainly of extracellular polymeric substances.
A biofilm can be composed by multiple species. Matrix environment induces various
physiological shifts, such as switch to dormant state or expression of biofilm-specific
genes. Mature biofilm’s heterogeneous, due to differences in spatial microbe distribution
and spatial nutrient utilization across the matrix. Matrix provides many advantages to

bacteria, like nutrient capture and transfer or protection against extreme conditions.

Washbasin U-bend multi-species biofilms were investigated with a special focus on
Pseudomonas aeruginosa. This opportunistic pathogen causes nosocomial infections,
mainly in immunocompromised patients, with considerable health and socio-economic
impacts. A link between sinks and environmental P. aeruginosa contamination has been
established. Environmental decontamination may be an approach to lessen

aforementioned impacts.

A new methodology to describe the ability of bacteria to perform vertical movement via

biofilm spreading was developed.



1. Abbreviations
CA — Cetrimide Agar

CFU — Colony Forming Unit

DEB — Dey-Engley Broth

EPS — Extracellular Polymeric Substance(s)
FAC — Free Available Chlorine

HCAI — HealthCare Associated Infection
HOCI — Hypochlorous acid

ICU — Intensive Care Unit

MSDS — Material Safety Data Sheet
NaDCC — Sodium DiChloroisoCyanurate
NaOCI — Sodium Hypochlorite

PAA — Peracetic Acid

Pa — Pseudomonas aeruginosa

PSB — Phosphate Buffer Saline

rpm— Rotations Per Minute

TSA — Tryptone Soya Agar

TSB — Tryptone Soya Broth

VCC —Viable Cell Count



2. Aims and objectives

This thesis had two main aims with associated objectives:

1. Investigation of the fate of P. aeruginosa embedded in multi-species drain biofilm

following various disinfectant treatments

e Embedment of P. aeruginosa in established drain biofilm model
e Disinfectant efficacy testing
e Investigation of P. aeruginosa and drain biofilm recovery post treatment

2. Assessment of bacterial ability to perform vertical movement

e Development of methodology for testing bacterial motility
e Determination of upward growth speed of P. aeruginosa and drain culture

biofilms



3. Introduction

3.1. Bacterial biofilm properties and functions

3.1.1 What is a biofilm?
Biofilms are classified as clusters of microorganisms living in self-secreted
microenvironment, usually adhered to a surface. Physiology of biofilm embedded

bacteria is different from planktonic cells. [1]

It 1s default mode of growth for most bacteria, providing many benefits to cells within
the biofilm, such as enhanced survivability. [2] Vast majority of bacteria exist in this

setting. [3,4]

There are two theories why bacteria form biofilm: developmental and individualist.
Developmental model says bacteria cooperate together, preferring group’s interest before
their own. [5] On the other hand, individualist model claims biofilms form as local
ecological adaptation of individual cells.[5] Regardless which theory is true, biofilm
mode of growth enhance microorganism’s survivability, posing a challenge for those

who want to overcome pathogenic biofilms.

3.1.2 Biofilm formation

Sauer et al. identified five life cycle stages, based on changes in bacterial phenotype
(Figure 1) of P. aeruginosa biofilm: a) reversible attachment (of planktonic cells),
b) irreversible attachment, c¢) maturation-1, d) maturation-2 and e) dispersion.
Attachment happens as soon as possible (>0 min), irreversible attachment was observed
after two hours, maturation-1 in three days, maturation-2 stage was observed after six
days. At the end of life cycle, approximately in 9-12 days for P. aeruginosa, planktonic

cells are dispersed into the environment. [6]

Earliest times of onset for each of the biofilm life cycles stages were found to be
reproducible. At these breakpoints, majority of biofilm cells display the same phenotype.
At different stages, bacteria are physiologically distinct to cells in other stages. Changes
are apparent due to different protein expression over time. In a mature biofilm, all stages

of development might be present at the same time. [6]
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Figure 1: Biofilm formation, adapted from Andrew Thelwell [7]
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3.1.3 Biofilm structure

Biofilm structure is influenced by environment, respiration, genetics and species
composition. Biofilm matrix consists of extracellular substances (EPS), lipids, nucleic
acids and bacteria, which create a hydrated matrix. EPS creates a two-phase system from

physiochemical point of view. [§]

Ratio of viable cells to total biomass decreases from upper to deeper layers of biofilm
matrix. Microbes are suspended to various degrees, organized in microscale spatial

organisation. [9] This organisation creates multiple distinct layers. [10]

Natural pores can be found within a biofilm. Pores can be either horizontally or vertically

oriented and have consequences for transport of substrates and products. [11]

3.1.4 Biofilm permeability
Channels and pores in a biofilm certainly help substrate transport. While voids facilitate

flow, to reach a cell cluster, a molecule must be able to diffuse through it. [ 12—14]

Permeability is an essential property for mass transport in a matrix. The ease of mass
transport depends on barriers it must pass. Density of a biofilm matrix increases from top
to bottom. [11] Higher density of matrix should deteriorate diffusion rate. However, it
has been proven, that molecular weight of antimicrobial substance has no effect on

tolerance to antimicrobials of biofilm embedded microbes. [15,16]
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3.1.5 Biofilm heterogeneity

One way to define biofilm is by its heterogeneity, which on its own has many
implications for applied sciences dealing with microbial biofilms. Many properties and
features, such as biofilm tolerance (Figure 2), are derived from biofilm’s heterogeneity.
Main driving force behind heterogeneity is everchanging microenvironment around each
individual cell. Bacteria adapt to their microenvironment by inducing genetic or

physiological shifts.

Imagine a biofilm as a unit, existing in an environment. There is certain availability of
substrates outside the matrix, such as oxygen or nutrients. When they diffuse into the
biofilm, they will be most likely used up by bacteria in the upper biofilm layer. [10]
A probable scenario is that metabolic demand of upper layer cells uses up most nutrients,
leaving lower layers to adapt to the situation [9,10]. At the same time, upper layer cells
excrete their own substrates and waste products. This has two implications:
a) Introducing even more heterogeneity to all respective microenvironments. b) keeping

the diffusion gradient of nutrients favourable for the matrix.

Individual cells use what they are given, in their microenvironment, creating and
enhancing even more diffusion gradients. Thus, we can find many physiological
differences among microbes even in a single species biofilm. Differences are apparent

both spatially and over-time. [17]

3.1.6 Biofilm protective functions
Microbes gain many benefits by creating and living within a biofilm. Matrix serves as

a general protection against any extreme conditions. [18,19]

In the scope of this thesis, protective function of biofilm is the most important. One of
the indirect evidences on biofilm matrix providing protective function to microorganisms
is Acinetobacter baumannii higher susceptibility to antibiotics when grown in planktonic

state, as opposed to its growth in biofilm. [20]

Bacteria within a biofilm both compete and cooperate. Globally, competition might be
more prevalent. [21] On the other hand, bacteria are able to aid each other in ways
relevant for decontamination efficacy. [2]. On certain occasion, multiple species can
participate in augmented stress resistance of the bulk. [2] Study on tobramycin

penetration suggests protective intra-species cooperation. [18]
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Another significant process is, that a fraction of matrix population is able to be induced
into dormant state, a process happening stochastically, by expressing certain genes.
[23,24] In dormant state, cell’s metabolic requirements decrease and resulting
implication is, that treatments, such as ribosome-inhibiting antibiotics will not affect the
dormant cell, since the ribosome is practically inactive. Also called persister cells (Figure
2). Persister cells display a multidrug tolerant phenotype due to reduced growth rate. [24]
Dormancy mechanism is different in comparison to antimicrobial resistance. Compared
to resistant bacteria, persisters are not mutants. Neither mobile genetic elements play
arole in mechanism of persister cell dormancy. [25] They emerge as a result of
phenotypic switch induced by presence of antimicrobial molecules through multiple

pathways. [24,26]

Figure 2: Mechanisms of biofilm tolerance by Jason D. Chambless et al. [27]

Mechanisms of Biofilm Tolerance

Persisters

Penetration Response

Biofilm-specific resistance genes were identified in P. aeruginosa. [28] Extracellular
DNA (eDNA), a component of biofilm matrix, can contribute to inducible antibiotic

resistance, moreover it has antimicrobial properties in higher concentrations. [29]
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3.2 Epidemiology and environmental sources of P. aeruginosa in hospitals

3.2.1 Environment as a reservoir

There are multiple ways of P. aeruginosa transmission. Patients, staff and environment
are all potential source of P. aeruginosa.[30]

It has been known for over four decades, that one of the important environmental
reservoirs of P. aeruginosa are water drainage systems. [31]

Multiple studies have proven colonization of hospital environment by P. aeruginosa.
[32,34,35,36] An environmental study at Burns care ward and critical care ward in the
UK shows how P. aeruginosa colonizes various surfaces. Three different environments,
screened for P. aeruginosa, were defined in the study. Half of water samples were
positive for P. aeruginosa. Wet environment was positive in a quarter of cases. Only one
in twenty dry surfaces screened positive for P. aeruginosa. [32] This comes as no surprise
as P. aeruginosa fares better in water environment.

Before the emergence of genotypic methods, association between environmental and
infectious isolates was poorly understood.[33] As genotypic methods are more sensitive,
several studies were able to identify similarities in clones colonizing patients and water
taps, suggesting potential risk of tap-water to human transmission. [32,34,35]

Carriage of P. aeruginosa is both source and consequence of tap water contamination.
A prospective intensive care unit (ICU) screening showed, more than 50% of
P. aeruginosa carriage in patients was acquired via tap water or cross-transmission. [30]

A multicentric French study evaluated contaminated water environment exposure at the
entry room as a risk factor for P. aeruginosa infection with a hazard ratio of 1.66,
meaning that patients in a room with contaminated hydric environment are 1.66 more
likely to get infected compared to patients staying in rooms where uncontaminated water
environment is present. [37]

3.2.2 Environmental cleaning as a part of infection prevention and control

Prevention is better than treatment, when justifiable. Minimizing of life-threatening
infections caused by pathogenic bacteria in a hospital environment is a long-term goal.
Preventive measures need to be taken to minimize damage caused by hospital-acquired
infections.

According to World Health Organisation (WHO), “Infection prevention and control
(IPC) is a scientific approach and practical solution designed to prevent harm caused by
infection to patients and health workers”.[38] Among other interventions, such as hand
hygiene or injection safety, environmental cleaning is strongly recommended in WHO
IPC guidelines.[39]

Effective IPC reduces Healthcare-associated infections (HCAIs) by at least 30%. [40]
This can be further supported by outbreaks, where implementing environmental cleaning
decreased the number of P. aeruginosa infection cases. [41,42]
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3.2.3 Epidemiology of P. aeruginosa in hospital setting

Drainage systems are part of everyday life. While using them, many might not realise
how much they actually interact with microbes colonizing plumbing. Flush down
residues, such as coffee leftovers or dead skin cells can serve as nutrients for bacteria

living there [44].

Users introduce new species into the drain system. Drain community can move vertically
[43], colonizing everything outside the drain, including patients in hospital wards.

[30,34,35,37]

Observational study focused on characterization of handwashing sink activities in an ICU
revealed multitude of various actions taking place, discovering that majority of activities
were not hand-hygiene related, moreover some actions could potentially enhance biofilm

growth or patient item contamination. [44]

P. aeruginosa outbreaks are gaining an increasing importance in hospitals. [41,42,46] It
is one of the major causes of NIs (nosocomial infections). Based on anatomic location,
P. aeruginosa is contributing to approximately 13% of NIs, where culture was proven.

[47]

Risk is elevated in ICU wards. According to surveillance reports, P. aeruginosa causes
10—20% infections, depending on type of infection, of all hospital-acquired ICU

infections in Europe. [48]

In the years 2016/2017 there were approximately 834 000 HCAIs recorded in England
alone with 28 500 patient deaths. [49]

High mortality scores are alarming, considering most of patients received prompt
therapy. Overall mortality from P. aeruginosa blood stream infections (PABSI) was
37%. [50] High mortality suggests antimicrobial therapy is not very effective against

P. aeruginosa infections [50].

At the same time there is an emergence of multi-drug resistant (MDR) P. aeruginosa
strains worldwide. [41,42,45,46] A meta-analysis compared clinical impacts and showed
in-hospital all-cause mortality. Results indicate that infections caused by MDR
P. aeruginosa, closely followed by resistant isolates, yield significantly higher mortality

compared to susceptible strains of P. aeruginosa. [51]
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Naturally, we should look for alternative treatments and prevention methods. One of the
options worth exploring is limitation of patient contamination from the environment.

[30,36,37] This can be partially achieved by better water drainage system sanitation.

3.3 Socio-economic impacts
There are several points of view from which you could look at P. aeruginosa infections:
social, economic, etc. Any health issue in general, will have a negative impact. Reducing

incidence of diseases improves quality of life across whole society.

Burden of infection involves not only population at risk but overall population, as

worrying about your loved ones certainly does not benefit you in any way. [52,53]

According to WHO antibiotic resistance is one of ten threats to global health in 2019.
[54] Prevention and better understanding of infections promotes more rational use of

antibiotics.

Apart from social impacts, illness in general also affects the economy. There are certain
costs connected to treatment of every disease. Infected patients usually have prolonged
hospitalisation, need additional treatment or procedures, which is increased in cases of
both MDR pathogens and HCAIs. [51,55,56] Among others, these factors compose

increased costs connected to P. aeruginosa infections. [55]

To put a perspective to these costs, P. aeruginosa infections increase associated costs in
thousands to ten-thousands euros in Western Europe. [55,56] In 2016/2017 National
Health Service (NHS) recorded approximately 834 000 HCAIs with total expense of
2.7 billion pounds. [49] A very rough estimate, calculating with 10% of HCAIs being
caused by P. aeruginosa and disregarding different costs of various anatomic location
infections, around 270 million pounds might be spent on tackling consequences of P.
aeruginosa infections annually. United States have higher costs with medians somewhere

along 50 000 dollars. [83]

3.4 Biocides
3.4.1 Sodium hypochlorite (NaOCl)

Bleach has been known and used in multiple ways for several centuries. NaOCl is one of

the disinfectants most commonly used in hospitals.

NaOCl reacts with water, forming hypochlorous acid (HOCIl). HOCI molecule is similar
to water (H-O-H/H-O-Cl), thus it penetrates bacterial cell wall and membrane
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effortlessly. [57] HOCI is a weak acid with pK, value 7.497. [58] It exists in three
different forms in aqueous solution, based on pH. Sum of all three forms is called free
available chlorine (FAC). This equilibrium is important (Figure 3), since only
undissociated HOCI is able to pass cell membranes and is thought to be the active
molecule. When HOCI is used up, equilibrium shifts and FAC replenishes HOCI.
Therefore, antibacterial effect is achieved by combined concentration of protons (H") and

FAC. [59]

Hypochlorous acid derives its germicidal activity from being a strong oxidizing agent. It
reacts with wide spectrum of biomolecules, denaturing proteins, rendering their function

and thus, killing the cell. [60-63]

Figure 3: Distribution of HOCI in aqueous solution based on pH by US Coast Guard [65]
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3.4.2 Sodium dichloroisocyanurate (NaDCC)
NaDCC is a white crystalline solid with bleach-like odour. [66] It is water soluble organic
salt. Like sodium hypochlorite, NaDCC (Figure 4) is a carrier for hypochlorous acid,

making it an alternative FAC source.

Difference between these two compounds lays in their breakdown. While NaOCl releases

all its chlorine as FAC, in the case of NaDCC approximately 50% is released immediately
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and rest is ‘stored’ in form of chlorinated isocyanurates. With FAC depleting, equilibrium

shifts and more FAC is released. [59]

Another advantage of NaDCC is easier storage and application of solid compound

compared to highly reactive and unstable aqueous solution of NaOCI.

Figure 4: Sodium dichloroisocyanurate molecule by PubChem [66]

3.4.3 Peracetic acid (PAA)
Being a peroxide of acetic acid, peracetic acid (PAA) is a strong oxidizing agent. PAA
is thermodynamically unstable, releasing a radical oxygen when it decomposes, forming

acetic acid and hydrogen peroxide in aqueous solution.

Biocidal activity of PAA is pH dependent. It is more potent in acidic environment, as it

shifts equilibrium towards undissociated PAA, which is able to pass cell membranes.

Main advantage of PAA over other chlorine-based biocides is low environmental burden,
since PAA forms little amount of disinfection by-products. [67,68] On the other hand,
PAA decomposition produces acetic acid, serving as a nutrient source for some microbes

after the treatment.[69]

3.5 Chemostat

Chemostat was invented in 1950s and its creators describe it as ‘a device for keeping

a bacterial population growing at a reduced rate over an indefinite period of time’. [70]
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A diagram of a chemostat system is presented in Figure 5. Growth happens in chemostat
vessel. Inflow of fresh media is ensured by a pump connected to a media reservoir. Media
reservoir can be sealed with a 0.22 pum syringe filter to prevent environmental
contamination. Pump timer and speed can be adjusted based on experiment performed,
combined with media concentration, nutrient availability can be manipulated. Excess

solution exits vessel by effluent tube and is collected in waste bottle.

Big advantage of this system is, that apart from effluent tube, it is sealed from

environment, minimizing potential contamination.

Figure 5: Chemostat diagram by Naomi Ziv et al. [70]
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Its main function lies in the ability to control microbial growth rate in defined and
controlled environment. This is achieved by the principle of growth-limiting nutrient(s).
Cells growing within a chemostat, achieve a steady state, defined by rate of dilution.
Thus, by altering growth-limiting nutrient(s) supply, various steady-states can be

established after a certain period of time (Figure 6). [70]
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Figure 6: Mathematical model of a steady state. Nutrient concentration (red) and cell

density (blue) by Naomi Ziv et al. [70]
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4. Materials and methods

4.1 Media and materials preparation

A summary of chemicals and media used is listed in Table 1. All media and materials

were sterilised by autoclaving at 121 °C for 15 min in Astell AMB230D (Astell, UK).

Dey-Engley broth (DEB) with 100 mg/ml proteinase K solution, was filter-sterilised
through a 0.22 pm syringe filter (Minisart®, Germany).
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Table 1: List of chemicals and media used

Media Brand and Preparation
manufacturer
Tryptone soya broth Oxoid, Thermo Fisher 30 g of TSB dissolved in 1 liter of
(TSB) Scientific, Newport, UK distilled water
Dey-Engley broth Neogen® Corporation, 39 g of DEB dissolved in 1 liter of
(DEB) Ayr, UK distilled water
Phosphate buffer Fisher Bioreagents™, One PBS tablet dissolved in 200 ml of
saline (PBS) 0.01 M Fisher Scientific, distilled water

Loughborough, UK)

Cetrimide agar (CA)  Sigma-Aldrich, St Louis, 46.7 g of cetrimide dissolved in 990 ml of

USA distilled water and 10 ml glycerol (Sigma-
Aldrich, St Louis, USA)
DEB with 100 mg/ml New England, Mixed sterilised DEB with proteinase K
proteinase K BioLabs®Inc., Ipswich, using a vortex
USA
Tryptone soya agar Oxoid, Thermo Fisher 40 g of TSA dissolved in 1 liter of
(TSA) Scientific, Newport, UK distilled water

4.2 Sample preparation and storage

4.2.1 Drain biofilm culture

Drain biofilm culture was obtained from a trap below a communal room sink at the
School of Pharmacy and Pharmaceutical Sciences, Cardiff University. Culture was
diluted in PBS to a 1:10 ratio and glycerol was added to obtain a 30% solution of glycerol.
Afterwards it was stored at -20 °C.

Prior to the experiment, overnight cultures were prepared by diluting 5 ml of defrosted
drain biofilm with 45 ml of 1:10 TSB, close to a Bunsen Burner. The suspension was
mixed using a Fisherbrand™ vortex shaker (Fisher Scientific, Loughborough, UK) and

incubated overnight in an [0X402 Orbital shaking incubator (Sanyo, Osaka, Japan).
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4.2.2 Pseudomonas aeruginosa ATCC® 10145 GFP™

The culture was received from American Type Culture Collection (ATCC, Middlesex,
UK). Overnight cultures were produced near a Bunsen Burner, by transferring a single
colony forming unit (CFU) to 20 ml of TSB using a 10 ul disposable culture loop
(Microspec Ltd, Bromborough, UK). The suspension was incubated overnight at 37 °C
in a shaking incubator. The culture was cultivated weekly by streaking one CFU on TSA
plate using a 10ul disposable culture loop. The plate was inverted and incubated at 37 °C
overnight in Universal Oven 100-800 (Memmert, Schwabach, Germany) then wrapped
in Parafilm® M (Sigma-Aldrich, St Louis, USA) and stored at 4 °C.

4.3 Establishment of sample VCC
Initial overnight samples serial dilutions in PBS were spread-plated on TSA in 2 technical
replicates. Plates were inverted and incubated at 37 °C overnight. VCCs were obtained

by counting CFUs the following morning.

Two more serial dilutions were performed in 1:10 TSB (4.2.1) and TSB (4.2.2), in order
to measure absorbance. Absorbance of both serial dilutions was measured at 600 nm with
Amersham 2100 Pro UV Vis Spectrophotometer (Biochrom Ltd, Cambridge, UK).
A calibration curve was made, plotting absorbance and consequent variable, VCC. [data
not shown] Subsequent overnight cultures had their absorbance measured and their VCC
was calculated from the calibration curve. Inoculum ratios (4.4.1) were derived from

absorbance measurements.

4.4 Complex drain biofilm formation and growth

4.4.1 Inoculation phase

Sterile Silicon Rubber Platinum-cured Tubing of 9 mm diameter (o) (Fisherbrand™,
Fisher Scientific, Loughborough, UK) and approx. 41 cm length was cut, and 1 cm
sections were marked (Figure 7). The tubes were autoclaved at 121 °C for 15 min.

Overnight cultures of drain biofilm culture (4.2.1) and P. aeruginosa (4.2.2) were mixed
to a 1:10 Pa:drain cell ratio using a vortex shaker. Inoculation was done near a Bunsen
Burner, to minimize environmental contamination. Tubing was placed in a beaker, in
order to copy the shape of a U bend. To inoculate tubes, 43 ml of the culture was used,
so that marked sections were under inoculum level. Fisherbrand™ Solid Rubber Stoppers
¢ 7-9 mm (Fisher Scientific, Loughborough, UK) were rinsed with 70% ethanol

(Honeywell, Fisher Scientific Ltd., Loughborough, UK) to minimize contamination risk,
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before sealing the tubes. Tubes were left standing for two days at room temperature in

order to let bacteria attach and form a biofilm.

Figure 7: ¢ 9 mm silicone tubing set in a glass beaker to copy the shape of a U bend

located below domestic sinks.
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4.4.2 Sink trap model set-up and media supply phase

After 2 days of attachment time (4.4.1), a multi-species drain biofilm was grown using
the FH100M Multichannel Peristaltic Pump (Fisher Scientific, Loughborough, UK),
which could simultaneously hold six sink trap models described below. Whole set-up

was conducted near a flame to minimize environmental contamination.

Saint-Gobain Sterile Silicone Tubing @ 3 and 5 mm, (Fisher Scientific, Loughborough,
UK) and Silicon Rubber Platinum-cured Tubing ¢ 7.2 mm (Fisherbrand™, Fisher
Scientific, Loughborough, UK) were used to connect the sink trap model. The tubing was

autoclaved at 121 °C for 15 min prior to the set-up day.

The ¢ 3-5-7.2 mm front tubing connected 500 ml of 1:10 TSB media in Duran™ Clear
Glass Laboratory Bottles (Fisher Scientific, Loughborough, UK) to sink trap models.
Kinesis™ Omnifit™ “T” Series Bottle Caps (Fisher Scientific, Loughborough, UK) were

23



used to allow the ¢ 3 mm tubing to be pulled through one hole using sterile tweezers until
it sank to the bottom of the bottle. Second hole was sealed with a 0.22 pm filter to prevent
contamination from the environment. The @ 7.2 mm section of the front tubing was placed

on the pump rails and was secured with holders.

The back @ 5-7.2 mm tubing connected the system to a 1 1 Duran waste bottle.

An insulator tape was used to make the whole system airtight.

The sink trap model is a 100 ml Duran bottle with a GL45 Screw cap Twin Hose
Connector for Pyrex GL 45 media-lab bottle (Fisher Scientific, Loughborough, UK).

All junctions were sealed with an insulator tape.

¢ 9 mm silicone tubing containing inoculum (4.4.1), was unsealed after two days of
attachment period and connected to the front and back tubing. Afterwards, the pump was
started to drain the @ 9 mm tubing. Drained ¢ 9 mm tubing was cut to 4 parts with scissors,
flame-sterilised after every cut, to prevent cross-contamination. Cuts were connected to
the trap model (Figure 8). Pump was started until media dripped to the waste bottle,
indicating that the whole system is rehydrated (Figure 8). The pump was then set to run

for 10 seconds at 30 rotations per minute (rpm) every 2 hours for 6 days.

Figure 8: Sink trap model. m ¢ 9 mm silicone tubing with 1 cm sections marked

m screw cap ~ liquid level

Waste Media supply
< 1cm Tcm -
Back Front

lcm

Middle
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4.5. Disinfectant and regrowth test

4.5.1. Reference samples

On day 8, the tubing system was drained by pulling the @ 3 mm tube above medium level
and running the pump at 30 rpm until tubing drains. Subsequently, 1 cm reference sample
was cut from front, middle and back sections each and transferred into separate, sterile
McCartney’s bottle containing 1 g of sterile glass beads and 2 ml of Proteinase K/DEB
solution (1 mg/10 ml). Samples were incubated for 1 hour at 37 °C. After 1-hour
incubation, McCartney’s bottles, containing samples, were mixed using a vortex shaker
for 2 min. Afterwards, serial, 10-fold dilution in PBS, was performed. Multiple dilutions
were plated. For TSA plates, spread-plating method was used. 100 ul of each serial
dilution was transferred to a pair of plates and spread with L-shaped spreaders
(Microspec Ltd, Bromborough, UK). Drop-plating method was used for CA plates. Three
10 pl drops of a single dilution were dropped on a plate. Plates were inverted and
incubated overnight at 37 °C. VCCs were obtained the following day. Every step was

conducted by a Bunsen burner, in order to minimize environmental contamination.

4.5.2 P. aeruginosa:drain day 8 ratio

A hypothesis was established, that biofilm composition may influence biocide efficacy.
Based on the hypothesis, selection criterium chosen was Pa:drain cell ratio on day 8, in
order to compare biofilms with similar microbe composition. Reference sample VCCs

were used to calculate cell ratio of P. aeruginosa:drain on day 8.
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4.5.3 Disinfectant test

New disinfectant agents (Table 2) were prepared according to manufacturer
recommendations on the day. Both, NaOCIl and NaDCC were prepared as 1000 ppm
solutions. PAA’s formulation (composition of formulation not disclosed for proprietary
issue), with 4000 ppm concentration, was weighed (6.3 g). 20 ml of each disinfectant
solution, sterile water in case of PAA, were poured to Fisherbrand™ 50 ml Sterile

Disposable Centrifuge Tubes (Fisher Scientific, Loughborough, UK).

Table 2: Disinfectants used for experiments

Abbreviation Main Active Concentration Excipients (from Type
Ingredient’ of the Main MSDS)!
Active 2
NaDCC Sodium 1000 ppm Adipic acid, Na, Commercial
dichloroisocyanurate toluene
NaOCI-Ref®  Sodium hypochlorite 1000 ppm - Reference’
PAA Peracetic acid 4000 ppm (composition of Commercial

formulation not
disclosed for

proprietary issue)

Main active ingredient and excipients mentioned in the Material Safety Data Sheet
(MSDS) information of the commercial products used in this study

The concentration of available chlorine was measured with Pocket Colorimeter™
(HACH®, Manchester, UK) (regardless of the product claim on the label)

3 Unformulated sodium hypochlorite solution (1000 ppm) used as reference

The ¢ 3 mm tube was pulled above the media liquid level. The pump was started until

front and back sections drained dry. Pump was stopped immediately after they drained.

All o 3 mm tubes were removed from media and put to Fisherbrand™ 50 ml Sterile
Disposable Centrifuge Tubes containing respective disinfectant solutions. PAA’s
formulation was administered in a different way. A portion was put directly into the o 9
mm front section, the rest, that didn’t fit, was introduced directly into trap bottle. Pump
was started, until all disinfectant solution got sucked up. 15 min of contact time was

tracked afterwards.
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In the meantime, 20 ml of sterile DEB was poured to Fisherbrand™ 50 ml Sterile
Disposable Centrifuge Tubes. Disinfectant tubes were changed for DEB tubes. After
15 min of disinfectant contact time, the pump was started to neutralize the system with
DEB. Pump was stopped after all DEB has been sucked in and 5 min contact time was

tracked. System was drained after 5 min of neutralization contact time.

Scissors were sterilised after every cut by exposing them to a flame for a moment.
One cm sample was cut from each o 9 mm section of the sink trap model and transferred
into separate, sterile McCartney’s bottle, containing 1 g of sterile glass beads and 2 ml

of Proteinase K/DEB solution (1 mg/10 ml).

Samples were incubated for 1 hour at 37 °C. After 1-hour incubation, Samples were
mixed using a vortex shaker for 2 min. Multiple 10-fold dilutions were spread-plated on
TSA (2 technical replicates) and drop-plated on CA (3 technical replicates). Plates were
inverted and incubated overnight at 37 °C. VCCs were obtained the following day. Every
step was conducted next to a Bunsen burner, in order to minimize environmental

contamination.

4.5.4 Regrowth test

After conducting the disinfectant test, the sink trap model was reconnected. Duran bottles
with 1:10 TSB medium were changed for 500 ml Duran bottles with sterile water. Bottle
caps and the 0.22 um filters were changed for sterile ones. ¥ 3 mm tubes were moved to
Duran bottles with sterile water. Pump was set to run for 10 seconds at 30 rpm every
2 hours for 24 hours. The system was drained 24 hours after the disinfection by pulling

the @ 3 mm tube above media level and running the pump at 30 rpm.

Scissors were sterilised after every cut by exposing them to a flame for a moment.
One cm sample was cut from each @ 9 mm section of the sink trap model and transferred
into separate, sterile McCartney’s bottle, containing 1 g of sterile glass beads and 2 ml

of Proteinase K/DEB solution (1 mg/10 ml).

Samples were incubated for 1 hour at 37 °C. After the 1-hour incubation, Samples were
mixed for 2 min using a vortex shaker. Serial dilution of samples in PBS was conducted
following the mixing. Each sample was 10-fold diluted multiple times. Dilutions of each
sample were spread-plated on TSA (2 technical replicates) and drop-plated on CA (3
technical replicates). Plates were inverted and incubated overnight at 37 °C. VCCs were

obtained the following day.
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4.5.5 Result presentation

4.5.5.1 Disinfectant test
Disinfectant efficacy is presented as logio reduction. Logio reduction is the difference
between VCCs obtained from reference samples and corresponding VCCs recovered

from disinfection samples.

4.5.5.2 Regrowth test

Results of the regrowth experiment are expressed as logio of VCC recovered directly
after a treatment and corresponding VCC recovered 24 hours after the treatment. The
results show effect of respective disinfectants on multi-species biofilm’s ability to

reinstate in a day’s time. No selection criteria were applied to the results.

4.6 Motility test

@ 9 mm tubing of approx. 10 cm length was cut and 1 cm sections were marked. Eight
10 cm tubes were inserted into a 250ml glass beaker (Figure 9). The beaker was covered
with aluminium foil and autoclaved at 121 °C for 15 min. Foil was removed only near

a flame after sterilisation, to prevent environmental contamination.

Figure 9: Diagram of silicone tubing in a beaker. Aluminium foil was used to cover the

beaker.
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Overnight cultures of drain (4.2.1) and P. aeruginosa (4.2.2) were diluted to 3 logio
CFU/ml in 1:10 TSB (4.2.1) or TSB (4.2.2). Pre-determined volume (2 ml per tube; 16
ml total) of 3 logio CFU/ml dilution of either Pa or drain, was used to inoculate separate
beakers with a Sterile Polystyrene Disposable Serological Pipet (Fisherbrand™, Fisher
Scientific, Loughborough, UK). Special care was taken while inoculating, in order to

prevent contamination of tubes via splash.

Every 24 hours (up to day 3), two tubes (2 biological replicates) were removed from the
beaker with sterile tweezers. Two tubes were removed immediately after inoculation (day
0). Sterile scissors were used to cut 1 cm, 4 cm and 7 cm section from each tube. Samples
were transferred into separate, sterile McCartney’s bottles containing 1 g of sterile glass
beads and 2 ml of PBS. Samples were incubated at 37° C for 1 hour. Afterwards, all
samples were mixed for 2 min and serially diluted in PBS. Dilutions were spread-plated
on TSA in 2 technical replicates, inverted and incubated overnight at 37 /°C. VCCs were

obtained the following morning.

4.6.1 Motility test data presentation

VCCs, displayed as logio, obtained from 1, 4 and 7 cm sections every 24 hours were
plotted, resulting in three linear functions (one for each distance), showing the change in
VCCs recovered, over time. [data not shown] Functions were used to calculate the time,

when significant VCC breakpoints occurred, at every analysed section (1, 4 and 7 cm).

In order to get a function showing a change in distance over time, logio had to become
a constant. Two breakpoints were chosen for both Pa and drain motility tests. The

breakpoints show VCC deemed significant, 4 logio and 6 logio.

The significant breakpoint times (calculated from linear functions), were used to plot new
linear functions, showing a change in distance over time for each of the two breakpoints.

Gradients of these functions represent speed of upward motility in cm/hour.

4.7 Statistical analysis

MS Excel 2020 was used for statistical analysis and graphic figures. Bar and line charts
represent the mean standard deviation. Data were evaluated in MS Excel 2020 by t-Test:
Two Sample Assuming Equal Variances and t-Test: Two Sample Assuming Unequal
Variances. F-test Two-Sample for Variances was used to check whether variance is equal

or unequal. Statistical significance in VCCs retrieved at CA and TSA agars was evaluated
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using t-Test Paired Two Sample for Means. Both one-tail and two-tail a values below

0.05 were deemed statistically significant.

5. Results

5.1. Day 8 P. aeruginosa:drain reference sample ratio
Pa:drain day 8 ratios calculated from reference sample VCCs for 5 biological replicates
conducted, are presented in Table 3. Each tenfold is regarded as a separate group and

disinfectant test data are compared within these groups.

Cases where the result is negative were disregarded. In these cases, VCC on CA was
greater than VCC on TSA. Suggesting, P. aeruginosa may have completely overtaken
the biofilm.

Table 3: Reference Pa:drain day 8 ratio m 0.01-fold logio ratio = 0.1-fold logio ratio

m 1-fold logio ratio m 10-fold logio ratio m 100-fold logio ratio negative logio ratio

NaOCl NaDCC PAA
Replicate Front Middle Back Front Middle Back Front Middle Back
1 s o« - v sl -

2 09 21 7 DISNNEENEE 4 45 140
3 05 03 01 19 02 15 02 17 08
4 POES 6 24 -1 NSENNSINRNNNES
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5.2 Disinfectant test
Five biological replicates were conducted. Results show means and positive standard

deviations of the means.

5.2.1 Disinfectant efficacy on 1-fold Pa:drain ratio biofilm
5.2.1.1 NaOCl

Figure 10 shows logio reduction observed following 15 min treatment with NaOCI

1000 ppm.

Figure 10: logio reduction observed following 15 min treatment with NaOCI 1000 ppm:
m Cetrimide Agar (Pa), m Tryptone Soy Agar (Pa+drain)
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n——— |
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Logio reductions observed following 15 min treatment with NaOCl 1000 ppm:
Front section (4.40 = 0.96 CA; 3.96 £0.89 TSA); Middle section (0.22 + 0.16 CA;
0.42 £0.04 TSA)

Statistically significant difference was observed between sections for both (CA:CA)
(p=0.026, t-Test: Two-Sample Assuming Equal Variances) and (TSA:TSA) (p=0.03,
t- Test: Two-Sample Assuming Equal Variances). No statistical significance was

observed within sections (CA:TSA)
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5.2.1.2 NaDCC

Figure 11 shows logio reduction observed following 15 min treatment with NaDCC

1000 ppm.

Figure 11: logio reduction observed following 15 min treatment with NaDCC 1000 ppm:
m Cetrimide Agar (Pa), m Tryptone Soy Agar (Pa+drain)
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Logio reductions observed following 15 min treatment with NaDCC 1000 ppm:
Front section (3.28 = 1.42 CA; 4.07 + 0.56 TSA); Middle section (0.38 CA; 0.57 TSA),
Back section (1.80 £2.77 CA; 1.79 £ 1.59 TSA).

No statistically significant difference was observed between sections (CA:CA) (p>0.05,
t-Test: Two-Sample Assuming Equal Variances) nor within sections (CA:TSA) (p>0.05,

t-Test: Two-Sample Assuming Equal Variances).
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5.2.1.3 PAA
Figure 12 shows logio reduction observed following 15 min treatment with PAA 4000

ppm.
Figure 12: logio reduction observed following 15 min treatment with PAA 4000 ppm:

m Cetrimide Agar (Pa), m Tryptone Soy Agar (Pa+drain)
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Logio reductions observed following 15 min treatment with PAA 4000 ppm:
Middle section (8.25 + 1.34 CA; 7.12 + 1.82 TSA), Back section (6.14 + 0.51 CA;
6.21 £0.46 TSA).

No statistically significant difference was observed between sections (CA:CA) (p>0.05,
t-Test: Two-Sample Assuming Equal Variances) nor within sections (CA:TSA) (p>0.05,

t-Test: Two-Sample Assuming Equal Variances).

5.2.1.4 Comparison of disinfectants
No significant difference in logio reduction at front section was observed between

NaDCC and NaOCl (p>0.05, t-Test: Two-Sample Assuming Equal Variances).
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PAA shows significantly better logio reduction at middle section compared to NaOClI for
both CA (p=0.004, t-Test: Two-Sample Assuming Equal Variances) and TSA
(p=0.004, t- Test: Two-Sample Assuming Equal Variances).

PAA shows significantly better logio reduction at back section compared to NaDCC for
for TSA (p=0.013, t-Test: Two-Sample Assuming Equal Variances) but not for CA
(p>0.05, t-Test: Two-Sample Assuming Equal Variances).

5.2.2 Disinfectant efficacy on 0.1-fold Pa:drain ratio biofilm
5.2.2.1 NaOCl

Figure 13 shows logio reduction observed following 15 min treatment with NaOCI

1000 ppm.

Figure 13: logio reduction observed following 15 min treatment with NaOCl 1000 ppm:
m Cetrimide Agar (Pa), m Tryptone Soy Agar (Pa+drain)
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Logio reductions observed following 15 min treatment with NaOCl 1000 ppm:
Front section (3.95 + 1.28 CA; 3.96 £ 1.46 TSA) Middle section (1.92 £ 1.90 CA;
1.89 £ 1.92TSA), Back section (1.12 £ 1.37 CA; 1.34 = 1.84 TSA).
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No statistically significant difference was observed between sections (CA:CA) (p>0.05,
t-Test: Two-Sample Assuming Equal Variances) nor within sections (CA:TSA) (p>0.05,

t-Test: Two-Sample Assuming Equal Variances).

5.2.2.2 NaDCC
Figure 14 shows shows logio reduction observed following 15 min treatment with

NaDCC 1000 ppm.

Figure 14: logio reduction observed following 15 min treatment with NaDCC 1000 ppm:
m Cetrimide Agar (Pa), m Tryptone Soy Agar (Pa+drain)
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Logio reductions observed following 15 min treatment with NaDCC 1000 ppm:
Front section (3.79 CA; 4.19 TSA) Middle section (1.72 + 1.09-CA; 1.58 + 1.41-TSA),
Back section (0.59 CA; 0.98 TSA).

No statistical significance was observed within middle section (p>0.05; t-Test:

Two Sample Assuming Equal Variances).
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5.2.2.3 PAA
Figure 15 shows logio reduction observed following 15 min treatment with PAA

4000 ppm.

Figure 15: logio reduction observed following 15 min treatment with PAA 4000 ppm:
m Cetrimide Agar (Pa), m Tryptone Soy Agar (Pa+drain)
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Logio reductions observed following 15 min treatment with PAA 4000 ppm:
Front section (5.56 + 3.45 CA; 4.01 = 1.45 TSA) Back section (4.68 CA; 4.68 TSA).

No statistical significance was observed within front section (CA:TSA) (p>0.05; t-Test:

Two-Sample Assuming Equal Variances).

5.2.2.4 Comparing disinfectants
No significant difference in logio reduction at front section was observed between PAA

and NaOCl (p>0.05, t-Test: Two-Sample Assuming Equal Variances).

No significant difference in logio reduction at middle section was observed between

NaDCC and NaOCl (p>0.05, t-Test: Two-Sample Assuming Equal Variances).
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5.3 24 hours regrowth
Five biological replicates were conducted. Each biological replicate was carried out in
two technical replicates. Results show their mean in logio and standard deviation of the

mean.

5.3.1 NaOCl
Figure 16 shows logio recovered directly and 24 hours following 15 min treatment with

NaOCI 1000 ppm.

Figure 16: logio recovered directly and 24 hours after the NaOCIl treatment:
m logio recovered directly after treatment m logio recovered 24 hours after treatment
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Front section logio recovered directly after a treatment (3.02 +2.45 CA; 3.39 + 1.64
TSA) and 24 h after the treatment (4.35 £ 1.95 CA; 4.87 + 1.74 TSA).
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Middle section logio recovered directly after a treatment (8.11 + 0.56 CA; 8.24 + 0.39
TSA) and 24 h after the treatment (8.42 + 0.58 CA; 8.37 + 0.66 TSA).

Back section logio recovered directly after a treatment (7.83 + 0.43 CA; 8.07 £ 0.76
TSA) and 24 h after the treatment (8.34 £ 0.36 CA; 8.21 £ 0.61 TSA).

No statistically significant difference was observed between logio recovered directly and
24 hours following 15 min treatment with NaOCI1 1000 ppm. (p>0.05 two-tailed t-Test:

Paired Two Sample for Means).
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5.3.2 NaDCC
Figure 17 shows logio recovered directly and 24 hours following 15 min treatment with

NaDCC 1000 ppm.

Figure 17: logio recovered directly and 24 hours after NaDCC treatment:
m logio recovered directly after a treatment m logio recovered 24 hours after the treatment
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B disinfection ™ 24h
Front section logio recovered directly after a treatment (5.37 +1.23 CA; 5.23 £ 1.29
TSA) and 24 h after the treatment (6.09 + 0.83 CA; 5.95 + 0.82 TSA).

Middle section logio recovered directly after a treatment (5.87 + 3.74 CA; 7.46 +£2.46
TSA) and 24 h after the treatment (4.42 £4.16 CA; 6.72 + 3.64 TSA).

Back section logio recovered directly after a treatment (6.36 + 2.92 CA; 6.54 £ 1.72
TSA) and 24 h after the treatment (4.78 + 4.07 CA; 6.76 + 2.63 TSA).
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No statistically significant difference was observed between logio recovered directly and
24 hours following 15 min treatment with NaDCC 1000 ppm. (p>0.05 two-tailed t-Test:

Paired Two Sample for Means).

53.3 PAA
Figure 18 shows logio recovered directly and 24 hours following 15 min treatment with

PAA 4000 ppm.

Figure 18: logio recovered directly and 24 hours after PAA treatment
m logio recovered directly after a treatment m logio recovered 24 hours after the treatment
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Front section logio recovered directly after a treatment (2.74 +2.80 CA; 4.51 = 1.74
TSA) and 24 h after the treatment (3.84 + 2.16 CA; 4.89 + 0.82 TSA).
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Middle section logio recovered directly after a treatment (1.68 + 1.85 CA; 2.20 + 1.37
TSA) and 24 h after the treatment (1.59 £2.78 CA; 2.80 + 2.93 TSA).

Back section logio recovered directly after a treatment (2.88 + 0.53 CA; 3.04 £ 0.58
TSA) and 24 h after the treatment (3.57 £2.65 CA; £ 2.78 TSA).

No statistically significant difference was observed between logio recovered directly and
24 hours following 15 min treatment with PAA 4000 ppm. (p>0.05 two-tailed t-Test:

Paired Two Sample for Means).

5.4 Motility test
Four biological replicates were conducted with both P. aeruginosa culture and drain

culture.

5.4.1 P. aeruginosa motility test

5.4.1.1 P. aeruginosa 4 logio breakpoint motility

Figure 19 shows P. aeruginosa 4 logio breakpoint motility speed.

Figure 19: P. aeruginosa 4 logio breakpoint motility speed
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Derived from gradient (Figure 19), speed of upward motility for P. aeruginosa 4 logio

breakpoint is 0.11 cm/hour.
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5.4.1.2 P. aeruginosa 6 logio breakpoint motility

Figure 20 shows P. aeruginosa 6 logio breakpoint motility speed.

Figure 20 P. aeruginosa 6 logio breakpoint motility speed
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Derived from gradient (Figure 20), speed of upward motility for P. aeruginosa 6 logio

breakpoint is 0.10 cm/hour.
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5.4.2 Drain culture motility test
5.4.2.1 Drain culture 4 logio breakpoint motility

Figure 21 shows drain culture 4 logio breakpoint motility speed.

Figure 21: Drain culture 4 logio breakpoint motility speed
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Derived from gradient (Figure 21), speed of upward motility for drain culture 4 logio

breakpoint is 0.17 cm/hour.
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5.4.2.2 Drain culture 6 logio breakpoint motility

Figure 22 shows drain culture 6 logio breakpoint motility speed.

Figure 22: Drain culture 6 logio breakpoint motility speed
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Derived from gradient (Figure 22), speed of upward motility for drain culture 6 logio

breakpoint is 0.11 cm/hour.

6. Discussion
Aims of this thesis were assessment of multi-species bacterial biofilm’s susceptibility to
decontamination, description of its ability to regrow after use of various disinfectants and

report on vertical motility of cultures used.

6.1 Biofilm composition
In the protocol used for the disinfectant experiment, inoculum is let to attach for two days
and biofilm grows for another six days. This correlates with findings about maturation-2

stage of biofilm ending in approximately 6 days. [6]

P. aeruginosa is able to dominate mixed-species biofilms. [71,72] At the end of drain
biofilm formation, P. aeruginosa dominates over drain culture, regardless the initial

inoculation ratio. Overnight inoculum ratio, which produced most constant day eight
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complex biofilm ratio was established in prior experiment. [data not shown] 1:10 Pa to
drain culture cell ratio was chosen as inoculation ratio. Consistent P. aeruginosa to drain
culture day eight complex biofilm ratios were not achieved. One of the reasons might be
that drain culture used, was a highly complex community of microorganisms, consisting
of eighty-four different bacterial species. Described by Ledwoch et al. [73]
Heterogeneity of the culture might have contributed to variation in biofilm composition,
as well as error introduced by the conductor. Some sections even display negative Pa to
drain culture ratio. In these cases, reference cell count on P. aeruginosa-selective agar
was higher than on non-selective agar, suggesting that P. aeruginosa has totally

overtaken those biofilms (Table 3).

6.2 Disinfection
Results obtained, seldom show statistically significant difference. This is mainly due to
insufficient number of comparable biological replicates relative to variance which was

observed.

6.2.1 NaOCl

NaOCl showed significantly better ability to reduce logio of a 1-fold ratio multi-species
P. aeruginosa and drain culture biofilm at front section compared to middle section when
applied to the sink trap model used in the thesis. This can be contributed to the nature of
the experiment and disinfectant formulation (solution). Front section was exposed to
original concentration of NaOCI solution. Middle and back sections were exposed to
solution that has been diluted in trap bottle, lowering NaOCI concentration, therefore
biocidal activity at these sections. Also, NaOCI decomposes faster than NaDCC or PAA
which may have resulted in its worse performance. [59, 74] No significant difference in

logio reduction was observed between CA (Pa) and TSA (Pa + drain) at either section.

In the case of 0.1-fold P. aeruginosa:drain cell ratio samples, no significant difference in
logioreduction was observed neither between sections, nor within sections. 0.1-fold ratio
biofilm results show relatively high variance and it is possible, that number of biological

replicates obtained are not robust enough to see a significant difference.

No studies using an in vitro flow model, similar to sink trap model used in the thesis,
observing biocide efficacy on removing multi-species biofilm have been conducted to
the best of my knowledge. There is a study by Yap et al. studying NaOCl’s biocidal

efficacy on multi-species biofilm grown on dentine. Testing was performed in 24 well
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plate where 0.9% NaOCIl was introduced. They show 10-fold reduction of CFU/ug
protein. That would be 1 logio reduction. Dentine and species inhabiting it are different

to sink drain and its micro-environment, thus it is difficult to draw any comparisons. [75]

However, there are studies describing NaOClI’s effect on P. aeruginosa single-species
and dual-species biofilms. Lineback et al. have achieved better logio reduction (8.75)
compared to this study, testing a single-species P. aeruginosa biofilm, that was grown
on borosilicate coupons. There are three factors contributing to difference in achieved
results. Single-species biofilm does not gain advantage in the form of inter-species
cooperation and its composition is limited to molecules produced by the species
composing it. Disinfectant was also introduced in a different way compared to this thesis.
Last factor is concentration. Lineback et al. mentions 1.3 % NaOCIl product
concentration, 52-fold bigger than NaOCI concentration used in this study. It comes as

no surprise; their results are superior. [76]

Another study is testing disinfectant efficacy in a very similar chemostat model. Behnke
et al. achieved 3.90 logio reduction with 2 ppm NaOCI solution, and 6 logio reduction
with 30 ppm. In this case concentration of NaOCIl used is lower by several folds, but
their contact time is twice as long (30 min), compared to this study. Their methodology
adjusts biofilm CFU/ml to 7 logio while biofilms grown for this study were unadjusted
and counted approximately 8 logio CFU/ml. All these differences could add up to
different performance of NaOCl observed. Behnke et al. also tested planktonic cells and
show that biofilm requires approximately ten times higher dose of chlorine compared to

planktonic cells. [77]

6.2.2 NaDCC
NaDCC seems to achieve better logio reduction at front section of the sink trap model.
However, not enough biological replicates have been obtained to show statistically

significant difference between sections.

NaDCC’s performance on P. aeruginosa single-species biofilm and planktonic cells has
been described previously using a flow cell, apparatus similar to set-up used in this thesis.
Several different concentrations were used with different magnitude compared to
experiments presented here. Planktonic cell CFU/ml in the Morgenthau et al. [ 78] study
is 8 logjo, similar to viable counts retrieved from biofilm reference samples presented

here. On the other hand, they did not assess viable cell counts of biofilm samples, making
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it difficult to compare results for biofilm control. They show approximately 5 logio
reduction for planktonic P. aeruginosa cells after 30 min exposure to 5% NaDCC. This
somewhat correlates with results presented in this thesis. Higher concentrations of
NaDCC, above 60% completely inhibited growth of both biofilm and planktonic cells,
suggesting that higher concentration of NaDCC might yield better results than results

obtained in this thesis.

6.2.3 PAA

PAA was used in 4-fold greater concentration compared to chlorine-based disinfectants.
Therefore, PAA-product’s better logio reduction was expected. Statistically significant
difference was found between NaOClI’s logio reduction and PAA’s logio reduction at
middle section, in the case of 1-fold Pa:drain ratio biofilm. There is also significant
difference between NaDCC and PAA for back section, but only for TSA samples,
probably because there was higher variance for NaDCC'’s efficacy at back section and
data obtained are not robust enough to show statistically significant difference. Logio
reduction at front section was lower, probably because not all PAA product fit the front

section tube. Product that didn’t fit, had to be introduced directly to the trap bottle.

Zhang et al. present that PAA performed worse at removing single-species biofilm
compared to chlorine-based products. They furthermore prove that PAA reacts less with
organic content compared to bleach, because it performed better in presence and worse

in absence of organic matter in comparison to bleach. [74]

Zhang et al. findings, that PAA reacts less with organic matter and/or does not
decompose as quickly as free chlorine are align with data presented in this thesis, where

PAA is dominant in the ability to remove biofilm. [74]

6.3 24 hours regrowth

6.3.1 NaOCl

No statistically significant difference was observed between logio recovered directly and
24 hours following 15 min treatment with NaOCI 1000 ppm. This could suggest

inadequate effect of NaOCI on biofilm’s regeneration after a single treatment.

To the best of my knowledge there are no published studies displaying logio recovered

any time after NaOCl treatment, to compare the thesis with.
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A study conducted by Buchan et al. followed sink drains in ICU unit one day and 7 days
after disinfection with bleach and hydrogen peroxide foaming product. They don’t show
logio reduction, rather CFU/ml before disinfection, one day after disinfection and 7 days
after disinfection. Furthermore, they have used MacConkey’s agar, selective for gram-
negative bacteria. Similarly, to this study there is rather high variance in results obtained,

since they worked with multi-species biofilm as well. [79]

Zhang et al. have conducted a study on regrowth of single-species biofilm after
disinfection. However, they present how much NaOCI and PAA is needed to prevent

biofilm regrowth after a treatment. [74]

6.3.2 NaDCC
No statistically significant difference was observed between logio recovered directly and
24 hours following 15 min treatment with NaDCC 1000 ppm. This potentially suggests

low effect of NaDCC on multi-species biofilm’s regrowth after a single treatment.

Ledwoch et al. have published the only study, to the best of my knowledge, where
biofilm’s ability to regrow after a NaDCC treatment is assessed. However, there are
major differences in ways how their study was conducted compared to this thesis.
Ledwoch et al. work with dry-surface Candida auris biofilms. C. auris is a yeast, with
huge physiological differences compared to bacteria. Their results track delay in biofilm
post-treatment re-emergence whereas logio recovered has been followed and presented

here. [80]

6.3.3 PAA
No statistically significant difference was observed between logio recovered directly and
24 hours following 15 min treatment with PAA 4000 ppm. This could suggest inadequate

effect of PAA on biofilm’s regeneration after a single treatment.

Limited data are available on PAA’s ability to reduce biofilm regrowth. To the best of
my knowledge there is only one study by Zhang et al. Single-species biofilm was used
and they didn’t measure log reduction, rather concentration of PAA to inhibit biofilm

regrowth. [74]

6.4 Motility test
This experiment shows and quantifies speed of vertical motility via biofilm spreading,

that was observed over 3 days.
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P. aeruginosa culture 4 logio breakpoint’s vertical growth was 0.11 cm/h while 6 logio

breakpoint grew upwards at a rate of 0.10 cm/h.

Drain culture culture 4 logio breakpoint grew upwards at a rate of 0.11 cm/h while 6 logio

breakpoint’s vertical growth was 0.10 cm/h.

Kotay et al. present that E. coli, inoculated in a P-trap, reaching a strainer in 7 days when
nutrients were introduced. Same starting inoculum (10° CFU/ml) was used as in this
thesis. Their findings show 2.54 cm/day speed of vertical motility, with. It’s the same
speed (0.11cm/h) as was obtained with motility test methodology developed in Cardiff.

Motility test methodology developed in Cardiff has its main advantage in simple
conduction. At the same time, it takes up neither many resources nor much time of
a scientist. This methodology could be used to describe movement via biofilm spreading

of different species and/or multi-species biofilms.

7. Conclusion

It has been established, that gram-negative bacteria inhibit water drainage systems and

are able to colonize environment outside the sink, for example patients.

Issue of sink-drain to patient contagion is better observable in hospital setting due to
several factors. Multi-resistant species might emerge from antibiotic-residue flushes.
Immuno-compromised patients are more prone to get infected. Combined with the fact
that the size of hospital scales with the amount of people and traffic, the probability of

contagion and its spreading increases.

This thesis evaluates multi-species biofilm’s resistance and ability to reinstate after

a single disinfectant treatment.

Three disinfectants were compared on their ability to remove bacteria from multi-species
biofilms and impact multi-species biofilm’s regrowth 24 hours after the treatment.
Product containing PAA had better efficacy at removing biofilm and preventing its
regrowth. More studies focused on repeated treatments and tracking regrowth at later
stages should be conducted to better describe multi-species biofilm’s properties and

behaviour.

A simple, cheap, yet effective methodology to investigate upward bacterial movement

via spreading of bacterial biofilm has been developed. Results obtained on upward
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motility further support environmental and genetic studies focusing on whether bacteria

in hospital wards come from water drainage systems.

50



8. References

1. Flemming, H.-C. et al. (2016). Biofilms: an emergent form of bacterial life.
Nature Reviews Microbiology, 14(9), 563—575. doi:10.1038/nrmicro.2016.94

2. Periasamy S. et al. Pseudomonas aeruginosa PAOI1 exopolysaccharides are
important for mixed species biofilm community development and stress
tolerance. Front Microbiol. 20; 6:851. doi: 10.3389/fmicb.2015.00851.

3. Geesey, G. G. et al. (1979). Microbiology of a northern river: bacterial
distribution and relationship to suspended sediment and organic carbon.
Canadian journal of microbiology. 25. 1058-62. 10.1139/m79-162.

4. Costerton, J. W. et al. Microbial Biofilms Annual Review of Microbiology
1995 49:1, 711-745

5. Monds, R. D., & O’Toole, G. A. (2009). The developmental model of microbial
biofilms: ten years of a paradigm up for review. Trends in Microbiology,
17(2), 73-87. doi:10.1016/j.tim.2008.11.001

6. Sauer K, ef al. aeruginosa displays multiple phenotypes during development as a
biofilm. J Bacteriol. 2002 Feb;184(4):1140-54. doi: 10.1128/jb.184.4.1140-
1154.2002.

7. https://il.wp.com/perfectusbiomed.com/wp-content/uploads/2017/01/Biofilm-
Formation-Slide-Copy.jpg (visited 13.4.2020)

8. Seviour, T., et al. (2009). Gel-forming exopolysaccharides explain basic
differences between structures of aerobic sludge granules and floccular sludges.
Water Research, 43(18), 4469—4478. doi:10.1016/j.watres.2009.07.018

9. Wentland, E. J., et al. (1996). Spatial Variations in Growth Rate within Klebsiella
pneumoniae Colonies and Biofilm. Biotechnology Progress, 12(3), 316-321.
doi:10.1021/bp9600243

10.Xu KD, et al. Spatial physiological heterogeneity in Pseudomonas aeruginosa
biofilm is determined by oxygen availability. App! Environ Microbiol. 1998
Oct;64(10):4035-9.

11.Zhang, T. C., Bishop, P. L. (1994). Density, porosity, and pore structure of
biofilms.  Water  Research,  28(11), 2267-2277. do0i:10.1016/0043-
1354(94)90042-6

12.De Beer, D., et al. (1994). Effects of biofilm structures on oxygen distribution
and mass transport. Biotechnology and Bioengineering, 43(11), 1131-1138.

doi:10.1002/bit.260431118

13.Stewart PS. Diffusion in biofilms. J. Bacteriol. 2003 Mar;185(5):1485-91.
doi:10.1128/jb.185.5.1485-1491.2003.

14.De Beer, D., ef al. (1994). Liquid flow in heterogeneous biofilms. Biotechnology
and Bioengineering, 44(5), 636—641. doi:10.1002/bit.260440510

15. Stewart PS. Antimicrobial Tolerance in Biofilms. Microbiol Spectr. 2015 Jun;3(3)
doi: 10.1128/microbiolspec. MB-0010-2014.

51


https://i1.wp.com/perfectusbiomed.com/wp-content/uploads/2017/01/Biofilm-Formation-Slide-Copy.jpg
https://i1.wp.com/perfectusbiomed.com/wp-content/uploads/2017/01/Biofilm-Formation-Slide-Copy.jpg

16.Daddi Oubekka S, et al. Correlative time-resolved fluorescence microscopy to
assess antibiotic diffusion-reaction in biofilms. Antimicrob Agents Chemother.
2012 Jun;56(6):3349-58. doi: 10.1128/AAC.00216-12.

17.Stewart, P., Franklin, M. Physiological heterogeneity in biofilms. Nat Rev
Microbiol 6, 199-210 (2008). https://doi.org/10.1038/nrmicrol1838

18.Tseng BS, et al. The extracellular matrix protects Pseudomonas aeruginosa
biofilms by limiting the penetration of tobramycin. Environ Microbiol. 2013
Oct;15(10):2865-78. doi: 10.1111/1462-2920.12155.

19.Huynh TT, et al. Glucose starvation-induced dispersal of Pseudomonas
aeruginosa biofilms is cAMP and energy dependent. PLoS One. 2012;7(8):
doi: 10.1371/journal.pone.0042874.

20.Qi L, et al.. Relationship between Antibiotic Resistance, Biofilm Formation, and
Biofilm-Specific Resistance in Acinetobacter baumannii. Front Microbiol. 2016
Apr 12; 7:483. doi: 10.3389/fmicb.2016.00483.

21.Foster, KR, T Bell. 2012. “Competition, Not Cooperation, Dominates Interactions
among Culturable Microbial Species.” Current Biology : CB 22 (19): 1845-50.

22.Ginther, F., et al. (2016). Comparative testing of disinfectant efficacy on
planktonic bacteria and bacterial biofilms using a new assay based on kinetic
analysis of metabolic activity. Journal of Applied Microbiology, 122(3), 625—633.
doi:10.1111/jam.13358

23.Germain, E., et al. (2013). Molecular Mechanism of Bacterial Persistence by
HipA. Molecular Cell, 52(2), 248-254. do0i:10.1016/j.molcel.2013.08.045

24.Balaban, N. et al. (2004). Bacterial Persistence as a Phenotypic Switch. Science
(New York, N.Y.). 305. 1622-5. doi:10.1126/science.1099390.

25.Keren, 1., et al. (2004). Persister cells and tolerance to antimicrobials. FEMS
Microbiology Letters, 230(1), 13—18. doi:10.1016/s0378-1097(03)00856-5

26.Lewis, K. (2010). Persister Cells. Annual Review of Microbiology, 64(1),357—
372. doi:10.1146/annurev.micro.112408.134306

27.Chambless J. D. et al. A Three-Dimensional Computer Model of Four
Hypothetical Mechanisms Protecting Biofilms from Antimicrobials, Applied and
Environmental ~ Microbiology ~ Mar 2006, 72 (3) 2005-2013;
doi: 10.1128/AEM.72.3.2005-2013.2006

28.Zhang, L., et al. (2013). Identification of Genes Involved in Pseudomonas
aeruginosa Biofilm-Specific Resistance to Antibiotics. PLoS ONE, 8(4), €61625.
doi:10.1371/journal.pone.0061625

29.Mulcahy H, et al. Extracellular DNA chelates cations and induces antibiotic
resistance in Pseudomonas aeruginosa biofilms. PLoS Pathog. 2008 Nov;4(11):
€1000213. doi: 10.1371/journal.ppat.1000213.

30.Rogues, A.-M., et al. (2007). Contribution of tap water to patient colonisation
with Pseudomonas aeruginosa in a medical intensive care unit. Journal of
Hospital Infection, 67(1), 72-78.

52


https://doi.org/10.1038/nrmicro1838

31.Edmonds P, et al. Epidemiology of Pseudomonas aeruginosa in a burns hospital:
surveillance by a combined typing system. Appl Microbiol. 1972 Aug;24(2):219-
25.

32.Quick J, et al. (2014) Seeking the source of Pseudomonas aeruginosa infections
in a recently opened hospital: an observational study using whole-genome
sequencing BMJ open. 4. €006278. doi:10.1136/bmjopen-2014-006278.

33.0rsi1, G. B., et al. (1994). Lack of association between clinical and environmental
isolates of Pseudomonas aeruginosa in hospital wards. Journal of Hospital
Infection, 27(1), 49—-60. doi:10.1016/0195-6701(94)90068-x

34.Trautmann, M., et al. (2001). Tap Water Colonization With Pseudomonas
aeruginosa in a Surgical Intensive Care Unit (ICU) and Relation to Pseudomonas
Infections of ICU Patients. Infection Control & Hospital Epidemiology, 22(01),
49-52. doi:10.1086/501828

35.Grundmann, H., ef al. (1993). Pseudomonas aeruginosa in a Neonatal Intensive
Care Unit: Reservoirs and Ecology of the Nosocomial Pathogen. Journal of
Infectious  Diseases,  168(4), 943-947.  doi:10.1093/infdis/168.4.943

36.Salm F, et al. Prolonged outbreak of clonal MDR Pseudomonas aeruginosa on
an intensive care unit: contaminated sinks and contamination of ultra-filtrate bags
as possible route of transmission? Antimicrob Resist Infect Control. 2016 Dec 6;
5:53. doi: 10.1186/s13756-016-0157-9.

37.Hoang S, et al. Risk factors for colonization and infection by Pseudomonas
aeruginosa in patients hospitalized in intensive care units in France. PLoS One.
2018 Mar 9;13(3):e0193300. doi: 10.1371/journal.pone.0193300.

38. https://www.who.int/infection-prevention/about/ipc/en/ visited: 25.01.2020

39. https://apps.who.int/iris/bitstream/handle/10665/259462/9789241550178-
eng.pdf?sequence=1 visited: 25.1.2020

40. https://www.who.int/infection-prevention/en/ visited: 13.04.2020

41.Suvarez C, et al. A large sustained endemic outbreak of multiresistant
Pseudomonas aeruginosa: a new epidemiological scenario for nosocomial
acquisition. BMC Infect Dis. 2011 Oct 13;11:272. doi: 10.1186/1471-2334-11-
272.

42.Stjarne A. et al. (2016). Acetic acid as a decontamination method for sink drains
in a nosocomial outbreak of metallo-p-lactamase producing Pseudomonas
aeruginosa. Journal of Hospital Infection. 94. 10.1016/j.jhin.2016.05.009.

43.Kotay S, et al. Spread from the Sink to the Patient: /n Situ Study Using Green
Fluorescent Protein (GFP)-Expressing Escherichia coli To Model Bacterial
Dispersion from Hand-Washing Sink-Trap Reservoirs. Appl Environ Microbiol.
2017 Mar 31;83(8): €03327-16. doi: 10.1128/AEM.03327-16.

53


https://www.who.int/infection-prevention/about/ipc/en/
https://apps.who.int/iris/bitstream/handle/10665/259462/9789241550178-eng.pdf?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/259462/9789241550178-eng.pdf?sequence=1
https://www.who.int/infection-prevention/en/

44.Grabowski, M. et al. (2018). Characterizations of handwashing sink activities in
a single hospital medical intensive care unit. Journal of Hospital Infection. 100.
do0i:10.1016/5.jhin.2018.04.025.

45.Bukholm, G., et al. (2002). An Outbreak of Multidrug-Resistant Pseudomonas
Aeruginosa Associated with Increased Risk of Patient Death in an Intensive Care
Unit. Infection Control & Hospital Epidemiology, 23(08), 441-446.
doi:10.1086/502082

46.El-Mahdy R, El-Kannishy G. Virulence Factors Of Carbapenem-
Resistant Pseudomonas  aeruginosa In  Hospital-Acquired Infections In
Mansoura, Egypt. Infect Drug Resist. 2019 Nov 7; 12:3455-3461.
doi:10.2147/IDR.S222329.

47.Kim, J. M., et al. (2000). Multicenter surveillance study for nosocomial infections
in major hospitals in Korea. American Journal of Infection Control, 28(6), 454—
458. doi:10.1067/mic.2000.107592

48. https://www.ecdc.europa.eu/sites/default/files/documents/AER _for 2017-
HAIpdf visited: 25.01.2020

49.Guest J. F. et al Modelling the annual NHS costs and outcomes attributable to
healthcare-associated infections in EnglandBMJ Open 2020; 10: e¢033367.
doi: 10.1136/bmjopen-2019-033367

50.Scheetz MH, et al. Morbidity associated with Pseudomonas aeruginosa
bloodstream infections. Diagn Microbiol Infect Dis. 2009 Jul;64(3):311-9.
doi:10.1016/j.diagmicrobio.2009.02.006. Epub 2009 Apr 2.

51.Nathwani D, et al. Clinical and economic consequences of hospital-acquired
resistant and multidrug-resistant Pseudomonas aeruginosa infections: a
systematic review and meta-analysis. Antimicrob Resist Infect Control. 2014 Oct
20;3(1):32. doi: 10.1186/2047-2994-3-32.

52.Riickholdt, et al. (2016). The impact of hospitalisation on a visiting family
member: A case study and discussion. Australian critical care : official journal of
the  Confederation of  Australian  Critical Care  Nurses.  30.
doi:10.1016/j.aucc.2016.08.003.

53.Horn, E & Tesh, A. (2000). The effect of critical care hospitalization on family
members stress and responses. Dimensions of critical care nursing: DCCN. 19.
40-9.

54 https://www.who.int/news-room/feature-stories/ten-threats-to-global-health-in-
2019 (visited 25.03.2020)

55.Morales, E., et al. Hospital costs of nosocomial multi-drug resistant
Pseudomonas aeruginosa acquisition. BMC Health Serv Res 12, 122 (2012).
https://doi.org/10.1186/1472-6963-12-122

56.Kaier, K., et al Measuring the in-hospital costs of Pseudomonas
aeruginosa pneumonia: methodology and results from a German teaching
hospital. BMC Infect Dis 19, 1028 (2019). https://doi.org/10.1186/s12879-019-
4660-5

54


https://www.ecdc.europa.eu/sites/default/files/documents/AER_for_2017-HAI.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/AER_for_2017-HAI.pdf
https://www.who.int/news-room/feature-stories/ten-threats-to-global-health-in-2019
https://www.who.int/news-room/feature-stories/ten-threats-to-global-health-in-2019
https://doi.org/10.1186/1472-6963-12-122
https://doi.org/10.1186/s12879-019-4660-5
https://doi.org/10.1186/s12879-019-4660-5

57.Ponzano, G. P. (2006). Sodium Hypochlorite: History, Properties,
Electrochemical Production. Disinfection by Sodium Hypochlorite: Dialysis
Applications, 7-23. doi:10.1159/000096810

58.R.C. Ropp, Chapter 2 - Group 17 (H, F, Cl, Br, I) Alkaline Earth Compounds,
Editor(s): R.C. Ropp, Encyclopedia of the Alkaline Earth Compounds, Elsevier,
2013, Pages 25-104, ISBN 9780444595508, https://doi.org/10.1016/B978-0-444-
59550-8.00002-8.

59.BLOOMFIELD, S. E., MILES, G. A. (1979). The Antibacterial Properties of
Sodium Dichloroisocyanurate and Sodium Hypochlorite Formulations. Journal
of Applied Bacteriology, 46(1), 65-73. do1:10.1111/1.1365-2672.1979. tb
02582.x

60.Hawkins CL, Davies MJ. Hypochlorite-induced damage to proteins: formation of
nitrogen-centred radicals from lysine residues and their role in protein
fragmentation. Biochem J. 1998 Jun 15;332 (Pt 3) (Pt 3):617-25.
doi:10.1042/bj3320617.

61.Nightingale, et al. (2000). Relative reactivity of lysine and other peptide-bound
amino acids to oxidation by hypochlorite. Free radical biology & medicine. 29.
425-33. doi:10.1016/S0891-5849(00)00262-8.

62.Priitz, W.A. (1998). Interactions of hypochlorous acid with pyrimidine
nucleotides, and secondary reactions of chlorinated pyrimidines with GSH,
NADH, and other substrates. Archives of biochemistry and biophysics, 349 1,
183-91.

63. Spickett, Corinne & Jerlich, A & Panasenko, O.M. & Arnhold, Jirgen & Pitt,
Andrew & Stelmaszynska, T & Schaur, Rudolf. (2000). The reactions of
hypoclorous acid, the reactive oxygen species produced by myeloperoxidase,
with lipids. Acta biochimica Polonica. 47. 889-99. 10.18388/abp.2000 3944,

64.FUKUZAKI, S. (2006). Mechanisms of Actions of Sodium Hypochlorite in
Cleaning and Disinfection Processes. Biocontrol Science, 11(4), 147-157.
doi:10.4265/bio.11.147

65.U.S. Coast Guard. 1999. Chemical Hazard Response Information System (CHR
IS) - Hazardous Chemical Data. Commandant Instruction 16465.12C. Washingt
on, D.C.: U.S. Government Printing Office.

66. https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-
dichloroisocyanurate#section=Structures (visited 05.05.2020)

67.Henao, et al. Disinfection by-products formation and ecotoxicological effects of
effluents treated with peracetic acid: A review, Chemosphere (2018), doi:
10.1016/j.chemosphere.2018.09.005.

68.Kitis, M. (2004). Disinfection of wastewater with peracetic acid: a review.
Environment International, 30(1), 47-55. doi:10.1016/s0160-4120(03)00147-8

69.Novick, A., & Szilard, L. (1950). Description of the Chemostat. Science,
112(2920), 715-716. doi:10.1126/science.112.2920.715

70.Ziv, N., et al. (2013). The Use of Chemostats in Microbial Systems Biology.
Journal of Visualized Experiments, (80). doi:10.3791/50168

55


https://doi.org/10.1016/B978-0-444-59550-8.00002-8
https://doi.org/10.1016/B978-0-444-59550-8.00002-8
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-dichloroisocyanurate#section=Structures
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-dichloroisocyanurate#section=Structures

71.Yadav MK, et al. In vitro Multi-Species Biofilms of Methicillin-Resistant
Staphylococcus aureus and Pseudomonas aeruginosa and Their Host Interaction
during In vivo Colonization of an Otitis Media Rat Model. Front Cell Infect
Microbiol. 2017 Apr 18;7:125. doi: 10.3389/fcimb.2017.00125.

72.An D, et al. Quorum sensing and motility mediate interactions between
Pseudomonas aeruginosa and Agrobacterium tumefaciens in biofilm cocultures.
Proc  Natl  Acad  Sci  USA 2006 Mar  7;103(10):3828-33.
doi:10.1073/pnas.0511323103.

73. Ledwoch K, ef al. It’s a trap! The development of a versatile drain biofilm
model. Journal of Hospital Infection, under review

74.Zhang, C., et al. (2018). Inhibition of regrowth of planktonic and biofilm bacteria
after peracetic acid disinfection. Water Research.
doi:10.1016/j.watres.2018.10.062

75.Yap, B., et al. (2014). The effect of sodium hypochlorite on Enterococcus faecalis
when grown on dentine as a single- and multi-species biofilm. Australian
Endodontic Journal, 40(3), 101 - 110. do1:10.1111/aej.12073

76.Lineback, C.B., et al. Hydrogen peroxide and sodium hypochlorite disinfectants
are more effective against Staphylococcus aureus and Pseudomonas aeruginosa
biofilms than quaternary ammonium compounds. Antimicrob Resist Infect
Control 7, 154 (2018). https://doi.org/10.1186/s13756-018-0447-5

77.Comparing the Chlorine Disinfection of Detached Biofilm Clusters with Those
of Sessile Biofilms and Planktonic Cells in Single- and Dual-Species Cultures
Applied and Environmental Microbiology Oct 2011, 77 (20) 7176-7184;
doi:10.1128/AEM.05514-11

78.Morgenthau, A., et al. (2012). Assessment of the working range and effect of
sodium dichloroisocyanurate on Pseudomonas aeruginosa biofilms and
planktonic cells. Biofouling, 28(1), 111-120.
doi:10.1080/08927014.2011.654335

79.Buchan, B. et al. Effectiveness of a hydrogen peroxide foam against bleach for
the disinfection of sink drains. Infection Control & Hospital Epidemiology, 1 - 3.
doi:10.1017/ice.2019.72

80.Ledwoch K, Maillard JY. Candida auris Dry Surface Biofilm (DSB) for
Disinfectant Efficacy Testing. Materials (Basel). 2018 Dec 21;12(1):18.
doi:10.3390/mal12010018.

81.Kotay S, et al. Spread from the Sink to the Patient: /n Situ Study Using Green
Fluorescent Protein (GFP)-Expressing Escherichia coli To Model Bacterial
Dispersion from Hand-Washing Sink-Trap Reservoirs. Appl Environ Microbiol.
2017 Mar 31;83(8):e03327-16. doi: 10.1128/AEM.03327-16.

56


https://doi.org/10.1186/s13756-018-0447-5

