Preliminary Investigations in the
Potential Use of Dyéigands to

Bind Biological Macromolecules

by

Stefana Aprotosoaei

Canterbury Christ Church University

Thesis submitted for the Degree of MSc by Research

2022






Table of contents

s s 27z 7z 2z £ £ £ 1 7 £ 2z 7 £ 2z 7z £ 7z 7z 7z 7

Acknowledgementst .é é é € é e éecéééeéecéécééeéeécééeéeééeéeb

Abstracté é 6 6 é é .ééééééééééécéeecééeéeeceéeeeeeceeee. . . epé

s 7z £ 9z £z z sz

Listof abbreviatonsé ¢ é ¢ é €6 é € ééé éeéeéeéeécéeééeeéeeéeeee. 7.

1.

s 7z 7 s 7 7z 7 £ 2z 1z £ 1 7z £ 1 7 £ 1z 71 £ 1 7z 1 7z 7z z

Introduction é é ¢ ¢ 6 ééé .éeééééeééééeéeécééeeeceéeeeeeecece.

9
llForewordé € é e ééeééééééééééeeéééééééééee. . 9é.

1.2 Dyes and pigmentpastandpreserd € € € é 6 é 6 € é e éééééeéeéeéé.
1.3 Procion dye$ chemical structureandusésé ¢ ¢ é ¢ é 6 éééééeééé ..éel0

1.4 Principles of affinity chromatography/ é € ¢ € ¢ é ¢ é e éééééeééeéé. 3.1

=
(6]
>
©
=i
5
2
o
>
(72}
o
=
~*
>
(9]
d
Q.
o
>
Q.
<
D
(72}
5
©
=
o
—
®,
>
(@)
>
=
o
3
Q
—_
o
«Q
=
QD
e]
o=
<
o
o
o
[}
[}
[}
o
[}
D
H
(6]

1.6 Emerging infectious diseasést ¢ € 6 ¢ 6 6 éééeéééééééeééééeée.
1.7 Virus biology and bcteriophage T é é € é é é 6 é 6 é e éééééééé. 9
1.8 Molecules bearing the ability to bind pathogéng é é é € é é é 6 é é é é é é 19
1.9 Existingmechanisms to prevent transmission of infeco@sé é

1.10 Aimsand objectivesfthe preserdtudyé ¢ é € 6 6 é 6 6 6 é é¢é .66 é¢é23

s 7z 7z 7z oz

2. Generalmaterialsandmethod® é é ¢ é ¢ é ééééééeéééeéeéeéeéeééee. b

s 7z 7z z

21Materialsé ¢ é ¢ éééééééééeééeéecéeécéeecéeeeeeéeeeéeecéeb
2.2GrowthofEs c her i el1b stomk®cécéléié é

2.3 Bacterial protein extractioe ¢ e é e e e e éeééééeeeeeeéee.é.26
2.4 Bacterial genomic DNA extractigne é ¢ e é ¢ é é 6 éé e éeéééeééeb

2.5Bacterial RNAextractiop é é e ¢ éeéeeéeééééeeéeéeeeeeee é.27

2.6 Bacteriophage stock preparatioméstoraget € € 6 € 6 6 € 6 6 é € é € é é .27

D

2. 7The phageplaqueass@yé ¢ ¢ € ¢ 6 ¢ éééééécéééeéécééeéeééé .28
2.8 Preparation ofclear anddyepolysaccharide matrices é ¢ ¢ € € € € é € é é é .28

A

2.9 Traditional method for preparing chromatography colurdné é é ¢ é é é é é é 29

A s z £ z z £ Z

2.10 Dyeing of naturafabrics with Prociondyeé é ¢ ¢ é ¢ € é € é é € é

D
W
o

2.11 Statistical analyseasndfiguret é .6 é .éééééeééeééeéeéeéeéeée3l

3. Testing the bindingaffinit y of bacterial proteins to the Procion dye€ é é é é é é é é .32

31Methods.é é é e éééeééééeééecééecéeééecééecéeeé . 3R
3.1.1 Testing the affinity of bacterial proteinfor the Reactive Blue 4 dye

éééeécéééééeecéeéeececeeceeceeeeeee . .32



3.1.2 Testing the affinity of bacterial proteifisr the Procion dyes by SEFFAGE

,,,,,,,,,,,,,,,,,,,,,,

gel electrophoresisé e é e ¢ é e éeéeééeéeé.eéeéee. 3.3

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

3.2.1 Testing the affinity of bacterial proteinfor the Reactive Blue 4 dye

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

3.2.2 Testing the affinity of bacterial proteirier the Procion dyes by SBEFFAGE

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

4.1.1 Testing the binding of bacterial nucleic actdgthe Reactive Blue 4 dye.53
4.1.2 DNA binding to clear and dytagged DEAESephadex A0 in columné ..54
4.2.1 Testing the binding dfacterialnucleic acids to the Reactive Bludyk é 54
4.2.2 DNA binding to clear andyetagged DEAESephadex A0 in columné . 57.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

4.3.1 Testing the binding of bacterialicleic acids to the Reactive Blue 4 éy& 59
4.3.2 DNA binding to clear andyetagged DEAESephadex 40 in columné . 60.

,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,
,,,,,,,
,,,,,,,,
,,,,,,,,,,,

,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,

,,,,,,,,

///////////

3



53Discussiore ¢ e e ééééecéeéééeecééééeeceéééeeeceééée. .19

5.3.1 Testing the binding of phage to polysacchartsrices € é € é é € é 79

5.3.2 Testing the binding of phadge natural fabricé ¢ ¢ é € é é € é € é . 81
6. General discussion and future recommendatiotsé é é € é € é € é é €éééed
7. Conclusion.é 6 ¢ 6 éééééééééeééeceecéeceeceeeceéeeeeée. 88
8. Funding..6 é 6 éééééécééééecécééééeccéééeeceéeéeeceé.xs
9. References.. .ééé 6 éééééééééeécééééeececééeecéeééeeeéeé. 98

10.Appendixé e e é éeeeéééeeceeéeceeceeecéeéeeceéceeecccete

10.1

10.1.1 Testing the affinity of bacteriaproteins for the Reactive Blue 4 dye

10.1.2

10.1.3
10.1.4

10.1.5

10.1.6

10.1.7
10.1.8

s 7z 7z z sz

. 104

Results of statistical analysésé ¢ é € € € é €6 € ¢é .6 € é€éééééé ..l104

Eéécéeéécéécéecéeceééecéeceéeeeéece .e104
Testing the affinity of bacterial proteitigr the Procion dyes by SDBAGE
..................... 16
Testing theébinding of bacterial nucleic acids to the Reactive Blue €dy#6

and dyd¢agged DEAESephadex A0 in

gel electrophoresis é é € 6 é 6 € 6 é e é éééé.

DNA binding to clear
coumng é ééeéécéeéécéeéécééecéeé. . . 8.
the
eééeecéeéecéecéécéeééecéecéeééeecéee.
€ 122
é 123
Testing the binding of phage to pnestted silk and cotton and dry daR84
72

Testing effect of sodium chloride orphage survival

s s 7

Testing the binding of phage to polysaccharide matéces € é é é

7 s s oz

Testing the binding of phage to natural fabécsé é é é é é é é é

s s s s 7z £ 1 1 £ 1 £ £ 1 £ 1 7 £ s 7 7z 7

skt ééééééééécécééeéeceéeecéceeeeceeece.

11



Acknowledgements

With gratefulness, | would like to acknowledge Comax Life Sciences Co. Ltd. for providing the
concept and financial resources for the present study. Without their support the conduction of the
project would not have been possible. Namely, | would Eeoto thank Jason Comer and Dr.
Michael Comer for their ideas, guidance, patience, encouragement, and the time they regularly
invested in providing strategic and scientific advice throughout the period of the project.

Many thanks to Dr. Cornelia \lgon and Dr. Lee Byrne for their supervision, creative ideas and
instructions. Particularly, | would like to thank Dr Cornelia Wilson for producing great electron
microscopy images of my samples, included in my thesis. Thank you, Dr Lee Byrne, forhaking t

time to spend Mondays in the lab with me.

I would like to acknowledge the University of Liverpool for providing us with the T4
bacteriophage anH. coli K-12 host strain, and Calico Laine Ltd. for offering us silk and cotton
fabrics. Last but notelast, my appreciations go to Miss MinnatallakYalzbaki for her constant
help and valued suggestions she provided throughout the year.



Abstract

The uses in vastly diverse fields of dyes and pigments and the myths created around them
t hroughout hi story have helped to shape the
constitute an important class of reactive dyes, which are being mgedriy industries today,
including textile, printing, cosmetics, and science. Applications of these dyes in the affinity
chromatography of proteins has been extensively studied for over five decades. Their ability to bind
a large array of proteins could kethema suitable candidate® bind other macromolecules
biospecifically and in a differentiated manner. Nucleic acids or entities such as viral particles,
encapsulated in a protein coating, may also demonstrate an affinity to particular dyes. Covering
various surfaces with such dyes, including PPE, could provide a novel and inexpensive method to
limit the spread of viral diseases by capturing viruses. In this study, a selection of five Procion dyes,
including Blue MXR, Red MX5B, Yellow MX-4R, Red H3BN and Orange MXG, were bound
to DEAE Sephadex &0 slurry, and to cotton and silk textile fibres. A wide range of bacterial
proteins, bacterial genomic DNA and RNA were found to bind differentially to the undyed and
Procion dyetagged resin. Double strandB8IA showed promising interaction with the dyes when
passed through an improvised syringe column, containing Procieligdyel resin, especially with
Blue MX-R and Orange M>G. Interaction with Red M»B and Yellow MX4R reduced
bacteriophage titre substially in a T4 sample, upon exposure to dyed cotton. However, it is still
unclear whether these dyes may have the potential to control disease transmission. Additional
research, involving larger sample sizes and alteration of some parameters, liketpir @erdture,

should be conducted to validate the current results.
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1. Introduction

1.1 Foreword

The potential use of synthetic dyes to preferentially bind macromolecules would seem
intriguing, especially if this interaction demonstrated a capacity or was, in some way,
biospecifically relatedor occurred in a differentiated manner. Substant@dence has been
reported in the literature by several authors that this may take place in the case of proteies (Bair
al., 1976; Loweet al, 1981; Scawenet al, 1983). However, is it possible that other
macromolecules, such as nucleic acids @ingses, could behave in a similar manner (Michael
Comer, personal communication)? The present thesis describes preliminary investigations as a basis
to verify or invalidate the postulation that individually dyed surfaces are capable of binding RNA,
DNA and viral particles in a differentiated, reversible and biospecific way.

1.2 Dyes and pigmentgast and present

The history of dyes mingsawith the development of societies and has been associated with the
artistic and cognitive evolution of humanityhdir use dates back to prehistoric times, when various
pigments wereused for cave paintings, as a means of visual communication and artistic
manifestation. It has alwayseenand still is generally accepted that colour is able to influence
peopl e daens, meod ane social behaviour. Throughout history, many communities around
the world believed that colours possessed magical propentidaused natural pigments for both

dyeing purposes and for their healing pogndila-Leal et al, 2021;Wells, 2013).

The first evidence of the use of colours is thought to have originated in the Stone Age, when
pigments were prepared from a mixture of various soils, safidanimal fats. Many consider they
have been used to draw patterns on the skilase or cover the skin in order to confer protection
against the sun and insedtsaddition, some natural pigments like ochepresented the basis for
creating paints and were used for colouring various arteficteas also been proposed that
pigmerisingestion bythe prehistoric man could have supplemented dietary, sooh as the ochre
pigment(Ardila-Leal et al, 2021 Hodgskiss and Wadley, 20117

All dyes were naturally sourced before th& t8ntury and invariably consisted of plant omso
animal extracts. At that time, the colour range was not as vast, and they did not have such wide
applications as they do at present. Evidence of the use of dyes for colouring textiles dates back to

Antiquity. The first written evidence of the use of dy&as recorded in China around 2600 BC,



whereas in Ancient Egypt, the cloths used to wrap mummies were dyed with a pigment obtained
from madder plant. Other examples include the soldiers of Alexander the Great, who are believed
to have covered themselvesa red dye to appear injured to the Persians, thus misleading them.
Phoenicians in particular were well known for the manufacturing of dyes, among which a popular
one was the APurple of Tyreo, extracted, from
being totally forbidden to the lower classes. Some natural pigments produced by plants were used
as both colouring agents for fabrics, and were also thought to possess healing properties, a belief
that has created numerous myths around dyes acrossugies (Bafanat al, 2011; Siva, 2007;

Jensen, 1963; Wells, 2013).

Dyes represent coloured compounds which can interact with a suitable substrate in a process that
alters theirthreedimensional structureeither by being physically adsorbed ontioe substrate
mechanically retained, or by forming covalent
on its potential to absorb light in the visible spectrum of electromagnetic radiation, ranging between
400 and 700 nm. Nowadays, dyes areesively used ithe textile, food and cosmetic indues,
as wel | as for printing paper and colouring
economy (Bafanat al, 2011; Kanetkar, 2010).

The field of life sciences recognises the significance and vast use of dyes in many related
subdomains. For example, bromophenol blue fulfils important needs in molecular biology,
including being used as acid-base indicator, bearing the abilitydbange colour from yellow to

blue, when shifting from pH 3 to pH 4.6t is alsousedas a colour marker of proteins in SDS

n

PAGE gel el ectrophoresi s, all owing t he prote

bromophenol blue has even been used asdusinal dye. In microbiology, the Gram staining
technique uses a dye called crystal violet, a triarylmethane dye, to stain the peptidoglycan cell wall
of bacteria, thus enabling the differentiation between so called -Boaitive and Grarmegative
microomanisms (PubChem, n.d.; Walker, 1994; Aatal, 1998; Budiret al, 2012).

1.3 Procion dyes chemical structure and uses

Procion dyes are reactive dyes usdgdely in industrial dyeing processes of textiles, foods,
cosmetics, paper and inks prodaont owing to their increased reactivity and colour durabify.
essentiatharacteristiof thesedyesis their ability to form covalentbondswith the substratehey
interactwith, thusundergoingadditionor substitutionwith thefunctionalgroupspresentwithin the
polymer,suchas hydroxyl (-OH), amino (-NH.) andthiol (-SH). These include the azo class of
synthetic dyes, characterised by the presence of an azo-bbidt and aromatic groups, sulfonic

groups and sodiurnions in their structure. The dyeing process requires that thbelyell fixated
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to the substrate, by theldition of a base, such as sodium carbonate or sodium hydroxide, and an
electrolyte, like sodium chloride or sodium sulphate. Fixation is achieved by increasing the ionic
strength, reducing the double layer thickness of the electrons, thus facilitatingtdéike of dye
aggregates from the solution onto the polymer. In addition, salt plays a role in overcoming the
repulsion between the negatively charged dye and substrate, by concealing their surface potentials.
Bases are used in dyeing to elevate the pbmpting dye fixation via covalent bonding (Rahman

et al, 2013; Tappet al, 2000; Almeida and Corso, 2014; Hariahal., 2013; Epolitet al, 2005;
Hamlinet al,, 199; Ahmed, 2005).

The Prociondyeswhich have been used in this study are pnésg in Table L. Among these,
all of them, except the Reactive Yellow 14 dye, are part of the class of triazine dyes, molecules
containing a sixmembered, unsaturated ring, composed of three nitrogen and three carbon atoms
(Denget al, 2020).

11



Table 11 Names of the selection of five Procion dyes used in the present study and the
molecular structure@iagrams created using ChemSketch, version 5.0)

Reactive Blue 4 (Procion Blue MXR) Reactive Orange 1 (Procion Orang®X-G)
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1.4 Principles of affinity chromatography

Over the past 50 years, an essential requirement for the development of biotechnological
innovations has been relying on efficient techniques for purifying proteins. Advancements made in
the field of protein research, such as the use of computensézito study the structure and
interactions with other molecules, the expansion of databases containing key information about the
function and conformation of sequences, the improvements in laboratory techniques and
manufacturing of specialised kits foardling protein products, have all contributed to more
straightforward and controlled methods for the accurate separation of proteins. The isolation of
target proteins is particularly important within the pharmaceutical industry, where the generation
of highly pure proteins is indispensable for the production of new vaccines, hobased
therapies, and antibodies (Erssdral, 2011; Boyer and Hsu, 1993; Gallantal, 2008).

Chromatography represents one of the main methods for the purifichpiosteins, as well as
other biological molecules (Boyer and Hsu, 1993). Chromatography refers to a set of laboratory
techniques which enable the biophysical separation, identification and purification of the
constituents present in a mixture, on the ba$icertain characteristics, such as size, shape,
hydrophobicity and polarity. The method is carried out by passing the mixture dissolved in a fluid,
termed the mobile phase, through a stable, solid structure, called the stationary phase. As a result
of the properties mentioned above, the various components will pass through the chromatographic
system at different speeds, therefore becoming separated from one another (Charlton and Zachariou,
2008; Coskun, 2016).

The first chromatographic procedurev@deen known since the 1800, when the method used
to be performed by artists to prepare coloured gradients. Later, at the beginning &fd¢aetary,
the Russian botanist Mikhail Tswett introduced the first liquid chromatography column, which he
usedfor separdhg plant pigments, such as chlorophyll, carotenes and xanthophylls. As the
separated elements were coloured, his experiments determined the standardisation of the
techniqueds name to fAchromatographyo fAgcrde dk
meani ng fA(Kumeriavand Samtos) 2015)he use of immobilised biological agents to
segregate particular targets originated a few years later, in 1910, when Emil Starkenstein used this
approach for t he-anyiasesusingrisdlubie statclo as ithe stdti@narye phade
(Priyadarshinet al, 2016; Rodrigueet al, 2020). In 1951, Campbell used the principle of affinity
chromatography to purify antiovine serum albumin antibodies from rabbit, using a column
containing bovine serum albumin and diazotised p-aminobenzycellulose, called
immunoadsorbent column, which established the basis for immunoaffinity chromatography (Roque
and Lowe, 2008).
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The three main types of chromatography include gas, liquid, and supercritical fluid
chromatography. Liquid chromatography may be further sdlssified into planar
chromatography, including paper, tHayer (TLC) and higiperformance TLC, and column
chromatography, referring to high performance liquid chromatography (HPLC);higtra
performance (UHPC), ieexchange (IEX), sizexclusion and affinity chromatography (AC).
Liquid chromatography uses an inert support presenting various chemical gubigssjnteract
with the molecules of interest, thus causing their separaitiehis mainly applied for the separation
ofnonvol atile, thermally unstable samples.-. Such
exchange chromatography, on spediiicding in affinity chromatography, on size in gel filtration
or size exclusion chromatography, on hydrophobicity in hydrophobic interaction chromatography
and reverse phase chromatography, and on multiple properties in multimodal chromatography
(Priyadarsini et al, 2016; Coskun, 2016).

Column chromatography is generally employed for the purification of biomolecules. It is
considered a more sensitive method for purifying proteins, due to their various characteristics, such
as different sizes, confomtions, net charge and binding capacity (Coskun, 20ABnity
chromatographys a type of liquid chromatographwhich usesmolecular bonds resembling the
biological enzymdigand interactionsto separate and identify the components of a sample. A
molecule bearing a recognition ability or specifigigalled ligand is immobilised on a suitable
insoluble matrixcalled a polymer. The passage of the solution containing the binder through the
chromatographic column, consisting of the polymeric materagctvely captures the target
molecule, under favourable conditions. An eluting solution is then used to desorb the target by
adjusting the ionic strength, pH or temperature of the solvent or by using free ligands; these are able
to compete for the bindin site, thus breaking the interaction between the resin and the

macromolecules (Hage, 1999; Denizli angki?i, 2001).

When choosing the chromatography resin, the user should consider a number of attributes that
the matrix shoulgresentin order toefficiently isolate the target proteins. The support should be
inert, thus exhibiting negligible interactions with proteins; it should create a porous network,
allowing easy permeation by macromolecules. Its chemical structure must allow the attachment of
ligand under normal conditionand the chemical interactions with the ligand should be stable for

the conditions of binding and elution (Roque and Lowe, 2008).

14



1.5 Applications otheProcion dyes in protein chromatography

Throughout the vyear s, since the introductio
purification protocols have gradually shifted towards affinity chromatography, which is a more
selective and elegant nheid to isolate biomolecules. It is able to simulate naturally occurring
biological processes, such as molecular recognition, where the choice of suitable ligands to bind
the target is essential. To pinpoint only one process in which ligands play a kepeaidrane
associated receptors are worth mentioning, such as cytokine receptors, glycoprotein structures
which bind various cytokines and are involved in signal transduction. The recognition site is present
on the surface of virtually all biological moldes, which can selectively pair up with the molecule
of interest. Thus, exploring the potential of natural ligands and usimtié production of synthetic
ones for the separation of molecules is highly advantageous (Lowe, 2001; Novick and Rubinstein,
2012).

lon-exchange resins containing common ligands have leegrused as affinity polymers in
protein chromatographyn fact, the most effective method for enzyme purification relies on the
interaction with its specific ligands. Most common dffin ligands include peptides,
oligonucleotides, antibodies and receptor proteins, all of which bear high biorecognition abilities
with the complementary target proteiffinity chromatography of proteins implies that the ligand
binds to an insoluble polyen; thus, depending on the interaction specificity of the enzyme to its
ligand, the bond between the enzyme and the polysaccharide resin can be disrupted i.e. the linkage
forming between the enzyme and the resin polymer is overcome by the addition of subgtnate
(Baird et al, 1976; Lowe, 2001).

Dye affinity chromatography represents a convenient purification technique due to a
combination of features, which allows the chromatography of some proteins difficult to purify by
other methods: the higpurification ability of iorexchange chromatography and the unique
selectivity. Today many manufacturers of chromatography matrices supply dye ligand resins. In
order to meet the optimal conditions for product binding and elution, the user may needdbo cont
the mobiledbs phase conductivity, thus wvarying
chromatographic support. In case of increased hydrophobicity, elution may become challenging,
therefore the elution buffer could be mixed with a solverdegergent to aid elution. Generally,
low ionic strength buffers, with molar concentrations below 100 mM, promote protein binding,
while higher concentrations (up to 1 M) should be used for elution. If the binding is too strong, the

modification of pH is reommended (Gallargt al., 2008).

Cibacron Blue F3&\ (CB3GA)wasone of the first monchlorariazinyl dyes to be immobilised

on dextran and agarose, proving useful in purifying proteins in affinity chromatography,
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particularly efficient inbinding kinases, dehydrogenases, glycolysis catalases and proteins present

in blood Cibacron Blue is a reactive monochlorotriazine textile dye, consisting of multiple aromatic

rings, of whichprimary and secondary aromatic amine groups, to which threle atilfonate

groups are attachggrigure 1.1) The chromophore of blue dextran is believed to function as a
nucleotide or coenzyme, by simulating the shape, aromatic structure and charge arrangement of

A theory ypaoltlhett smpt ARdgntuol eapl di

ability to bind such a large array of proteins and enzymes, states that the similarity in structure with

nucl eoti des.
NAD* moiety enables CB3GA interaction with proteins displaying a dinucleotide fdld
-structt

fidi

dinucleotide fold rpresenta n evol uti onarily conserved
sheet ésmCnus. t he

bind CB3GA, seems to invalidate this the@rpwe et al, 1980;Lowe et al, 1981; Kumaret al,

However, absence of a nuc
2009; Andacet al, 2007; Wilson, 1976)Examples of such proteins include serine proteases,
cytochrome C and arBNA antibodies (Kochet al, 1998; Thompsomt al, 1975; Emlen and

Burdick, 1983).Thus, some other modes of moleculderactions have been considered, such as

hydrophobic, ionic or donesicceptor bondd_owe et al, 1981).

C|)H
0=S=0
g HN
NH
PN
Jl\ /)\
H,N NH °N cl
O:?:O O:Sl’,:O
OH OH
Figure 1.1.Molecular structure of Cibacron Blue F3%G
(Created using ChemSketch)

The use of Procion dyes for the purificationesfzymes has been well studied before. The
complex forming between polysaccharide matrices and Procion dyes may be used in affinity
chromatography for the purification of enzymes, as strong, covalent bonds establish between the
enzyme and the coloured conypals. Procion dyes represent a group of reactive synthetic dyes,
with a chemical structure consisting of a chromophore group, giving colour to the comaodnd
including the anthraquinone, azo and phthalocyanine chromophores, and a reactive part, comprising

the triazine ring. There are over 70 triazine dyes, classified into dichlorotriazinyl dyes, including
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Procion MX, and the monochlorotriazinyl Procion yd.The triazine group reacts with hydroxyl,
amino and amide groups, forming stable-dyéstrate covalent bonds (Baetlal, 1976; Dudman
and Bishop, 1968; Atkinsoet al, 1981).

A large variety of proteins have been purified using Procion dyesobilised on inert
chromatography supports. For example, it was found that inosiiienoBophosphate
dehydrogenase sourced fr@ncolibound to various Procion dyeSepharose 4B conjugates, with
high specificity. Also, it has been suggested that sopeecovery of enzyme and enzymatic
activity was obtained upon elution from Proci
biological adsorbents, like adenosine monophosphate and guanosine monophosphate synthetase
(Loweet al, 1980). Other enzymemirified using Procion dyes were polynucleotide phosphorylase
U3, i sol at eidSephardse(BrociorBoRi€s in buffer of low ionic strength, glycerol
kinase fromB. stearothermophilydinked to Procion Blue MX3G, Yellow MX-R and Yellow
MX-6G. Moreover, carboxypeptidase G frdPseudomonawas isolated using various such dyes,
with superior bindingn terms of recovered activityeing observed in the case of Blue NRX
Sepharose 4B. Another experiment within the same study showed that theeamyithalso be
eluted using a buffer consisting of 0.1% Procion HE3B (Drocsiuat, 1978; Scawest al, 1983;

Bairdet al, 1976).

Affinity of the proteins to the matrikmmobiliseddyesdepends on a range of factors, including
the type of resirthat the dye is bound to, the physical distance between conjugated molecules
(spacer arm), temperatur e, t he equantdolobmnat i on
volume. The inert support should fulfil a number of characteristics in order mo $tmong
interactions with the dye, including hydrophilicity, chemical stability and sufficient number of
reactive groups to enable the substitution with the dye. Some matrices may have a higher capacity
to bind dyes than others; however, this does notagi@e an increased ability to absorb proteins
(Loweet al, 1980; Loweet al, 1981).

1.6 Emerging infectious diseases

Throughout history, the spread of infectious diseases has caused considerable suffering due to
associated morbidity and mortality. However, over the past decades, humanity has witnessed a
major increase in the emergence, incidence and transmissaoloéliseases, all around the globe.
|l nfectious di seases, al so termed Acommuni cabl e
be disseminated from one host to another by various modes of transmission, including airborne,
waterborne, bodily fluidspr via contaminated fomites or vectors, such as infected animals and

insect bites. In humans, the vast range of pathogenic agents producing diseases includes bacteria,
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viruses, fungi, protozoa and worms (StBdurgeois and Ratard, 2005; Plattioal, 2020; Saker

et al, 2004; Balloux and van Dorp, 2017). Antimicrobial resistance is imposing a considerable
threat to public health, as pathogenic microorganisms no longer respond to treatment, thus
increasing the risk of disease spread, prolonging hogaiteihs and, consequently, generating
negative socieconomic effects (McMichael and Woodruff, 2008; WHO, 20IMerefore,
methods to reduce the pathogenic lawell as novel treatmenteed to be strongly considered

in modern day communities, notlgrio decrease disease incidence, but also to treat specifically

potential sources of infection.

Large pandemics have begleading causef deathfor many centuries, among which plagues,
such ascholera, smallpox, tuberculosis, influenza and, mecemtly, coronavirus infections, are
noteworthy In 1995, 17million out of 52 million deaths had been attributed to communicable
diseases, including pneumonthologicaldiarrhoea, tuberculosis, malaria, AIDS and hepatitis
B. In recent times, the wondde disease and death trends have shifted towardsaromunicable
diseases, such as cardaspiratory, diabetes, kidney and neurodegenerative conditions. However,
according to the World Health Organisation, communicable diseases still representeditiofee
thetop ten global leading causes of death in 2019, among which lower respiratory infections and
diarrhoeal diseases are transmissible. In additimrfality rates due to communicable diseases
vary between highly industrialised and Aodustriali'd countrieswith poorer areas being more
often stricken by health crises. The poorest fifth of the world population is particularly affected by
such illnesses, the rate of multiple infections being higher iAhaame regions, in comparison to
wealthiercountries (Plattet al, 2020; Stra#Bourgeois and Ratard, 2005; WHO, 2000; WHO,
2020; Sakeet al, 2004).

Urbanisation and globalisation have resulted in ecological disturbances, which have been linked
to the occurrence of new zoonoses. Anthrgmgundertakings have brought humans and wildlife
closer together, allowing pathogens to transit between species. Also, the likelihood of infection
spread has been associated with densely populated areas, particularly in urban environments, where
communites live compactly, use public transportation and are predisposed to interaction with a
multitude of international tourists. Thus, the beginning of the year 2020, marked by the emergence
of the new SARSCoV-2 pandemic, was a reminder of how far we sté aiom eliminating the
global burden of infectious diseases, despite the progress medicine has achieved lately. The first
cases of the new respiratory disease have been
Wuhan, China. The 96% nucleotideggence identity between the new virus and a bat coronavirus,
BetaCoV/RaTG13/2013, indicated that the origin of the former may reside in the crossover from
an animal to a human host (Plagbal, 2020; Ansekt al, 2020; StraHBourgeois and Ratard,

2005 Velavan and Meyer, 2020; Bulut and Kato, 2020).
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1.7 Virus biology and bacteriophage T4

Few areas of science are as compelling as the study of viruses. Viruses represent acellular and
anucleated microbiological entities, able to cause diseases by attacking the cells of a host organism,
by means of which they survive and replicate. Duthéoabsence of a nucleus, it is hard to argue
whether viruses are living or néiving. In order for a structure to be considered alive, it must
incorporate an intrinsic metabolic system, thus meeting specific characteristics, like being able to
perform maement, respiration, nutrition, excretion, reproduction and growth by Nselfses are
unable to carry out these functions independently of a tudth made thenibe recognised as
Aobligate parasiteso. Viruses psedosrepoduceaby i nf e
inserting their genetic material insidéhost, and using the metabolism of the latter to serve their
own needs (Villarreal, 2004; Yewdait al, 2018; Gergerich and Dolja, 2006).

Bacteriophages, or phages, represent a familyiroses which invade bacterial host cells,
disrupting their metabolic processes and determining cell lysis. T4 bacteriophage is a large, tailed,
doublestranded DNA virus, which infecEscherichia colibeing one of the most complex viruses,
and known tdbe able to produce more than 40 proteins. Structurally, T4 phages consist of prolate
icosahedral heads called capsids, made of proteins termed capsomeres, which encapsulate the viral
nucleic acid. Their tails are made of a contractile sheath, endingseplhte, from which multiple

projections called tail pins arise (Sulakvelidzel, 2001; Fokinest al, 2004; Leimaret al, 2003).

1.8 Molecules bearing the ability to bind pathogens

Transmission of viruses via fomites occurs when droplets prodiyocddusinfected individuals
fall on various surfaces, from where they can be easily picked up by another host. Despite only
being able to replicate inside a host organism, some viruses can remain viable on fomites for several
days, just aSARSCoV-19. Thus,fomitesare highly responsible for the spread of viral diseases,
in many environmentonsequently, prevention should be the main objective of research aiming
to control the dissemination of pathogens, which coulddigevedby microbial detectiomusing
specialised tools (Cagtaet al, 2021; Boone and Gerba, 2007; van Doremateal, 2020 Draz
and Shafiee, 2018).

Nanoparticles are small, solid particles ranging betweeto 100 nanometres (nm), which
have become increasingly studied during the past dedadesnt advances in nanoscience have
led to the development of nanomaterials designed to identify infectious agbots. among

numerous other functions, nanoparticdescurrentlybeingusedfor the development of bioassays
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and sensorsnd their basic characteristics make them a good candidate for pathogen recognition
and capturingMohanraj and Chen, 200Bayet al, 2012;Mustafaet al, 2017) For example, gold
andsilver nanoparticles have been used for pathogen detection by observing the alteration in optical
signal after the addition of the microorganism of interest to functionalised nanomaterials. Moreover,
silver is known to exhibit antimicrobial activity againbacteria, fungi, protozoa and even certain
viruses upon release of toxic ions. Otheetal nanostructures like coprdgold/silvertellurium

may be used for modelling nanowires, nanotubes and nanoarrays, which have been shown to

expressantimicrobid propertieqde Azeredo, 2013Rayet al, 2012.

Pathogen recognition may be achieved by using nanomaterials conjugated with functional
groups presenting targeting potential, such as antibodies, organic ligands, antimicrobial peptides
and aptamers, which can recognise antigens presentonthe pathege s ur f ace wi t h hi g
Nanomaterials have large surface areas, allowing a great number of detecting elements to attach to
them, thus enabling the identification of multiple pathogens simultaneouslye{Rby2012).

Aptamers represent sihasingle-stranded DNA or RNA sequences, measuring abeung,
with role in binding specifically and with high affinity to nowcleic acid targets, such as the
epitopes displayed on the surface of bacterial cells. These are synthesised by the SHidEX met
(systematic evolution of ligands by exponential enrichment) performed in multiple cycles; this
consists of three main steps: small nucleic acid sequences are first synihasgisednd incubated
with the target, the unbound sequences are remonddha bound sequences are used as templates
and amplified by PCR. Nanoparticles modified with antimicrobial peptides can attach non
specifically to the negatively charged lipopolysaccharide outer membrane ofnggative
bacteria, or to the peptidoglycarecursors, necessary for the cellular wall synthesis. After
detection, pathogenic bacteria undergo photothermal killisigg neainfrared light (Tenget al,
2016; Rayet al, 2012).

Gold nanoparticldased colorimetric assay can be an easy rddfitroidentifying bacteria by
monitoring colour changes with the naked eye; the assay relies on the principle of surface plasmon
resonance, which refers to the oscillations of free electrons upoatexuoitith an optical beam, a
basic property of metalamoparticles. The intgrarticle distance between gold nanoparticles
determines their colour; when the distance between spherical nanoparticles shortens, the
phenomenon of interparticle plasmon coupling induces a colour change from red to blue, which can
be used for pathogen biosensing by their aggregation on the surface of themgartism (Rat
al., 2012; Srivastavat al, 2012; Vermaet al, 2015).

Viral detection assays rely on the use of biospecific antibodies. Synthetically engineered
antibaly fragments with high affinity for the receptor binding site of COMID 6 s spi ke pr o

proved useful both in identifying viral particles and impeding their entry into the host cell. The
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method relies on splgnzyme complementation using two fragmerits-tefttamase to generate a
fluorogenic signal: when the -Nand Gterminal segments of the enzyme attached to antibody
fragments recognise two distinct viral epitopes, they can bind to the receptor binding site. The same
complex showed promising resultsdetecting Zika and Ebola antigens (Slezak and Kossiakoff,
2021).

Molecular imprinting may be used for detection of viruses. The technique implies that cavities
of high affinity and selectivity are created in polymer matrices using templates, where viruses,
which range in size from 10 to a few hundred nanometreditcaue to a geometrical match; this
way, viruses cabedetected, and the mould created in the polymeric surface can be considered an
artificial antibody (Haydemet al, 2006).

1.9 Existing mechanisms to prevent transmission of infections

Although infections represent an unavoidable aspect of life, there are numerous available
strategieswhich may help reduce the transmission of communicable diseases. Since 1950, the
global life expectancy has increased by 24 years, due to a significant redubtimnan mortality
caused by infectious diseases. The development of public health services across the globe gave rise
to improved medical practices, antibiotics, and vaccination programmes. In addition to these, higher
incomes, access to better nutritioreart water and proper hygiene and sanitation, have led to

superior management of epidemics (Drexler, 2010; Asisal, 2020).

A number ofimportant preventive mechanisms have been in place from the beginning of the
COVID-19 pandemic in 2020. Consequently, social distancing, frequent handwashing, the
mandatory wearing of face masks, travelling restrictions and testing rules prssentialin
reducing the incidence of coronavirus infections worldwltidas been shown that air samples
from patients infected with SARGoV-2 which contained viable virions could be collected from
2-4.8 m away from the patients, emphasizing the role of appteppersonal protection to avoid
catching the diseag@nseret al, 2020 Lednickyet al, 202Q. Face coverings confer protection
by lowering the number of virusontaining droplet emissions, which increases with voice
amplitude or loudness during speethus, some people may emit high numbers of droplets while
speaking and could therefore be supereaders. The number of particles ejected during speech
range from 1 to 50 per second, increasing to approximately 3000 when coughingamhce
equalling asnany as 40,000 droplet nuclei during sneeffdgrtiuset al, 2021; Zachariast al,

2021; Cole and Cook, 1998pterestingly, the systematic use of protective face masks can be traced
back to the Spanish Flu pandemic, occurring between-1928. A jounal article published in

1919 stated that overcrowded military establishments had been stricken by an increase in influenza
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casesdue to exposure to saliva droplets of infected individuals, encouraging the population to wear

multi-layered gauze face cawegs (Simonettet al, 2021; Weaver, 1919).

The COVID-19 pandemic has confirmed that our knowledge about the transmission of airborne
viruses was rather deficient. The airbodigseminatia of respiratory infections has been highly
overlooked, suggsting that the traditional understanding of how aerosols are passed on between
hosts should be updated. Gatherings in enclosed spaces, such as meeting rooms, offices, schools,
and social events taking place indoors, have proved challenging in mitigairspriead of such
infections. Close faceto-face human interaction, combined with inadequate ventilaticay
facilitate the rapid buildup of viral particles in the air, thus increasing the risk of contracting the
respiratory disease. In view of the cuntrsituation and considering that further pandemics are likely
to occur within the next decades, there is a need for precautionary methods to be planned in advance
(Wanget al, 2021; Curtiust al, 2021).

In addition to wedng protective facenasks filtration of air in confined spaces may provide an
option for eliminating airborne viriondn this case, the spread of infection is linked to the
concentration of breathable pathogens present in the indoor air. Using appropriate room ventilation
to dilute and remove contaminated air by redirecting the airflow may reduce the risk of pathogenic
transmissioncfFor exampl e, commer ci al -elfEfPiAcifdn dy rpsar tsitc
appear to be highly efficient in purifying the air, being dbleetain around 99.96% of actinophage
particlesand remove particles with a diameter equal to or larger than 0.®uring WWII, the
US military force required filtering instruments, for both individual and sharedwdeh could
confer protection agash chemical and biological warfare agents to the soldiers. At the beginning
of the war, the British Army captured a gas mask canister from the Germans and discovered a piece
of paper contained within, which could trap chemical smoke very efficientlyywHtgetained as a
model for manufacturing protective masks for the troops. Operational headquarters particularly
were in need of such units, but the use of unitary gas masks was imprdctics the US Army
Chemical Corps developed a safety device known
both a mechanical air blower and a purifier. This consisted of a pleated ceslmsstios piece of
paper, also used for the fabricatongphs mas ks, whi ch was the precul
(Roelantset al, 1968;Medical Advisory Secretariat Ontario, 20F5tst, 1998).

Among the measurésiown todecrease exposure to air contaminants, indoors air filtration may
be the most pradical compromise between an efficient air purifying system and the comfort of not
being required to wear a faosask. Indoor air filtration is an important control measure ingit
the inhalation of notiological air polluters, such as dust, smoke andtiltel compoundsthis is
also able toeduce thepread of some biological contaminants, including fungi, mould and viruses.

Purification of air in enclosed spaces can be achieved by home heating and ventilation systems,
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including air conditioning, room micleaners and purifiers. Such devices that are currently
accessible on the market consist of multiple layers, generally incorporating a prefilter, a carbon, an
antipathogenic and a HEPA filter. The latter have been initially used in hospitals airofiltrati
systems and have been later included in home air purifiers. Additionally, these are incorporated
inside the filtering system of biosafety cabinets of science laboratories (Vgaghn2015; Frey

et al, 2020).

Giventhe knownability of the Praion dyes to bindn extensive selection giroteins it could
be speculatedhat they may also bind the protein capsid of virudesich affinity occursit could
be possible to immobilise viruses on various dyed surfd@gion dyes arerimarily used as
textile dyes and are inexpensiempoundgSariet al, 2017) Therefore, the use of Procion dyes
in colouring facemasks maypotentially enhance their efficiency, whipeoviding a cheaper and
handier alternative of protectioragainst tansmissiblerespiratoryillnesses, in comparison to
standard preventive measuré#ile it is important to note th&rociondyedface masks, just like
standard face coveringsiould notprovidea replacement for vaccinati®nproper hand hygiene
and isoétion orquarantine they may be more universally accessible and socially accepted. In
addition, they may confer immediate protection and prevention against didedisadvantage of
usingProcion dyess that they ardarmful to aquatic lifecaused by thpollution of wastewaters
resultingfrom the textilecolouring industryand indirectly to human healfRahmaret al, 2013)
When in powder formreactivedyes are known to produce respiratory and skin sensitisduimn
only before beingapplied to fabric{Dockeret al, 1987; Maiphetlho, 2007 However during
intense perspiration, reactive dyes may transfer to human skin and penetrate it. In such cases, the
employment of methods to increase colour fastisagzommended, to avoid theanrrence of any

allergic reactiongLemeet al, 2014).

1.10 Aimsand objectivesf the present study

The present studwims to investigatehe binding of biological macromolecules
(includingbacterial proteins and nucleic acids) to the Prodiaes, as well as their potential
use in binding viral particles (bacteriophage T#he study will start by testing and
confirming the principle that Procion dyes have the ability to bind a large array of proteins,
which has been extensively proved in gast, by using a selection of five dyes. Then, the
interaction between these and bacterial DNA and RNA will be explored and quantified.
Afterwards, in order to examine the ability of Procion dyes to immobilise viruses, potential

binding of T4 bacteriophaggarticles to the dye compounds will be assessed. This will be
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approached in two different ways. Firstly, phage will be passed through a chromatography
column and eluted. Secondly, pieces of fabric dyed with the choice of five Procion dyes

will be incubate with a phage solution, and the change in titre will be monitored.

Exploring the possible applicatiarf the Procion dyem capturing viral particles could
be employed to challenge the spread of transmissible viral diseases in the future. As these
dyes have been used in the past in the affinity chromatography of a large number of proteins
and enzymes, it is reasonable tq@bthesize their prospective use in forming chemical
linkages with the protein coating of viruses. Consequently, their application in dyeing face
masks or other items of personal protective equipment could inactivate and capture viruses
due to attachment tthe dyed fabrics, thugonsiderablyreducing exposure to the
potentially high viral loads present in the air. Additionally, dyeing the filters of air purifiers
with Procion dyes might provide a cheap and clever wdyotsttheir filtering capacity
and esure clean, viru$ree indoors air, for example in homes, hospitals, schools and other
public units, especially during epidemics. Such approaches would be convenient self
protective measures and easy to implement by many people.
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2. Generalmaterials and methods

2.1 Materials

The initial stocks oEscherichia colb-10 (K12 strain)wereprovided by Blades Biological Ltd.
(Cowden, Kent, UK); the T4 bacteriophage and the specific T4Ehasili K-12 were a kind gift
from the University of Liverpool (Liverpool, UK). The DEAE Sephade@was obtained from
Cytiva (US). The Procion dygesorsisting of Blue MXR, Orange MXG, Brilliant Red H3BN,
Red MX-5B andYellow MX-4R, were purchased from Thermo Fisher Scien{ilempstead, UK
and SigmaAldrich (Dorset, UK) General chemicals and growth medium componevise
purchased from Fisher Scidit, SigmaAldrich andFormedium LtdHunstanton, UK)

22Growt h of E s-tOrstecks c hi a col i b

The aseptic techniqueas employedwhen performingbacterial culturing, byworking in a
laminar flow safety cabineand using sterile materials and equipmefn initial stock of
Escherichia colivas used for growing subsequent colonies, by inoculating-Baitani (LB) agar
or yeast agaplates prepared according to the protocol of Elbing and Brent (2@48)singthe
streak plate methodhe plates were incubated overnight in a convection incubator (Jeio Tech IB
05G, Montreal Biotech Int.), af73C. Mini-cultures were prepared by isolatinggie colonies from
the agarplates usingsterile plastic pipette tip@ndreleasing thenin individual centrifuge tube
containing 5 ml of LB mediugH, TYGPN, 2< TY or Superbrothmedium preparedaccording to
the protocols of Elbing and Brent (2018). $Shavere incubatedvernight(approx. 18h)in an
orbital rotatingshaking incubatofMaxQ 5000, Thermo Scientificat 37C and 180 RPMFlasks
containing 250 ml othe abovementionededawere inoculated with 2:3 ml of the minicultures
and werdncubatedor at least 2thours at 37C, shaking at 180 RPMrhe liqud colonies were
poured ito 50 ml Falcon tubescentrifuged at 450@RPM for minimum 10 minutegHeraeus
Megafuge 8, Thermo Scientific), discarding the supernatantherizhcterial pellets were stored at
-80°C.
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2.3 Bacterial protein extraction

Tubes containindgrozen bacterial pellets were thawed at room temperature, suspended in an
equal volume ofsterile 0.1 M PBS, and sonicated using an MSE Soniprep 150 ultrasonic
disintegrator by passing the sample through the probe f8rs&conds, mimum 50 timesThe
lysatewastransferred to microcentrifuge tubes, centrifufprd0 minutest 11,000 RPM (Heraeus
Fresco 17 Centrifuge, Thermo Scientifig) £C and theproteincontaining supernatant was
collected discarding the pelletsProtein concentration was measured usingD&11

Spectrophotometer/ Fluorometer (DeNoyia) 280 nmand the solution was stored-20°C.

2.4 Bacterial genomic DNA extraction

Bacterial genomic DNA was extracted using a general genomic DNA extractitotq@. The
centrifuge tubes containing bacterial pellets were thawed at room temperature, suspended in an
equal volume of PBS, and mixed by pipetting. An equal volume of cell lysis wdfeadded to
the sample and mixed by vortexinbhe lysis buffeicontaired 10 mM Tris solutionat pH 8,100
mM NacClsolution 10mM EDTA solutionat pH 8,10%(w/v) SDS solution to a final concentration
of 5%and 2CL of a 20 mg/m. Proteinase ksolutionper 1 ni. of buffer. The sample was incubated
in a thermal mixe(Eppendorf Thermo Mixer F2.0, Sigr#ddrich) for 1 hour,at 56C and1400
RPM; alternatively, a water bath seti®fC and occasional vortexing was used when working with
larger sample volumes The sample was extracted with an equal voluoé
phenol/chloroform/isoamyl alcohol (25:24:(cros Organics)mixed by invertingto completely
combinethe phasesand centrifuged at maximum speed for 5 minutesOARPM for small
sample volume placed in small microcentrifuge tubes) or 25 minutes RFAdor 50 mL Falcon
tubes). The upper aqueous layer, containing DMas transferred tireshmicrocentrifugeubes
followed by the addition of mL of 100%(v/v) ethanol(RT), and the tube was inverted repeatedly
to form DNA precipitates. The sampleawleft to incubate at room temperature for3®% minutes
and then centrifuged at maximum speedffid25 minutegfor small and large sample volumes,
respectively) The supmatant was discarded, and the DNA pellet was washed v&tmi2 of cold
70% ( viv) ethanol(-20°C), followed by centrifugation at maximum speed feb Pinutes. The
supernatant was discarded, and DNA was left to dry at room temperature or in an iretudtCr
Dry DNA was resuspended irdasiredvolume ofUltrapure, DNase/RNadeee watel(Invitrogen)
and stored a20°C. Alternatively, the pellet may be resuspended in TE buffer at pH 8.
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2.5 Bacterial RNA extraction

Bacterial paste was thawed at room temperature and resuspended in 10 volumes of sterile
distilled water by continuous pipetting. A volume of &20of suspension was transferred to a fresh
mi crocentr i f uge Ltaudilheof thetcwturemhuing) of TRIzd@ i@agent(Fisher
Scientifi was added, f ol | owe df chioyoforin lfaefifthaofdhed TRizolo n o f
volume) and the mix was left to incubateRat for 2-5 minutes. The solution was centrifugied
15 minutesat 12,000RPM and4°C, and the aqueous phase was transferred to a fresh tube and
mixed with an equal volume of 100% (v/v) isopropanol. The mix was centrifuged for 10 minutes,
at 10,000 RPM and°€, discarding the supernatant. The pellet was resuspended in 70% (v/v)
ethanol ad centrifuged for another 10 minutes, at 10,000 RPM &@gddiscarding the supernatant.
The RNA pellet was aidried at 37C for 10-15 minutes on a heating blgand was resuspended
in a desired volume of TE buffer at pH 8.

2.6 Bacteriophage stocreparation and storage

The protocol was first defined by Ceelen (201®)igh titre phage lysate was used for this
experiment ¥10° PFU/nL). The lysatewvas kindly gifted by the University of Liverpodts titre
was determined by the plaque assay, described in the following section (sectiém 2B)E. coli
K-12 mini-culture was prepareahd incubated ovaight; 100eL of liquid bacterial culture were
used to inoculat® aliquots ofLB medium each containind0 nL, already supplemented with 50
eL of 1 M calcium chloride solution and Q. of 1 M magnesium chloride solution. The aliquots
were incubated at 3T, with 180RPM agitation, for one houiThis wasfollowed by the addition
of 1 @ftigretite phage lysatéo each aliquotAnotherfive-hours incubation at 3€ and 180
RPM followed. The aliquots were pooled and centrifuged at 4RB60/ for 25 minutes, filter
sterilised usinga 02 m f,tokremave bacterial cell lysatemd the tite was determined using
the plaque assggection 2.7)

Deepfrozen stocks of botk. coli (T4 host) and T4 were prepared, to be easily accessible in
further experiments. Multiple aliquots 400¢L of fresh liquidE. coli mini-culture and 40@L of
fresh cellfree T4 lysate were each suspended ingl06f 80% (v/v) glycerol, vortexed vigorolys
and deegrozen at-80°C, for longterm storage. When needed, these were thawed either at RT or

in an incubator, at 3T.
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2.7 The phage plaque assay

This experiment was conducted using the aseptic technique, in a specially designed working
spaceto avoid contaminating the bacterial cultures. The delalyler agar procedure was adapted
from the protocol proposed by Stachursital. (2021).An E. coli K-12 (T4 bacteriophage host
strain) LB miniculture was prepared the night before and dilutsedhat ORe= 0.2- 0.4 AU.

Soft agar was made by mixing bagteast extract (0.5%), tryptone soy broth granules (1%), sodium
chloride (0.5%) and bacteriological agar (0.4%), supplemented withL3601 M calcium chloride
solution per 100 i of soft aga. It was maintained liquid in a water ba#t 42°C A serial dilution

of theinitial phage stockvas made, fromd0*to 107, and 10&L of bacterial cellsvere mixed with
100¢L of each dilutiorand incubated for 15 minutes, at R’lhe mixtureswvere used to inoculate

3 mL of soft agar, combining the contents by gentle swirlangd were poured over previously
preparedvarmLB agar plate$25°C), by evenly spreading the soft agar onlibtomagarsurfae.
Plates were incubated overnigat,37C. Next day, phage titre was calculated by multiplying the
number of plaguéorming units oneach platéoy the dilution factor of the serially diluted phage
and then by 10, to determine the number of PFiderein a mL of stock (106L of used phage
stock = 1/10 mL)Only plates containingetween 30 and 300 plaguesre considered

2.8 Preparation ofclear anddyepolysaccharide matrices

The methods used for the preparation of dyed matrices weaglaptation of the protocsl
proposed byBaird et al. (1976), Dudman and Bishop (1968) and Scavetral (198) and the
choice of dyes was made consistent with the ones used byaBair{L976). Some of the products
listed by Bairdand colleaguewere not available and were replaced by other,dmslar in ther
chemical structureThus,in this study, Red FBBN replaced Red H3B5, Red HE7B, Red HE3B
and Red H3BAdditionally, Red MX5B was purchased.ellow MX-4R substituted Yellow MX
6G and Yellow MXR. Cibacron Blue F3&\, Blue H7GS and Blue M>3G were substituted by
Blue MX-R, which was also usday Baird and colleagueS.herefore Blue MX-R and Orange MX
G were the only dyes matchitige ones used in the research of Bairdl.(1976).

A solution containing 1 g of DEAE Sephadex5A (Cytiva) dissolved in20-25 mL of sterile
0.1 M PBS(GibcoPBStablets, Life Technologies Lidsolution was prepared directly in a 5 m
Falcon tube and left to mix on a roller shaker fek®minutes Another solution containingry

Procion dyepowderwas prepared by dissolving 50 mg of dye into |5 o sterile distilled water
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Theslurry and the dysolution were combinednd incubatedadr 5-10 minutes on a roller shaker.
Sodium chloride was added to the solution, up to a final concentration @296 followed by
another 30 minutes of incubation on the roller. Sodium carbonate was mixed into the solution to a
final concentration of 0% (w/v) and the tube waacubatedor minimum 2448 hours on the roller

shaker, to allow unreacted dye to hydrolyBebes were stored at@.

The use of clear Sephadex5@ slurry was also necessary as a control in all the experiments.
For this pupose, the previous procedure was followed, skipping the step involving the mixture of

slurry with the dye solution.

2.9 Traditional method for preparing chromatography columns

For this protocol, 10 miplastic syringes were used as chromatography columns. The plunger
was removed, the syringe tip was packed with a small piece of glassandahe column was
attachedo avertical stand, with the tip side facing down. A thorough preliminary washing step
with distilled waterwasnecessary in order remove any yellow colouring present in the wool. The

@ k\@/ Glass wool @ 'N\.\Water

> = S|
Remove : |

plunger

v/ \ Collection tubes
4 V4 (fractions)

Figure 2.1. Protocol for preparing traditional chromatography columns. Siep&:sterile
10 mL plasticsyringehadits plunger removed. The tip of the syringavas packed with
a small piece of glass wod. The syringe was attached to a stand, and the glessviihs
washed thoroughly with distilled watet. The resin was poured into the colundn.The

slurry was equilibrated using an appropriate buffer, and the column was ready

(Created using wwviBiorender.com)
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clear or dyetagged DEAE Sephadex-30 slurry was poured into the syringe and the extra liquid
was allowed to drip down the column into a waste beaker. Thencolvas washed with 3 column
volumes of equilibrating buffer, depending on the experiment (Fglije

2.10 Dyeing of natural fabrics with Procion dyes

Undyed cotton and silk wes kind giftfrom Calico Laine Ltd. (Wallasey, United Kingdom).
The methods used for fabric dyeing were adapted from two online protocols (Holland, 2015;
FastColourssom n.d.) which are believed to be adaptationstexhniquesdescribedby Clark
(2011). Athough these protocols are designed for the use of Procion MX dyes, they were also
followed for dyeing the fabrics with Procion Red3BN (Reactive Red 29). The cloths were first
washed thoroughly, to remowny unwanted residues andsare better dye adsorptio8mall,
rectangular pieces of completely dried fabric were cut and weighed out on a fine scalgingea

approximately 5 cm long and 3 cm wide and weighing approx. 303 mg (cotton) and 53 mg (silk).

Sterile distilled wateat40°C or slightly below was used for dyeing cotton. When using colder
water, as the online protocol requires, dyeing results were not satisfactory. The cotton was first
soaked in distilled water and squeezed well; water was added to a small glassusaak&0 ml
for each gram of cotton (9.096 mL of water in this case). Thegmf dye was added for every 100
ml of water (90.96 mg of dye) and stirred well on a magnetic stirrer; the fabric was added to the
beaker and stirred. The proto@alvises the use of 40 g of NaCl per each 100 ml of water, which
in this case represented a slightly high salt concentration (363.84 mg of NaCl in total), leading to
insufficient adsorption of dye in previous attempts; therefore, 200 mg of NaCl were adtied t
beaker, 10 minutes after the addition of fabric. Similarly, a lower amount fQJavas added
(121 mg), instead of 2 g for every 100 ml of water, after 30 minutes. The contents of the beaker

were transferred to a Falcon tube, and incubated on inghaler overnight, at 35 RPM.

For dyeing silk, 3 L of sterile distilled water at®@were used for every gram of fabric (160.5
mL of water in this case) and were added to a flask. Due to very low fibre weight, using 1 g of dye
per 100 g of silkas specified in the protocol, resulted in 0.535 mg of dye, which was impractical
to measure and very low for the quantity of water calculated; therefore, 100 mg of dye were stirred
into the water instead. Wetted silk was added to the dye solution aridskevis incubated on a
roller shaker for 10 minutes, at 35 RPM. 80 g of NaCl were necessary for each 100 g of silk;
however, the quantity was quite high for the dye content, according to previous dyeing attempts,
thus only 30 mg of NaCl were used, instedd!2.8 mg. After 30 minutes, 6 g of pGO; were

added for every 100 g of silk (3.21 mg) and the flask was incubated on the roller overnight.
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The next day, the fabrics were washed sequentiajiytransferring them to separate flasks
containing stetfe, distilled water, placed on a shaker roller; used water was replaced regularly with
fresh, sterile water, until no more dye was visibly leaking. For intensely coloured fibres, the fabrics
were stirred gently in a 5% (w/v) NaCl solution for a couple airk and rinsed well, to allow
further colour removal; this was necessary in order to prevent any colour leaking during future
experiments. The fabrics were dried in an incubator and allowed to cool down until further

processing.

An extra piece of dil was dyed using 1000x more RB4 dye (100 g of dye per 100 g of silk). The
other steps and the quantities of salt and sodium carbonate were followed as per the previously
described recipe.

2.11 Statistical analyseandfigures

Minitab (version 1.9.0) anilicrosoft Excel(version 2206)were used to conduct statistical
analyses and produce grapBB.SPAGE gel images were modified using Image Lab (version 6.1).
Coll ection of dat a on protein b a ImageJo I nt
(https://imagej.nih.gov/i)l P-values equal tamr lower than0.05 were considered statistically
significant. Other figures and diagrams were createshd edited using BioRender
(www.biorender.cory) ChemSketchyersion5.0) and PowerPoint (version 2209).

31


https://imagej.nih.gov/ij/
http://www.biorender.com/

3. Testing the binding dfinit y of bacterial proteins to theProcion dyes

As mentioned, Procion dyes represgsctive coloured compounds, able to interact with various
types of substrates, including fibres and resins. Due to this key property, they have been extensively
used as chromatography affinity liganrthepurification of a broad range of protejrs indicated
by the studies of Scawe al. (1983),Baird et al. (1976) and many others.

Chapter3 investigates the interaction betwebe selection of fivérocion dyes and the total
coli b-10 protein extragtdivided into two experimentd he firstexperiment, in whictthe binding
of bacterial proteins to the Reactive Blue 4 dye evxasninedlays the foundational groundwork for
the subsequent experimehtere, the interaction was tested in tubes, withheabvery of bound
protein.The second experiment explored the affinity of bacterial proteiadl of the five Procion
dyes, by using a highly creative method, based onBBGSE gel electrophoresis taublogy, which
is not known to have been used in the past. This meathialliatedthe dyeprotein interplay by
assessing the binding of proteins to dyed resin, subsequent washing, elution and the inability to
recover some proteins.

The methods desceld hereaimedto validae the findings of Scaweat al. (1983) and other
similar studies which indicated an affinity of various proteins to the Procion dyes. Tdweagses

serve as a preliminary step for subsequent experiments, described in the following chapters.

3.1 Methods

3.1.1 Testing the Hinity of bacterial proteinsfor the Reactive Blue 4 dye

Bacterial protein was extracted using the protocol defined previouslyjos&t3) and was
diluted to the desired concentration (JDNA concentration ranged between approximated9 30
ng/ eL throughout the exper i-SeghadexsA0andTesirbtaggedc ont a
with the RB4 dye(see section 2.8 fgoreparation ofclear anddye-conjugatedmatrices)were
incubated at RT for 30 minutes. 2@8Q of each slurry were added to microcentrifuge tubes,
preparing triplicates for each resin typaitial protein concentration was measured using the
DeNovix DS11 Spectrophotometer/ Fluorometer (DeNovi¥ volume of 150¢eL of protein
solution (27.499 mg/mL) asadded to achtube and theewereincubatel for 1, 5, 10, 30 and 60
minutes on aoller shaker at 35 RPM. Tubes were centrifuged at maximum speed (Epiiendo
Centrifuge 5424, SigmaAldrich) for 30 seconds after each incubation, and protein concentration in

the supernatant was measured spectrophotometrically
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3.1.2 Testing theaffinity of bacterial proteinsfor the Procion dyes by SEFFAGE

gel electrophoresis

The bacterial protein extract was first diluted to approx. 10 mg/ml in 0.05 M(&&Ssection
2.3 for extraction of bacterial protejrgnd left to incubate at RT for 30 minutes, along widar
ard Procion dyaaggedDEAE Sephadex A0 (see section 2.8 for preparationakar anddye
tagged matrices)he following steps were repeated for each resimolume of0.5 mL of slurry
wasadded taa microcentrifuge tube and equilibrated in 3 volumes of 0.05 M PBS aBBdds
werecentrifuged at 12,000 RPM for 1 minute, removing and storing the supernatant (for controls).
A volumeof 0.5 mL of dilute protein miture was added tthetube Tubeswere ncubated on a
roller shakerat 35 RPM and RT, for 10 minutéBubes were centrifuged, and the supernatant was
collected.Unbound proteins were removed by 3 consecutive washes in 0.5 ml of 0.05 M PBS,
vortexing tubes for 2 seconds after each wash, andhgttre supernatant. Bound proteins were
eluted with 0.5 mL of 0.75 M NaCensuring collection asupernatanafter each ste@5¢elL of a
stock solution containing 946 of 2 x Laemmli buffer(10% (w/v) SDS 40% of the final volume
(v/v), glyceroli 20% of the final volume (v/v), 0.5 M TrisHCI pH 6.8i 24% of the final volume
(v/v), distilled wateli 16% of the final volume (v/v)) and 33. of 1 M DTT were added to each
tube collected inprevious stepgincluding the controls)Samples were denatured at°@5by
incubation on a thermal block and were immediately placed on ice afterdiaidef 100x BPB
was added to 24l of each sample and tubes were centrifuged briefly. SBSGE gels mesuring
1.5 mm in thickness were prepared, consisting of 12% acrylamide resolving gels and 4% acrylamide
stacking gelsThe SDSPAGE gels were prepared according to the recipe in Tablé& volume
of 25¢L of each sample was loaded @ gel, including 10 mg/mL bacterial protein control, the
0.05 M PBS control, along with 8L of protein ladder (PageRul& Prestained Protein Ladder,
Fisher Scientific, UK). The gel was allowed to run for approximately 2 hours at 100 mV, followed
by a 2 hincubation on a shaker at 55 RPM in Coomassie Blue stain solution. The gel was then
gradually destained in a solution containing 10% (v/v) glacial acetic acid and 20% (v/v) methanol
and imaged using the ChemiD¥cTouch Imaging System (BioRad) (protodalstrated inFigure
3.1).

The following protocol represents a modified version of the method defined by Yan (2019),
initially described for quantifying bands®é i nt
PAGE gel proteih baehdédi magessweye gbat hered in
Lab (version 6.1) applicatiorindividual gel images were edited, by modifying the brightness,
sharpness and contrast; the file was then open

first inverted using the appropriate software function; a box was drawn around the protein band of
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interests i ng the cursor, and data was saved in a s
AMO. This combination of keys converts the col
value. The box was dragged along the gel until reaching the othetobamerest, using the arrow

keys, thus maintaining the box size; background data was also copied by dragging the box onto an
area of the gel containing no bands, and numerical values were produced by repeating the previous
step. The corresponding baridshe protein control (positive control) were copied for comparison.

Data was copyasted into an excel sheéttensity of bands was calculated by subtracting the
background value Redamitvlee brand®$6 i nd lewngeachy was
of the numbers resulting from the previous ste
were selected for analysis, based on intensity and differential binding pattern to the dyed and undyed

resin. These bands are showirigure3.2.

Table3.1. SDSPAGE gel recipe (for 1 gel

Stacking geli 4% Resolving geli 12%
ProtoGel 30% ProtoGel 30%
(National Diagnostics. 0.6 mL (National Diagnostics 4 mL
UK) UK)
0.5M Tris- HCI (pH 1.5 M TrisHCI (pH
6.8) 1.25 mL 8.8) 2.5mL
10%SDS 50 pL 10% SDS 100 pL
10% APS 25 L 10% APS 100 pL
Distilled water 3.05 mL Distilled water 3.3 mL
TEMED 5uL TEMED 10 pL
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Figure 3.1 lllustration of the adapted SBISAGE gel electrophoresis protocol, to test the bind
of bacterial proteins to the clear and dggged Sephadex-B0 slurry. Stepst. Tubes containing
dyed/undyed resin were incubated at RTThe resin was washed inx30.05 M PBS volumes
equal to the volume of resin and one wash was st8rdthus, the resin medium got equilibrate
4. Bacterial protein was added to the redin.-Tubes were incubated on a roller shaker ¢
centrifuged 6. Protein solution was colleaderemoved, and stored. Resin exposed to bacteriz
protein was washed in 3 volumes of 0.05 M PBS and the washes were 8t&ednd proteins
were eluted with 0.75 M NacCl solutio®. All solutions stored in previous steps were mixed w
2 x Laemmli uffer, BPB and DTT solutions and run on an SBSGE gel (Created using

www.Biorender.com).
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Figure 32. SDSPAGE gels showing the binding pattern of bacterial proteins to the clear and dyed Sephades
Coloured boxes indicate the protein bands of interest, analysed using Ifhagkedr Sephadex-A0;B. RB4-tagged
resin;C. Red H3BN-tagged resinD. Yellow MX-4R-tagged resinE. Orange MXG-tagged resinF. Red MX-5B-
tagged resin.:- oo Lo Protein 1 (60 kDa)Redt Protein 2 (120 kDa)3lue: Protein 3 (40 kDa); '1/i-: Protein 4 (30
kDa); Green Protein 5 (13 kDa). NOTE: Boxes only indicate the position of the bands of interest. These diffe

the box areas drawn around the bands ofaéstefor the analysis in ImageJ. Approximate protein sizes are speci
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3.2 Results

3.2.1 Testing thebindingaffinity of bacterial proteinsdthe Reactive Blue 4 dye

Data representing bacterial protein concentration in tubes where the protein mixture was
incubated with clear and dyagged Sephadex-B0 was mainly normally distributed. It did not
follow a normal distribution after 10 minutes of uli@tion with the clear resin, as indicated in Table
10.1(appendix). Statistical analyses testing the differential binding of bacterial protein mixture to
the undyed DEAE Sephadex30 and RB4conjugaéd slurry are shown in Tabl®.2(appendix).

These sugest that mean protein concentration was significantly different between the stock and the
tubes containing clear and dyed resin after 1, 5, 30 and 60 minwetu@? < 0.001). After 10
minutes of incubation, the difference between means was not signifievalue = 0.081, Mann
Whitney test). It should be noted that for this incubation time (10 minutes), performance of a
KruskalWallis test resulted in a significant difference between protein concentration in the initial
stock, in the supernatant of petn solution incubated with clear resin and that exposed tc RB4
tagged Sephadex {Rilue = 0.027). However, the Matwhitney posthoc test conducted to
identify the different pairs of means resulted in a-sigmificant Rvalue (Rvalue = 0.081)The

30.000

25.000
20.000
15.000
10.000
0.000
1 5 10 30 60
Incubation time (min)

Protein concentration (mg/mL)

O Stock B Sephadex mRB4-Sephadex

Figure 3.3 Clustered columns indicating the differential binding patterbazfterial
protein to clear DEAESephadex A0 and RB4tagged Sephadexased on3
replicates.The yellow columns show the protein concentration in the initial aliqt
the grey and blue columns illustrate the protein concentration in the supernat
tubes containing clear and RB¥ed slurry, therefore outlining the concentration

unbound baterial protein.
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disaepancy may be due the lack of sufficient statistical powef the non-parametricMann
Whitney test This could be a result dhe very small sample sizéhree groupswere tested).

However, as conclusivetestresult was not reached, thegference was considered insignificant.

Protein concentration was higher upon exposure to clear Sephasigxmicontrast to the tube
where bacterial protein was exposed to RB4 slurry, at all incubation times (Bigurdlean
protein concentratio from all time points in tubes with clear resin was 8.519 mg/mL; thus, the
overall decrease from the stock was 29.94%. In the case oftagigéd slurry, mean protein
concentration was 6.999 mg/mL, meaning that the overall difference from the initiah Etoek
was equal to 25.45%. Therefore, the reduction in protein concentration was greater in the case of
RB4-tagged slurry, in comparison to clear slurry. Comparison between incubation times indicated
no significant difference between protein concerdratipon exposure to clear resiny@ue =
0.159); however, the variation was significant upon exposure tet&Ryed Sephadex-B0, where
protein concentration was different after 60 minutes of incubation, compared to 1, 5, 10 and 30
minutes (Pvalue < 0001, Tablel0.3 appendix).

3.2.2 Testing theaffinity of bacterial proteinsfor the Procion dyes by SEFFAGE

gel electrophoresis

Data describing the protein concentration of samples ready to run on thBAEES gels was
normally distributed, as indicated by the results of Ry@iner tests (Tabl&0.4 appendix). One
Way ANOVA tests comparing the mean protein concentratioragh ®f these protein samples
revealed a significant difference between proteins exposed to the six types of slurry. Differences
were found between the following: fACollected pi
(P-values < 0.001), withnoddfr ence being observed bedluween t he
0.432). Details of the significantly different pairs of means are shown in Tatéappendix). In
comparison to protein concentration data (Tdllé), in the case of band intensity data {gthis

based on protein concentration) these were not significantly different between gels 1Bigure

Figure3.4illustrates the protein concentration in samples containing bacterial protein mixture,
prepared for running SDBAGE gels. The colunsndé p a&tiowneim Rigure3.4 should be
predicive ofthe patterrdescribed byrotein band3intensiies in Figure3.5. Thus, it should reflect
the model described by the overall protein baérdgensiies shown in Figure3.6. However,
differences can be observed between the three figresn s equent | vy, bandsd int
Figure 3.6 are notvisibly differentfrom one anotherHowever, data analysis revealed differences

between these, for bands generated using samptdsedand eluted from: clear resinV@ue =
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0.003), Red FBBN T slurry (Rvalue < 0.001), Orange MX i resin (Rvalue = 0.001) and Red

MX-5B 1 slurry (Pvalue < 0.001). These are indicated in Figiee6 (appendix).In terms of

statistical analyses of @ein concentration data from FiguB&}, the column describing the protein
concentration in the control protein mixture is highly different from the rest of the samples i.e.
ACol |l ectedo, AWash 10, i Wa svalue® 9 0.001) Wabldthg 3 0 an
appendix). Still, Tablé0.6and Figurel0.6show different patterns. For example, intensity of bands
produced based on the Yellow MAR 1 tagged resin and RB4tagged slurry are not different
(Figure10.6), whilst analysis of protein concentratidata indicated highly different means for all

matrices (Tabld.0.6).

Analysis of normalised relative intensity of bands was performed with two gel replicates per
type of slurry (clear and dyed with one of the five dyes). Band intensity data was Igormal
distributed, as resulting from the correspondingaRies of the Ryadoiner test(P-values > 0.100
Table10.7, appendiX The results of the OA&/ay ANOVA testsanalysing the difference of mean
bands intensity of Proteins -15, with Tukeyd somparisn, are shown irFigures10.17 10.5
(appendix) Almost all Rvalues were higher than 0.05, indicating no significant difference between
bandsd ibetweensasmpldasThe six SDSPAGE gels, produced using bacterial proteins
washed and eluted from eleand dyed Sephadex30, are shown in Figui5.

The resulting R al ue of the ANOVA test run on AEluti
marginal, due to being close to the 0.05affif P-value = 0.055, Figur&0.1, appendix), where the
difference of means between the RB4 gel (0.635521) and the YBIMwWIR gel (0.4258) was
nearly significantly differentNo other differences between gel lanes were reported for Protein 1.
In the case of Protein 5, baditstensitesi n  t h e A Buerasignificamtly diffeent leetween
the clear Sephadex and ReeBBN gels (Pvalue = 0.05Figure10.5 appendix). No significant
di fferences of bandsd intensities produced by
recorded between the slurries (Figutési 10.4).

Figures10.6and10.7 (appendix) ilustrate the outcomes of Oiféay ANOVA tests comparing
the difference of mean band intensity data between whole protein lanes, located on the same gel or
on various gel s, respectivel y. Differences bet
lanes orresponding to clear slurry, to Red3BN i slurry, to Orange MXG 1 slurry and to Red
MX-5B 7 slurry (Figurel0.6) . Significantly different mean | a
clear resin gel were found between the protein control and the RB&jwe control. For the gels
lanes produced using the ReeBBN and Orange M>G dyes, the protein control, elution and PBS
control lanes were found to be significantly different. In the case of protein lanes based on the Red

MX T slurry, the protein posite control, elution, PBS control and the other lanes (collected protein,
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was h 1, was h 2, was h 3) were significantly di

compared between gels, no significant differences were found (AiQuteappendix).

Figures3.71 3.9 depict the intensity of a selection of five proteins, compaetdieerthe six
SDSPAGE gels, and thus the pattedescribed byndividual protein band# these figures are
neater and more precise, in contrast to the patternideserd by over al | bandsd |
3.6. All graphs shown in Figure3.67 39ar e model l ed in a similar fé
control 0 | ane bei ndpcrdading gragfluakly adrosssthe wasimtincreasirgyn s i t y

again in the AElutiono | ane, i n most cases.

I't should be noted that colilPBBs ched aroil i n @ ntels
be quite high in some graphs e.g. Fig8ré Protein 2i RY14 Sephadexand Protein 2 Clear
SephadexFigure3.8 Protein 3 RY14 Sephadexrigure3.9: Protein 5 RB4 Sephadex etc. Great
di fferences between the bandsd intensities cor
been observed in the case of Protein 1, 2, 3 ahduhd to RB4, RY13, RR29, RO4ndRR2. In
the case of Protein 5,dtsame differences were observed, with the exception of RY14 and RBA4,
where the bandsdéd intensities did not vary gre
Sephadex, the differenbetweernanes was not evident for the intensity of Pra@in3, and 4,and
almost unnoticeable for Protesih and 5. In fact, the columns de

Clear Sephadex varied the least amongst all-BBSE gelqFigures3.71 3.9).

Predicted pattern of bands intensity on SDS-PAGE gels

pary
E I I I I I I
% 10.000
E— 8.000
=
2 6.000
u
S 4.000
[+8]
S 2,000 _ _ - - i _ _
S 0.000 nE=ll T | imall ol T Amal ol 1
- .
E Sephadex RB4 Red MX-5B Orange MX-G Red H-3BN Yellow MX-4R
=}
a Slurry type
Protein control Collected supernatant Wash1l mWash2 mWash3 mElution

Figure 3.4. Protein concentration measurements ptatiche band intensity pattern in samples used for run
SDSPAGE gels, which tested the binding affinity of bacterial proteins to undyed and dyed SepHz@igkrae
replicates/ slurry typesephadex = clear resin; RB4 = REjged resin; Red MX%B =RR2-tagged resin; Orang
MX-G = RO%tagged resin; Red-3BN = RR29tagged resin; Yellow MXR = RY14tagged resin; Collecte
supernatant = Concentration of collected protein (in the supernatant).
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Figure 3.5. SDSPAGE gels showing the binding pattern of bacterial proteins to the clear and
Sephadex slurryA. Clear Sephadex A0; B. RB4-tagged resinC. Red H3BN-tagged resinD.
Yellow MX-4R-tagged resinE. Orange MXG-tagged resink-. Red MX-5B-tagged esin.

In terms of comparison of the ilhavaridslity wasnt ensi
observed for the following samples: AElutiono
10 f r o BBNRthedirstiiwo washes from Orange MXandthe three washes from Red MX
5B (Table 108, appendix). Table@.9 (appendix) details the significantly different protein bands
and which protein produced the most intense and the faintest bands, from those found to be
significantly different in intensityshowed in Table 18. Protein 5 banélutedoff Sephadex was

the most intense, whilst Protein 3 band was the least intense. In the case of collected proteins from
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Red H3BN i slurry, Protein 1 produced the most intense band, whilst Protein 3 generated the
faintest band. In fact, Protein 3 bands were found to be mostly faint in comparison to the rest of
Proteins. In contrast, Protein 5 was found to produce the most intense protein bands in most cases.
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3.3 Discussion

The present experiments tested the binding of a large array of bacterial proteins to five Procion
dyes. Incubation of bacterial protein mixture with the undyed andd®Bgigaed Sephadex A0
resulted in a remarkable decrease in protein concentiagigreen the initial protein stock and the
supernatant of tubes where protein had been exposed to the polysaccharide matricdf.Zable
(appendix) indicates that after 1 and 5 minutes of incubation the difference in protein concentration
was recorded beken the initial stock, the mixture incubated with clear resin and dyed resin. In
these cases, protein concentration was significantly lower after exposure to the dyed beads, in
comparison to the clear slurry, possibly suggesting superior binding due poetence of RB4.

After 10 minutes of incubation, no significant difference between the three was recorded. After 30
and 60 minutes, the difference was significant between the stock and the two types of matrices, but
no differential binding was recordedtiveen the two. This could indicate that initially proteins tend

to bind to the dyed resin, but in time the interaction is weakened and some of the proteins gradually
come off the dye.

In the case ofhanges iprotein concentration upon exposureleac resin, no differencesgere
observed between the five incubation times, meaning that protein concentration stayed steady
throughout Thismay suggest that once proteins bind to the clear slurry, they do not come off easily.
For the RB4tagged resin, mtein concentration was significantly different from the concentration
recorded afteb, 10, 30 and 60 minuteafter 1 minute of exposuf@able10.3 appendix). After
60 minutes, unbound protein concentratiogersignificantly in contrast to the one fod after 1
minute of incubation. This may suggest that protein adsorption to RB4 is observed immediately
after exposure, but this diminishes in time, resulting in some proteins detaching from the dye
approximatelyan hour after exposure. Given the naturéhe used resin, one could presume that
the binding capacity exhibited by the dymtrix conjugate is what leads to such a dramatic
reduction in protein concentration, and not the RB4 itself. DEAE Sepha8@xdpresents a cross
linked dextran, weak amoexchanger with a high binding ability, where the ion exchanger is
represented by the positively charged diethylaminoethyl group. The functional group binds to the
negatively charged molecules it comes in contact with. Thus, these groups interact atitrelyeg
charged ions of the substance that is passed through the slurry, replacing theicosi(fegrawal
and Goldstein, 1965; Cytiva, n)d. | n addi ti on, a proteinds el ¢
isoelectric point. Consequently, a protein is negdyicharged above its isoelectric point, which
enables the binding to anion excharsgend positively charged below it (Jungbauer and Hahn,
2009). In this study, a protein extract consisting of the wkoleoli proteome was used, which
implies that the imding ability to both clear and RBdyed Sephadex-A0 was specific to every

protein, due to their unique characteristics.
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Imagesllustrating theSDSPAGE gels indicate that a large arraybaiterialproteins bind to
thefive analysedProcion dyesThis statement is proved by the presence of bands of higher intensity
in the AElutiond | anes, as opposed t o35 he AWas
3.9). Dyes have been used for the purification of enzymes dradl proteins for many decagéise
first one being Cibacron blue F3& the chromophore of Blue Dextran, which selectively binds
enzymes like pyruvate kinase, glutathione reductase and some factors involved in blood coagulation
(Thompsonet al, 1975).The principle of dydigand chromatography relies on the biomimetic
characteristic of the triazine dyeghich interact with proteins similarly to natural receptors binding
target proteins. Bairdt al. (1976) suggested that strongly acidic sulfonic groupstwh i n t he dy ¢
molecules are highly reactive and determine the binding of dyes to the protein substrate. On the
other hand, Dudman and Bishop (1968) proposed that the dichlorotriazinyl group reacts with
hydroxyl, amino and amide groups of the substrae. Structure of the dyes used here comprise
either both sulfonic groups and chlorotriazine ringsSiH attached to the rings, which explains
their high reactivity Table 1.1). Proteinshave been shown to have a high affinity for such dyes
thus scientits have preferred them to other affinity ligands, also for being particularly inexpensive
at the beginning othe dyeligand affinity chromatography ertn more recent years, their costs
have increasedn the science supply market, most likatya resulbf thegrowingdemand for their
use in protein purification (Magdeldin and Moser, 2012; Bairet al, 1976; Giuliano, 1992;
Stellwagen, 1993; Stellwagen, 1995).

Protein concentration was found to vary significantly between wash and elution samples
resulting from undyed and dyed matrices (Takde§ appendix). Thus, protein concentration in the
AProtein controlodo sample was much higher than
matrices, as shown in FiguBed. Unlike protein concentration values, data describing the overall
bands intensjt shown in Figure8.6 (where one column is the equivalent of a whole protein lane)
shows minimal differences between bandsd inten
Theoretically, it could be argued that the overall intensity of bandkeifane containing the
positive protein controldriemptroaalkiktother anexe In i s u MO
practice, neither the pattern of measured protein concentnatonr t hat of t he bands
prove this affirmation in thpresent study (Figurg.4,compared to Figures5and3.6). There are
multiple reasons which could explain this result. Firstly, using ImageJ for quantification of band
intensity may not represent a highly accurate strategy to indicate the amountiofneresented
by a protein geband. Secondly, the equipment used for measuring protein concentration may not
be sensitive enougl@n one hand, using ul of sample for estimating total protein concentration
in a samplés a ggodway to minimise sample 8te while operating the DEL Spectrophotometer
on the other handuch dow volumemay be insufficient for a precise approximation, even when

repeatingmeasurements. This error was minimised by vortexing the saraptaining tube prior
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to measung praein concentration although even this step cannot guarantee a perfectly
homogenised solution. Yaisinga low volume overcomes the need to transfer the whole sample
into a cuvette and measure protein concentration with a traditional spectrophotomitieriswh
prone to substantial sample loss.

Overall, all the SDP AGE gel s6 | anes followed a quite pr
differences being observed between clear andtalyged DEAE Sephadex-80 and between
various dyesBa n d s 6 ds faded away gradually with each washing step and their strength
increased dramatically after elutiomhis may povide good evidence that binding was strong
enough to not be overcome by the salt content present in 0.05 NFRBiEe3.5). When using the
ImageJ method for generatimgnd analysingoands 6 i ntensity dat a, it [
relative intensity of ezh bandy the corresponding band intensity in the protein control lane. This
way, a comparison between different gels can be made, as the intensity of each band is related to
its positive control. If nomormalised band intensity data is used for analysily protein bands
found on the same gel can be compared to one another.

The washing procedure represents a crucial step for the removal of any unbound proteins and is
followed by the elution of bound molecules. Generally, such experiments arenpmfon
chromatography columns and the washing is carried out with a 0.1 M salt solution, whilst the elution
is performed using a 0110.4 M salt gradient. DEAE SephadexaA is a polysaccharide resin that
should be mixed witland stored isaline solutio, as per manufVdatetshould r 6 s gL
not be used, asdauseshe beads to swelln the present study, the resin was mixed and preserved
in 0.1 M PBS. However, salt concentration in PBS is already quite high, measuring 137 mM NacCl,
in addition to the presence of other salts, potassium chloride in a concentration of 2.7 mM and
potassiundihydrogenphosphatgin a concentration of 1.5 mM (Gallaet al, 2008; Thorat and
Suryanarayanan, 2019l of these components may have the ability toroeme the dygrotein
complex bonds, leading to early elutionbmfundproteins. Here, washing was performed using a
0.05 M PBS solutiorin order to satisfy two important needs: maintenance of true beads size, given
by the presence of salt, while avoiditg premature elution of bound proteiAsidition of a 1 M
NaCl solution to the dyed resin determined th

experiment. Therefore, a 0.75 M NacCl buffer was used to elute bound proteins.

Five protein band$iave been compared between gels, in order to examine any differential
protein binding patterns between the dyes and between dyed and clearThesin.it was
demonstrated that some proteins might have greater affinity for a particular dye, whilst b#yng ea
washed off others due to a lack of such structural compatitlisp, the binding of some proteins
is more evident to undyed resin in comparison to the dyed one. For example, statistical analysis of

bandsd intensities cocatedrthatdhpse wale nat gignificantlydifferdanténi n 5
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the AColl ected proteino, i Waubwerehighly difieréaisthe 20 an
AEI ut i ouien the eomparison was made between all the ISBAGE gels(Figure10.5

appendk). This difference was recorded between clear Sephadex and BBi#agged slurry,

where a greater amount of Protein 5 detached from the clear resin than from the dyed one, upon
addition of 0.75 M NacClThis finding may suggest that the binding affirafyProtein 5 was higher

to the Red HBBN dye in comparison to undyed slurry. Other slight differences between the six gels

can be noted for the other four proteins, by just looking at the gel images shown inFigure

however, they are not statisticattyeaningful (Figure40.11 10.4 appendix).

Analysis of differences between the intensity of bands produced by the five proteins within the
same gels indicated some binding variability. For example, the band produced by Protein 5 in the
A EIl ut iewasdhe $trangest from all the five proteins, whilst the faintest band in this lane was
generated by Protein 3 (Table.8appendix). This could suggest that Protein 3 bound better to the
clear Sephadex in comparison to the other proteins. It als@tadithat Protein 5 was eluted from
the clear slurry the most easily, after addition of 0.75 M NaCl, suggesting a weak interaction
between the clear beads and the protein. In fact, bands generated by Protein 5 were generally found
to be the most intense ali; thus, the linkages formed between Protein 5 and the dyed resins were
easily overcome by the addition of the washing or the eluting buffer, suggesting that the binding of
this protein to the Procion dyes was the weakest of all. In contrast, PrbteinB8d s i n t he #fACo
proteind, AWash 106 and A Was hconparedittherothes prdtetnsl a mo !
in gels based on samples washed off the Re8BN, Orange and Red MXB matrices,
respectively. This could indicate that Protein 3 dastrated superior binding to these dyes.
However, Protein 3 was generabignificanty different from Protein 5, but not different from
Proteins 1, 2 and 4. For e xi®@AGElgdbased onthe @Grangai Wa s h
MX-G slurry, Proteind, 2, 3 and 4 generated bands of similar inten$itys maysuggest that the
bonds they form with the orange dye are similar in strength. Additionally, on the gel based on the
RedMX5B dye, bandsd® intensities innsbhnd 4 manfash 1¢
bands produced by Protein 1, 2 and 3 were similar to those of Protein 4, whilst being highly different
from those of Protein 5. This could indicate that Protein 5 bound the least strongly to RR2, Protein
4 bound better to this dye, and Ros 17 3 showed the strongest binding. The variability in
binding could be explained by the fact that each proteins have different sizes, conformations, charge

and binding affinity and capacity (Coskun, 2016).

Using a standardisethternal proteincontrol, like actin, as an alternative tasing thetotal
bacterialprotein extractmay offersome advantagemcluding standardisation, normalisation and
accurate quantification ehe amount oprotein binding to the clear and dgenjugatedsephadex
resin.Incorporating actin as an internal protein standard in each lane could provide a consistent

reference point for comparison between laard between various gel® account for various
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procedural errorsT herefore, addition of fixed volume of actin in each protein sampféer sample
collection(i.e. after performing the washing and elution stepsuld helpclarify if differences in
bandsd intensitindeed arbirdicatian efrproteira bindigyndveastieg off the

resin or represent a result of loss of protein during gel logudihoreover intensity of various
protein bands could be compared againsiritensity of the actito a n d . However, i f
intensity across lanaw gelsdiffered when analysed by ImageJattftoulddenote a operational

or technical error, such as: variations in protein loading, lane -cormgamination/spillage,
differences in gel composition, variable electrophoresis conditions (voltage, buffer composition,

running time etc.).

Although using ImageJ foanalysingbands intensitys not a definitive ménod for measuing
protein concentratiqrit could provide some insights into the ways in which bacterial proteins bind
tothesedyedbby quant i fyi megandcampdrindghemiagainst theprotdinlacking
backgroundSuch a method presents many limitations. First of all, the size of the box drawn around
the protein band of interest is important because it needs to be malrtaioeghout the whole
process of collecting band intensity da&cidentally clicking anywhere on the image opened in
the application wouldausehe current boxo disappeairreversibly Therefore the initial boxsize
becomedost, and the process miise started all over again, by drawing a new [Bogserving the
same box sizéhroughouts important in order to avoid any variability given by procedural errors,

which is incredibly time consumiremnd meticulous.

The ImageJmethodcan sometimes ebinconvenientbecause the box should be positioned
identically among bands. Misplacing the box could generate different values and the comparison
between bands would vary substantially. In addjtitve box size should be universal &l the
protein bads among all the gels. Some bands may have different dimensions, some can be longer,
more streaked, and thus the box would not be large enough to enclose them. This size variability
occurred quite often in these gels, probably due to residual detergenatche®n the surface of
theglass plates between which the gelasifed Nonionic detergents in household dish soap are
generally not accepted for washipgpteingel glass plates and should have been avoided. Also,
vertical streaks occurred on thel groduced with protein samples wasloédthe Yellow MX-4R
T tagged resin (Figurd.5.D). These probably appeared due to loadirgh protein mixture or
due toproteincontainingdebrs, such as skin flakes. d&NMomterowled |,
lanes were sticky, probably due to the presence of nucleic acidstehittocoagulate (Gallagher,

2012). All these could have affected the size of the protein bands. Thirdly, any minor protein cross
contamination that might occur while loaditig samples into the wells can generate wrong values
in ImageJ. Such spillage may not be visibith the naked eyéut can be easily picked up by the
software and spolb a n ohten8ityin neighbouring laned=or example, if any unwanted proteins

encedup in the negative control lane (PBS) or in the protein ladder lane (usually, the empty spaces
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between consecutive bands in the ladder lane have been used for background data), such fault would

lead to numerical inaccuracies.

An automated protein ptidation system could not be usédthe present experimeriarly
attempts to perform a chromatographic run using such equipnently the AKTA Start Protein
Purification System from Cytivdhave proved unsuccessf@lKTA protein purification systens
represent greadutomatedools for the isolation of biomolecules amgeextensively being used in
laboratories all around the wor{oo et al, 2014; Gotesmaat al, 2022; Durantet al, 2021)
However, the resin used in the present study was not citmepaith the AKTA system. It has been
observed thizthe overall protein binding pattern was not significantly different between the control
(clear Sephadg»xand the dyg¢agged matrix. DEAE Sephadex50 is an anion exchanger and has
been commonly used for the purification of enzymes for many decades (Miarda1970;
Nakamureet al, 1974; Scaweet al, 1983; Farag and Hassan, 2004). Usually, Procios dgee
been attached to neutral chromatography supports, such as SephafizeSepharose GRD or
cellulose (Roque and Lowe, 2008; Scavetral, 1983; Bairdet al, 1976; Loweet al, 1980;
Dudman and Bishop, 1968), to minimise or even prevent anaatien that may occur between
proteins and the matrix. However, many attempts to bind the dyes to such matrices have failed in
the present study. Initially, Sepharose-ZR and Sepharose GB in suspensiomvere washed
thoroughly and the methods of Ba#tlal.(1976) and Scawen and colleagues (1983) were used for
dyeing the polymers. Unfortunately, even after incubating the slurry with the Procion dyes for one
week on the roller shaker, minimal binding was observed. Also, washing the unreacted dye with
water led to dye removal from the resin. A later attempt to dye dry Sepharose 4B with RB4 was
successful, but the amount of available resin was insufficient, and the time left until project
completion was limited. Superior bindinfjdyesto the DEAE SephadeA-50 slurry was observed

from the beginning, and therefore it was used throughout the experiments.

The AKTA Start System has many features incorporated, including a screen monitoring the
change in absorbance over time, a mixer for creating gradienperistaltic pump and glass
columns, which are generally recommended for purification. The flow path is designed in a way
that prevents the formation of air bubbles inside the slurry, thus preventimgm drying.
Moreover, preinstalled automated pification methods allow easy handling of the sample, and the
system does not need to be supervised during the run, thus saving time and effortL(i@&tiva
Sciences, n.d.). Yet, in the current study it is unknown whether the binding of proteins was
influenced to some extent by the ionic nature of the chosen resin. Thus, when using an equilibration
buffer with an insufficient salt content on Sephade¥s(d the beads swelled considerably,
increasing the pressure inside the column and blocking the flow pagledBn this observation,
the experiment had to be carried out in tubes and plastic syringes, with improvised glass wool filters,

therefore, many experimental aspdmagdifficult to control. Some of these include relying only
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on gravity as driving fore for running the sample through the column, because of lacking a
peristaltic pump, using an improvised filter which may also interfere with the proteins, having to
manually push the tubes rack to collfettions, as well as having to count drops to emggual

volumes in each fraction.

As a conclusion, the present chapter demonstrated that an extensive vaketgotifb-10
proteins are able to bind to tlize chosenProcion dyes. Analysis of the interaction patterns
between five bacterial prates and the coloured compounds indicated varying degrees of affinity.
These five proteins bound differentially to RO1, RB4, RR2 and RR29. Proteins bound superiorly
to RB4tagged Sephadex-BO than to clear resin. Despite not using an automated protein

purification system, the aim of this section was eventually reached.
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4. Testing the binding ability of nucleic acids to theProcion dyes

Obtaining highly pure nucleic acids ian essential first step for many subsequent molecular
biology applicationsPurification of nucleic acidss currently performed using various methods,
such as ethanol precipitation, sfgolumn kits,or gel electrophoresiand band excisio(Ali et al,
2017; Zeugin and Hartley, 2983)ehasqueet al, 2022 Cone, 201k Here, we present a novel
alternative for the purification of nucleic acids.

The present chapter researches the binding affinity of bacterial genomic DNA and RNA to clear
and ProciorRB4-tagged DEAE Sephadex30, by means of two experiments. The first experiment
was a preliminary step performed to test if any interaction can occur between nucleic acids and the
two types of slurry Thiswas carried ouin microcentrifuge tubes, by maaring the decrease in

nucleic acid concentration upon exposure to Sephadexing#ime, withoutan elution phase.

As a result of obtaining a positive outcome, a second experiment was performed using traditional
syringe columnsClear resin and resconjugatedvith the five Procion dyes were used as affinity
matrices and the procedure involved binding, washing and elution steps, while collecting fractions.

Several studies have investigatide purification ofDNA and RNA using chromatography
matrices $anderet al, 1966; Bautz and Hall, 196Zhandraet al, 1992; Eastonet al, 2010;
Holmeset al, 1975).However, b this date, there are no known studies to lexypdoredthe affinity

of nucleic acidgo Prociondyetagged resin

4.1 Methods

4.1.1 Testing the binding of bacterial nucleic acids to the Reactive Blue 4 dye

Details orextractionof bacterial nucleic acidand preparation of dytagged resin can be found
in sections 2.4, 2.5 and 2.8, respectivéllybes containingclear DEAE Sephadex -B0 and
Reactive Blue 4aggedresinwereincubated at RTA volume of200 L from each slurrywas
added tamicrocentrifuge tubesensuring the preparation of 6 replicates for easin Bacterial
RNA and DNA sample werethawed atRT for 30 minutesand mixed by repetitive pipetting;
nucleic acidsconcentrations were measured, using the DeNovix1DSSpectrophotometer/
Fluorometer(DeNovix). A volume of1 5 (L ofeDNA solution wasadded to 3 tubes containing
clear Sephadex and 3 tulmmtaining dyetagged slurryTubes were incubated on a roller shaker,

at 35 RPM, for 1, 5, 10, 30 and 60 minutes. After each incubation, tubes were centrifuged at
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maximum speed for 1 minute (Eppendorf Centrifuge 5424, Sigjiaidch), to allowbeaddo settle,

and DNA concentratiom the supernatantas measured he procedure was repeated with RNA.

4.1.2 DNA binding to clear and dyeagged DEAESephadex &0 in columns

This experiment was performed on traditional syringkimns(section 2.9)becausehe low
salt concentration in the equilibrating buffer determined the Sephadex beads to swell, blocking the
AKTA syst e m®gedresineestiom2a8vas poured into a column and equilibrated by
constant washing €2 CVs) with a 1:1 mix of X TE buffer and 0.1 M PBS, at pH 8, ensuring the
removal of any unreacted dye.valume of 2 ml oDNA was poured onto the columdnbound
DNA was removed by washing the slurry with minimum 2 CVs of the same bBffand nucleic

acids were eluted using minimutnCV of 0.75 M NacCl, collecting 1 ml fractions.

4.2 Results

4.2.1 Testing the binding of bacterial nucleic acids to the Reactive Blue 4 dye

Data describing the initial concentration of DNA and RNA and the nucleic acid concentration
which has nobound to clear and RBéhgged Sephadex followed a normal distribution (Table
10.10 appendix). Concentration of unbound bacterial DNA exposed to clear andagded
Sephadex was significantly different from the concentration in the initial stock, afteg be
incubated for 5, 10, 30 and 60 minutesvéifues < 0.001, Table0111, appendix). After 1 minute
of incubation, the concentrations were not significantly different between the thrieduP=
0.061) Therefore DNA concentration did not decrease sahbsilly upon immediate exposure to
clear or RB4i tagged resin, a b minute incubation being necessary for a relevant reduction to
occur. After 5 and 10 minutes, DNA concentration diffesigghificantly in tubes containingucleic
acidstock (control), ged and clear resin, the lowest concentration being recorded upon interaction
with clear resinAfter 30 and 60 minutes of incubation, initINA concentration was significantly
different from tubes containing dyed and clesiurry, but no notable variain was observed
between resins.

Concentration of unbound bacterial RNA, after exposure to clear and RB4 slurry, was not
significantly different after 1 (Ralue = 0.066), 5 and 30 minutes\(&ues = 0.027 bKruskal
Walllis test, infirmed by pogtoc MannWhitney test with resulting Ralue = 0.081). Also, no
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different means were recorded after 16/8fue = 0.061) and 60 minutes of incubatiorvéfue =
0.051), indicated in Table0111 (appendix).

Comparisons between the five incubation timegeaéed no significant difference in the
concentration of DNA bound to clear resiny&ue = 0.483) and RBdyed resin (Rralue = 0.087).

In the case of RNA, concentration of unbound nucleic acids did not vary significantly between the
five incubation tims for clear Sephadex {Rlue = 0.199) and RB4 slurry {Rlue = 0.463), as
shown in Table Q.12 (appendix).

In the case of gDNA, the mean overall decrease in concentration between the stock and the
supernatant of clear Sephadex among all i ncub
whilst the difference between the stock and the supernatant oSBRpda d e x was 27. 86 |
representing a 48.40% reduction in concentration (Figuté\). For bacterial RNA, the mean
overall decline in concentration between the initial stock and the tube containing clear resin,
considering all incubation times, was 42:@4/uL, meaning that a 72.69% fall in nucleic acids
concentration occurred on the whole. In the case of RNA exposed taaB&dd slurry, the
variation between the stock and the supernatant of tubes containkmprgugaed slurry was
65. 96% or OBRNAGRured.B).c L
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4.2.2 DNA binding to clear and dyagged DEAESephadex A0 in columns

Data specifying the DNA concentration in fractions washed and eluted from clear and Procion
dyetagged DEAE Sephadex30 was diibuted normally (Table@ 13 appendix). It is important
to mention that these DNA concentrations are expressed as percentag®fvedadnitial DNA
concentration in the aliquot used for chromatography, not as absolute values. DNA concentration
in processed aliquots was different for each resin. Consequently, the conversion from absolute to
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Figure4.2 The scatter plots illustrate the concentration of genomic bacterial DNA in 1 ml fract
washed and eluted off undyed and Procionidgged Sephadex-B0, carried out using traditiona
chromatography columns. The washing step was done using a mixasfdf&1 M PBS buffer, a
pH 8, and the elution was performed with 1 M NaCl solution, exception making the -RB#lH
Sephadex, where the elution was done in two steps: 0.75 M NacCl, followed by the addition
NaCl (Fig. X. C). The arrows on the graphdicate where the buffers were added, and the brac

below show where the buffers started having an effect on the DNA.
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relative values was necessary to compare fractions eluted from variousAbswiste values can
be found in Table 10.1@ppendi).

OneWay ANOVA tests indiated significant differences between the mbanterial DNA
concentration in corresponding chromatography fractions, eluted from clear DEAE Sepka@ex A
and the resimonjugaed with the five Procion dyes. Complete statistical analysesasgbciated
Pval ues and t he o uhoctestsare indicated inklablp.dbqapperadix)t It
should be noted that 40 fractions were collected for the R@ENHI tagged slurry, whilst only 30
fractions were obtained from resin dyed with thieeotfour dyes. Therefore, only fraction$ B0

were compared against one another.

The highest DNA concentration off all fractions shown in Figuwas recorded in fraction
26, eluted rom Red MBit agged resin (83. 4 1KAcangehteatiohin Ho we v
the aliquot wused f omndother aBquotsinad a higher cohcgritration2g. n g/ ¢
the aliquot run on RB4 slurry, where the init
4.2F). In the case of Red MEB, 97% of theinitial DNA was recovered, as the sum of
concentrations in all fractions was 235.673 ng/ul. For RB4, only 207.491 ng/ul were recovered
(59%). The second highest peak was produced by the nucleic acid concentration in fraction 27,
eluted from Yellow MX4Ri dyed slurry (Figured.2E). Initial DNA concentration run on the
yellow resin was 249.793 ng/ul, with complete recovery. In the case of bacterial DNA run on
Orange MXGi Sephadex, the initial concentration was
the highest peak located on the specific graph (Figu2dd) was relatively low in comparison to
the other dyes, equalling only 35.679 ng/ el . H
peak had been produced earlier, by fraction 23, where DNAcce nt r at i on was 10. 89
total concentration of recovered DNA was 170.568 ng/ul, which is about half of the initial amount
(almost 55%)DNA concentration in fractions 11, 12, 14, 18, 28 and others was found to be the

highest when washed frometltlear slurry, in comparison to dygagged resin.

For Red H3BNT tagged slurry, the peak corresponded to fraction 31, with a DNA concentration
of only 26.737 ng/ el , as a r esull2C). ddnetheless, addi t
this graph contained the highest number of pemkactions 13, 15, 27, 31 and 34. High amounts
of DNA were lost throughout the chromatographic run, as the initial DNA concentration was high,
equalling 317.800 ng/ul. In addition, elution was performed indigps, firstly starting at fraction
25, using 0.75 M NacCl, and secondly, starting at fraction 31, with 1 M salt solution. Total recovered
DNA was only 243.165 ng/ ¢l (77 %) .
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4.3 Discussion

4.3.1 Testing the binding of bacterial nucleic acids to Reactive Blue 4 dye

This chapter examined the binding of bacterial nucleic acids to five Procion dyes. Bacterial
gDNA behaved differently when exposed to undyed and dyed Sephai@béads (Figuré.l).
The observed bindingattern to the two types resinmay outline that initially DNA forms stronger
interactions with clear Sephadex in comparison totdgged slurry. This could indicate that the
presence of dye may restrict the bindin@bfA to the beads, between 30 minutes of incubation.
It should still be noted that there is a significant decrease from the concentration of DNA present in
the initial stock, but RB4 does not contribute to superior DNA binding, in comparison to the
Sephadex beads alone. In time (30 to 60 minutes), differemd@ading between the two resins
beame insignificant. Also, the decrease in DNA concentration in both tubes containing clear and
dyed slurry did not vary significantly from one incubation time to another suggesting that the
variation may be attributed tandom chance.

For bacterialRNA, reduction in concentration from the initial stock was awident after
exposure to either clear or diegged resin throughout the 60 minutes period of incubation
However, due to the small sample size (N = 3) anehpnatally distributed RNA concentration
data in the initial aliquot, a ngparametric test was conductélthese types of tests are known to
have lower statistical sensitivity in comparison to parametric tests, with great chance of producing
falsenegative results (Sedgwick, 201Regarding the observ&NA binding pattern to the beads,
this could becausediy randomnessas no significant interaction was observed throughout the 60

minutes incubation period.

Overall, reduction in nucleic acids concentration from the initial stock was greater in the case of
RNA in comparison to DNA, upon exposure to botkar and RB4 tagged slurry (see section
4.2.1). This finding could suggest that bacterial RNA may bind better to both undyed and dyed
Sephadex beads in contrast to DNA. In other words, Sephadex and te@ded Sephadex may
have a greater binding capgcio RNA than to DNA, meaning that larger amounts of RNA can
attach to these beads. Double stranded genomic DNA contains a sugar called deoxyribose,
consisting of a hydrogen attached to the second carbon in the pentose ring, whilstsiagided
RNA contains ribose, which consists of an ext@H functional groupin comparison to its
counterpart. The presence of a reactive hydroxyl group in the RNA molecule makes it more reactive
than DNA. Moreover, RNA contains the uracil base, lacking a methylstMBINA comprises

thymine in its structure, to which a methyl group is attached. Methyl groups are typically unreactive,
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therefore their presence on the thymine base determines more stability in the DNA molecule in
comparison to the RNA one (Burgeal, 2006; Albertset al, 2002; Klecker and Nair, 2017).

4.3.2 DNA binding to clear and dyeagged DEAESephadex &0 in columns

Figure 4.2 displays the bacterial DNA washing and elution steps from clear anthgged
chromatography matrices, where DNA concentration measurements represent absolute values. First
DNA elution off the dyeconjugaed chromatography resin was performed using BroBied H
3BN. Elution was performed in two steps, using 0.75 M NaCl and 1 M NaCl (HgRf@), just as
a preliminary test of the effect of various salt molarities on thebdymd DNA. Thus, more
fractions were collected. Upon addition of 1 M NacCl, raaldnucleic acid came off the
chromatography column, proving that the higher salt molarity was superior in eluting the DNA.

Therefore, 1 M NaCl was used in subsequent experiments.

Despite running equal volumes of DNA on each type of resin (2 mL &iguine DNA
concentration varied among aliquots, due to performing chromatography runs on different days.
Thus, the amount of DNA concentration in each fraction had to be converted to a percentage value
of the concentration in the initial aliquot, usedtfte chromatographic run. By using relative values

as opposed to absolute values, a comparison between corresponding fractions was possible.

Mean nucleic acid concentrations were significantly different amongst all corresponding
fractions of differenmatrices. The most notable difference between resins was observed in case of
fraction number 27In the case of RR2fagged Sephadex, these differences are most likely a
consequence of using a different salt molarity (0.75 M NaCl solution), in compéuisioa other
resins (1 M NaCl solution). However, these findings could suggest that DNA may bind better to
Red H3BN and Orange M>G, in contrast to Yellow MX4R.

Highly different means were observed between slurries in the case of fractions 28,and 2
probably due to the differential effect of 1 M salt on the strength of DNlfe linkages (Table
10.14 appendix). Thus, one could hypothesise that the high amount of nucleic acid coming off
RR2-resin in fractions 26 (34.378%) and 27 (27.520%) may sidgbat the DNAdye bond was
more easily overcome by the addition of 1 M NaCl in the case of Re&B/)>as opposed to other
dyes. This may be a potential indicatof a weak chemical bon&raction 2&comingoff the RB4
T resin contained the lowest DNAmoentration of all corresponding tubes, equalling 9.678% (not
considering fraction 26 produced by the elution from Reéd-3BN, as this included a twstep
elution). Also, the total amount of recovered DNA was only 59.306% in the case df RBi,

whichcould potentially indicate a strong affinity of bacterial DNA to the RB4 @ije.same pattern
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was observed in the case of Orange-Xwhere only 54.824% of the initial DNA was recovered.
Similarly, unpublished data of Michael Comer (Comer, personal eonuation) indicated a
superior affinity of the enzyme glycerol kinase to RO1, in comparison to other dyes, such as Procion
Yellow MX-R, Red H3B, Blue HZGS and Cibacron blue F3& In his case, elution was
performed using a solution containing adenogipdosphate and magnesium chloride. In contrast
to Comer 6s FEtialnIPT6nrgpsrted |@vaadsprption of carboxypeptidase G on-RO1
Sepharose 4B conjugates, with better enzyme binding in case of Procion BHre (M&active

Blue 4). Such contrasig results could arise from the major structural differences between the
molecules of DNA and those of protejimghere the nucleic acids may be exposing various other
potential binding sitedn addition, DNA has an overall negative chargenferring ita superior
binding capacityto the cationic Sephadex beads, whilst the electrical charge varies from one protein
to another, depending on its amino acid composition (Yamatadi, 2001; Schasfooret al,

1990).

DNA concentration irsomefractions eluted from undyed Sephadexs found to be higher in
comparison to corresponding fractions in the case of dyed resin. Additionally, DNA concentration
wasneverfound to behe lowest amongst corresponding fractiortss finding could suggest that
washing DNA off the clear resindeto easy detachment. In other words, it could be hypothesised
thatgenerally DNA bound superiorly to the dyes than to the undyed matrix. Insoluble polymeric
supports have been used in the past for the chromatography of nucleotides, such as thymidylate
celulose matrix complementary strands of nucleic acids bound to celldosepharoseyut no
studies investigating the binding of double stranded DNAyted chromatographic resins were
found (Sandeet al, 1966; Bautz and Hall, 196€handraet al, 1992. Thus, the present findings
suggest that Procion dyes immobilised on inert chromatography matrices may provide a novel

strategy for the purificationf DNA.

The structure of double stranded DNA comprises the major and minor grooves. DNA binding
sites represent short sequences that proteins or enzymes attach to, with varying degrees of affinity.
Proteins interact with DNA more easily via the
thus enabling proteins to recognise specific DNA sece®nThe phosphatédose groups form the
backbone of the DNA molecule, conferring it its overall negative charge. Procion dyes are known
to be negatively charged as well, resulting frima presence of sulfonic groups, which should
theoretically inhibit bheir interaction with DNA. However, the present experiment demonstrated
that bacterial DNA bound to the dyaselution requiedthe addition of a higltoncentration salt
buffer. Therefore, it could be hypothesised that the binding of DNA to the Progsrodcurs in a
similar fashion as the protedNA binding interactions. Thus, such binding may rather be a result

of geometrical complementarity due to the chemical conformation of DNA, rather than to

61



electrochemical interactions (Ades and Sauer, 199%igMed Ducho, 2018; Maffest al, 2014,
Rahmaret al, 2013).

It is arguable that DNA was present in the first few fractions collected from the-8&®2@.
These spectrophotometer readings could have resulted from the presence of other molédiles, wh
can also absorb light at this wavelength. These molecules could have originated from the initial
DNA aliquot, as well as from the glass wool filter. In fact, this observation could apply to many
other fractions. For example, the total amount of rea/&NA from RY1l4tagged slurry was
106.13% of the initial concentration, which is clearly an error. The use of qualitative
chromatography filters and sensitive automated purification equipment is essential for the isolation
of various macromolecules in mamdustries (Labrou, 2014). However, the aim of the present
experiment was to prove a concept, rather than produce highly pure nucleic acids, and this specific
target was eventually reached by using an improvised chromatography systarihelessthese
experiments should be repeated multiple times, using a larger number of replicates to confirm the

results.

Therefore, these experiments provided a basis of evidence that bacterial nucleic acids bind to
the choice of Procion dyes. Double stranded M4 RNA were found to bind in different manners
to both clear and dytagged matrices, possibly indicating various degrees of affinity. However, the

small sample size cannot guarantee the validity of the present findings.
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5. Testing thebinding of phage to the Procion dyes

Theemergencef the COVID-19 pandemic hasmphasised the need for scientific reseanti
ways to limit the spread of transmissillsseasesDiscovering means to immobilise viruses on
various surfaces cadll provide an invaluable tool tpotentially reduce the transmission of
respiratory infections.

Chapter 5aimed to test the binding d#4 bacteriophagéo the Procion dyesncluding all the
preliminary experiments undertaken in preparation for Hiistly, production of a highitre phage
stock was performed based e growth curve of ak. coliliquid culture Secondly, the effect of
salt solutions of varying molar concentrations on T4 survival was investigdtedhird experiment
consisted ofmixing phage solution withlear and RB4aggedSephadex slurry, pouring the mixtures
into traditional syringe coluns, and washing and eluting any potentially bound phagasing salt
solutions.Binding of T4 to pieces of fabrics dyed with the five Procion dyes was then,tbgted
adding coloured cloths to thghage solution and monitoring the change in T4 concémiraver

time.

In order to rule out the possibility that binding of phagéabrics was du& adherencea the
clothd s d r vy, LBpuemwéttadcpimces of undyed silk and cotton were mixed with phage, stock
and the change in phage density was &dckhen, in order to test if exposure to a greater amount
of Procion dyecould lead to superiof4 binding, RB4 deeplydyedsilk was mixedwith phage,
monitoring viral concentration. Finally, validity of the obtained results aggessetly examining
electron microscopy images of fabrics exposed to T4 bacteriopBadar, no studies are known to

have tested the interaction between Prodiges and viruses.

5.1 Methods

5.1.1 E. coli growth curves

The appropriate time for phageddition to an E. coli liquid culture was determined by
monitoring the rise in absorbance at 600 nralafuid bacterial culture over timentil the optical
density started to increase exponentially i.e. reaching the exponential growth phase. The growth
curves of two bacteri¢iquid culturespne as aontrol andhe otheinfectedwith T4 bacteriophage,
were tracked in paralleAn overnightE. coli fimini-cultured was used to inoculate two flasks
containing 150 ra of LB medium Thesewere incubatedh an orbital shakg incubatorat 37°C
and 18(RPM, taking the Meooevery houruntil reaching 0.5 0.65 AU.A volume of3 mL of high
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titre phage lysatéover 10 PFU/mL)wasadded to one of the flasks and absorbance readings were
recorded every 15 minutes, between repeated incubations at 37°C éRENIB80p to 3 hoursD.5

mL of phageinfected cultureverecollectedin microcentrifuge tubeat each reading. These were
centriuged at maximum speed forl® minutesA serial dilution of the centrifuged phage sample
was prepared antl 0 . ofeeach dilution were mixed withOOeL of an overnigh€&. coli starter
culture with an Olgyobetween 0.20.4 AU. The mixture washcubated &RT, for 15 minutes. Ais

was added to 3 mof warm soft agar and was poured on-pamed (28C) LB agar platesand
incubated at 3TC overnight

5.1.2 Testing the effect of sodium chloride on phage survival

Theeffect of salt on bacteriophage survivasdetermined in a preliminary experimghefore
eluting phage potentially bound to dyed and undyed Sephadex slimeyphage stock was
incubated at RT for approx. 30 minutes. 2 M, 0.8 M, 0.6 M, 0.4 M and 0.2 8blutions were
prepared, autoclaved and allowed to cool dowrRT. Equal volumes of each solution and phage
stock were mixed and incubated at RT for 30 minutes; thiscstepecboth the NaCl and phage
solutionsto diluteby 50%. The phagsalt mixtues were used to determirfeephagetitre by the

plague assafgsection 2.7)

5.1.3 Testing the binding of phage to polysaccharide matrices

A T4 bacteriophage stock solution, clear DESEphadex A0 slurry and RB4agged slurry
were incubated at RT for 30 minutes. A volume of 5 mL of slurry was added to sterile 15 ml Falcon
centrifuge tubes, ensuring the preparation of 2 replicates per;gluvgs were centrifuged briefly
(1500 RPM, 30 seconds) to allow the beads to settle, and the supernatant (PBS) was removed. A
volume of 2 mL of phage stock was added to each tube; controls were prepared by adding 2 mL of
phage solution to 2 empty tubesibes were incubated in an orbital shaker, at 180 RPM and RT,
for 1, 30 and 60 minutes, and beads were centrifuged for 1 minute. A volume ©fl20pbage
supernatant was collected from each tube after every incubation, which was then used to determine

the phage titre by the plaque assay (Figure 5.1, stef® &ee section 2.7 for the assay).
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5.1.4 Phage elutiorfromthe polysaccharide matrices

Traditional syringe columns were prepared by the method desgibegtbusly(section 2.9)
The contents of each tullem the previous section (section 5.1v@re poured intseparate
syringecolumrs. The first 2 mlof liquid dripping down the columns were collectdthis volume

represented the amount of residual phage solution which did not get adsorbed into the Sephadex
slurry. Volumes equal t& mL of 0.1, 0.2, 0.3 and 0.4 M NaCl solutions were sequentially added

to the column, to wash and elary potentially unboundr boundviral particles A number ofl5
other fractionsof 2 mL were collected in microcentrifuge tubd®hage tite was determinedh

fractionsl, 4, 7, 10, and 1By the plague assay (section 2Where each fraction, with the exception

of the first corresponddto one NaCmolar concentration (Figurg1, steps 3 12).

Phage stock

//\—‘> P o -
= = =
| I LB v

—

©

\ / \ /)
\’/ \\,/ Serial dilution of
fractions
A® <«
Soft agar at 15 minutes i\
42°C incubation at / |

RT

[ =%

/-
® +7® w
E coliculture (OD 600 =0.2- 0.4 @
AU)

' Incubation at
37°C
overnight 0.1-0.4 M NaCl solutions
>
— - @ Salntntainintaininintal
Pour and Visualise W
allow to plaques
Vortex solidify at RT Fractions

Figure 5.1 Stepby-step demonstration of the protocol performed to test the binding affinity of T4 |
to the dyetagged and untagged slurry. StepsA volume of 5 mL of clear and dyagged slurry was
transferred to Falcon tubes and 2 mL of phage were adéagltidube, ensuring the preparation of con
tubes (tubes that only contained T4 sto@k)'he tubes were incubated in an orbital shaker, at 180 F
for 1, 30 and 60 minute8. One of each tube (clear, RBdsin and phage control) were poured int
traditional syringe columrd. Fractions were collected upon the addition ofi0Q4 M NaCl solutions.
57 12.The plague assay was performed ttedminephage titre in fractions 4, 7, 10 and {Greated

using www.Biorender.com).
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5.1.5 Testing the binding of phage to natural fabrics

Small rectangularpieces of dyed and undyed fabrics were cut from previously dyed cloths
(section 2.1Q)It was ensured thatll pieces offabric of the same kindieighed identicallycotton
i 15.3 mg; silki 6.4 mg) Triplicate fabric piecesvere prg@ared for eacleloth type and colour.
Undyed fabrics were used as controls. A volume of 1.5 mL of RE0/mL stock was added to 2
mL microcentrifuge tubes. Sterile pincers were used to transfer one piece of fabric to one tube and
allowed to incubate fak, 30 and 60 minutes on the roller shaker, at 35 RPM. Tubes were vortexed
briefly (1-2 seconds3000RPM af t er each incubati oncollaceed 100
these were used for the plaque agsagtion 2.7; protocol illustration fRigure5.2).
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Figure 5.2 lllustration of the plaque assay protocol, adapted to test the binding affinity ¢
phage to the dyed and undyed (control) fabrics. Prociosiatyged and undyed fabrics were add
to tubes containing T4 solution and were incubated f@0 and 60 minutes. A small volume «
phage solution was removed from the tubes before the addition of cloths and after each inci

which were then used for the plaque as¢@yeated using www.Biorender.com).
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5.1.6 Testing the binding of phage poe-wetted silk and cotton and dry daR84
silk

Pieces of undyed silk and cotton of the same weight as measured in the previous section (section
5.1.5) were wetted in LB solution, placed in a Pierce protein concentrator with a 10K molecular
weight at-off (Thermo Scientific, Hempstead, UK), and centrifuged for 2 minutes at 4000 RPM to
remove excess liquid, whilst keeping the cloths moist. These were used to test the binding of phage,
as described in the previous sect{saction 5.1.5)Dry pieces ofkilk deeply dyed with the RB4
dye were processed as in the previous section (section 5.1.5).

5.1.7 Analysis of fabrics using Scanning Electron Microscopy

The tabletop SEM system (Hitachi TM4000plus) and the TM4000plus software (version 1.5)
were used t@nalysesome of thefabric samples exposed to phage and coffitmiics Samples
were mounted onto the specimen holder and then placed into the sample chamber. A vacuum
pressure (1%to 101 Pa) was applied to the samples; the software was openethevitbrrect
specimen holder selected. SEM images were obtained using an accelerating voltage of 5 kV surface
with Backscattered electron + Secondary electron detector (MIX), with an appropriate vacuum of
30 Pa. The images were taken at 100x, 250x and ®@@mification.
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5.2 Results

5.2.1 E. coli growth curves

Figure 5.3 describes the steps followed to produce an optimal concentration of T4
bacteriophage stock. Figure3® illustrates the rise in absorbance at 600 nm dEaooli liquid
culture over time, whilst Figure&B indicates the bacterial concentration at gank point shown
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Figure 5.3 E. coli growth curvesA. Growth curve expressed as absorbance uAis)( B. Growth curve
expressed in bacterial concentrati@h. Growth curve expressed as bacterial concentration ag&ipstD.

Comparison of two bacterial growth curves: control and infected with T4 bacteriophage, expres
absorbance units=. Control andT4-infected growth curves, indicating the bacterial (Y axis) and ph
concentration, respectively (Z axis). Numbers above the blue curve indicate the phage concentratic

infected culture, which equals 0 at the time of phage addition and increase®j whilst the number o]
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in the previous section, plotted against time. The optimal time for infectig eoli culture was

found to be after approximatelyi22.5 hours (120 to 150 minutes) of incubation, or when the
absorbance reached between 0.20B00 AU Figure 53.C plots the absorbance at 600 nm of the
bacterial culture, against the concentration of bacteria, creating a straight graph line, which validates
the number of CFU/mL determined in the previous section (FigGrB)5

The growth curves btwo E. coliliquid cultures were monitored in paralleihe infected with
T4 and one not infected (control), as shown in FiguBDb5 Here, the exponential increase in
absorbance of the control culture (orange curve) starts after 2 hours of incub8f6€ aand the
curve begins to flatten between 200 and 250 minutes. In contrast, the addition of T4 in the other
culture (blue curve) causes a decrease in absorbance around minute 150, 30 minutes after its
addition to thee. coliculture. Figure 3.E indicates both the bacterial concentration (Y axis, where
values relate to the orange curve) and the phage concentration (Z axis, where values relate to the
blue curve) of the two cultures. Thus, the blue curve describes a downward motion to indicate the
drop in bacterial concentration over time, whilst the numbers shown above the curve denote the
number of PFU/mL, which increases with time.

5.2.2 Testing the effect of sodium chloride on phage survival

This experiment was conducted using 2 replicatessaeple.Phage concentration data was
normally distributed, as shown by the results of Ryaimer normality test, wherewlues > 0.100
(Table D.16, appendix)Salt solutions of various molar concentrations, including 0.1, 0.2, 0.3, 0.4
and 1 M did not Ave any significant effect on phage concentration, as indibgttt insignificant
P-value, resulting from the On&/ay ANOVA (Table D.17, appendix), where-Ralue = 0.262.

The experimental outcome is depictedrigure5.4.
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Figure 5.4. The effect of various NaCl concentrations on T4 bacterioph

survival. Phage concentration (PFU/mL) is indicated above each col
"Control" column indicates the phage concentration in the initial phage ¢
(two replicatesNaCl concentration)

5.2.3 Testing the binding of phage to polysaccharide matrices

The experiments in this sectiomere carried out using two replicates per sample. Data
representing phagére in stock (controlandin the solution exposed talearand RB4i tagged
Sephadeslurry followed a normal distribution (Pvalues > 0.100, Table0118, appendix). One
Way ANOVA tests showed no significant difference between phage concentration in the stock
control, in the supernataat clear slurry and that d2B4 resin after 1 minte of incubation (Table
10.19). However, the associatedvBllue was 0.051 for this comparison, close to the 0.0®ffut
value. Thus, the postoc LSD Fisher pairwise comparison showed a significant difference between
phage titre in the tube containingpgha cont r ol and the other two
not indicate any differences between meatierefore the variation was not considered
significantly different. After 30 minutes of incubation, no significant difference between the three
was roted by ANOVA (Rvalue = 0.057); still, the LSD Fisher test indicated a significant difference
between the control and the other two tubes. A significavalie of 0.028 resulted from the
analysis of the three, by On#ay ANOVA, the difference being obsexd between the control and

each treatment group, after 60 minutes of incubation (F&A).

Analysis of the difference between incubation times by -Ofay ANOVA revealed no

significant difference between tubes containing control phage steekRly® = 0.424), tubes
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containing clear resin (Palue = 0.408) and those with RBadgged resin (Ralue = 0.58Q) This
isindicated in Table @.20 (appendix) and depictad Figure5.5.A.

The highest phage concentration was recorded in fraction 1, corresponding to thetabatrol
(Figure 17B). All plated fractions eluted from dyed slurry contained fewer phage than those eluted
from clear one, except for fraction 5, where titres wideatical between resins (Figures@and

D).
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Figure 5.5. A. Interaction between T4 and polysaccharide matrices. Yellow columns show the phage titre in
containing control phage stock. The other columns indicate the phage titre Snpimatant of tubes where phage
incubated with clear and RB4 regihreplicates/ sampleB.Phage fel uti ono from the sy
(tube content was poured into the syringe resinwas present C. Phage elution from the edr slurry.D. Phage elution
from the RB4tagged slurry. NOTE: Y axes in the last three graphs are equal, teisaakcomparison between grajh

andC or B andD. (Elution experiment®, C andD involved onereplicaté fractior). Control phagestock = initial stock of

phage, used for testing the binding of phage to dyed and clear resin
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5.2.4 Phage elutiorfromthe polysaccharide matrices

These experiments were carried out using one replicate per fraction i.e. phage titre was
determined using one replicate. Thus, data analysis could not be conducted. Fractions number 1 in
Figures5.5.B - D consisted of a volume of phage solution that did not get adsorbed onto the beads
or glass wool and was allowed to drip off the column, before the addition of $da@ions. In
fraction 1, Figures.5.B, the bacteriophage concentration was remarkably higheomparison to
Figure5.5.C andD. Similarly, the number of phage particles in fraction 5 was greater in the case
of control phage, in contrast to the corresponding fractions coming off clear arG &4 resin.

The mean PFU/mL value showed in fiaot9, Figure5.5B was lower in comparison to the
corresponding fractions in Figute5.C, with the lowest concentration being recorded in Figure
5.5.D. For fractions 12, the highest phage concentration was reported inGigotkowed by figure

D and henB. Similarly, in fractions 16, the top phage concentration was recorded in the case of
clear resin, and was followed by the corresponding fractions coming off RB4 slurry and glass wool

in the phage control column.

5.2.5 Testing the binding of phage natural fabrics

Data representing the number of bacteriophage particles in the stock solution before and after
exposure to undyed and dyed fabrics was distributed normally, as indicated in10allle
(appendix, Pralues > 0.100). On&/ay ANOVA analyses compargntitre variability after
exposing phage to Procion dyed and undyed cotton and silk, indicated highly significant differences
after 1, 30 and 60 minutes of incubatiorv@ues detailed in TablE).2, appendix). Details of the
significantly different pas of means are shown in Tallle.23 (appendix), for both cotton and silk
fabrics.

Comparisons between incubation times were conducted usingMapeANOVA tests, for
pieces of cotton and silk (Tabl®.24). Differences were observed between 1 and 3futes of
incubation in the case of control, undyed cottoivgRie = 0.034), between 1 and 60 minutes for
undyed cotton (Ralue = 0.024), Red MX%B (P-value < 0.001), and yellow {fPalue < 0.001).
After 1 minute thedifferent titres were founbetween stock and undyed cottand between stock
and Red MX5B i cotton.Between 30 and 60 minutes, variations were reported for RedbB®1X
(P-value < 0.001) and yellow {fPalue < 0.001). In the case of silk, differences were observed for
undyed fibre, bisveen 1 and 30 (Ralue < 0.001), 1 and 60{Rlue = 0.005) and 30 and 60 minutes
(P-value = 0.043), as indicated in Taldl®.%. These results are illustrated in Figir®, where
figuresA andC show the binding of phage to cotton, @dndD indicatethe binding to silk.
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Figure 5.6.Bar plots indicating the phage concentration in tubes where phage solution was exp

B Silk Control

O Silk Stock control

dyed and undyed fabrics, outlining the number of unbound phage particles (3 replicates/ sample

columns show the phage &tin the initial stock. Stock control = phage stock used to test the bindi

T4 to fabrics. Control phage exposed tondyed fabric. Statistically significant means do not sha

letter. Significantly different groups are indicated, where * B.65, ** P < 0.01, *** P < 0.001.
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5.2.6 Testing the binding of phage to pneetted silk and cotton and dry daR84
silk

Data indicating the number of PFU/mL in the phage stock, in the T4 solution exposed to wetted
undyed cotton, and silk and dark RB4 silk was normally distributegliies > 0.100, Tabl0.2,
appendix). Oné&Vay ANOVA tests comparing the phage titfeeaexposure to prevetted cotton,
silk and dry dark RB4 silk indicated a significant difference from the stock after 1 minustu@
< 0.001), 30 minutes (Ralue = 0.037) and 60 minutes of incubatiorvéfue < 0.001)Differences
were observed betweestock and wet cotton, wet silk and dark RB4 silk after 1 minute. Half an
hour incubation resulted in significant differences between stock and wet cotton. After 60 minutes,
stock titre differed greatly from the titre of the sample exposed to wet ceitiomnd dark RB4
silk (Table 10.27, appendixRifferences between incubation times were reported fowvetéed
silk (P-value = 0.013) and deeply dyed RB4 silk@ue < 0.001, Tabl&0.2, appendix) For

undyed fibre, significant variations were regarbetween 1 and 30, and 1 and 60 minutes. For dark
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Figure 5.7.Bar plots indicating the phage concentration in tubes where the phage solution was exg
wet undyed silk and cotton and dark blue (RB4) silk. Beige columns show the phage titre in the
stock.A. Testing the binding of phage to cotton fabri8sTesting the binding of phage to silk fabrics.
replicates/ sample). Stock control = phage stock used to test the binding of T4 to fabrics. Coimagé
exposed toundyed fabric. Statistically sigitant means do not share a letter. Letters are colo

differently to indicate compared groupsvyPal ues < 0. 05 are indicate
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RB4-dyed silk, differences were observed between all incubation times. Fagdepicts the
experimental outcome.

5.2.7 Analysis of fabrics using Scanning Electron Microscopy

SEM images of silk and cotton fabrics exposedimxposed to phage, either undyed or dyed
with some ofthe five Procion dyes, are shown in Figuse®i 5.1Q Areas marked with an orange
box indicate examples of ovoidal structures, presumably bacteriophage particles bound to fabrics
exposed to T4 (Figur®&.10, or other units of similar shape, present on the surface of cloths
unexposed to the T4 solution (Fige5.8 and5.9). The fabrics imaged here are identical to the
ones used in the preceding sections (sections 5.2.5 and 5.2.6). However, not alltdataitts
previously have been imaged. Images were produé¢e8 days after fabrics had been exposed to
T4.

/

A
1% PCL 5_w,1.?m§q0'MxxM 07/19(2022

Figure 5.8. SEM images showing various cotton fibres (100x magnification), unexposed
bacteriophageA. Undyed cottorB. Cotton dyed with Procion Orange M&. C. Cotton dyed
with Procion Red MX5B. D. Cotton dyed with RB4. Cotton dyed with Red +3BN.
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Figure 5.9. SEM images showing various silk fibres, unexposed to T4 bacteriophage |
magnification).A. Undyed silkB. Dark RB4 silkC. Light RB4 silkD. Red MX-5B silk E. Orange
MX-G silk. F. Orange MXG silk (800xmagnification).
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Figure 5.10 SEM images of undyed and variously dyed fibres, exposed to T4 bacteriopha
Undyed silk (250xB. Undyed silk (800x)C. Yellow MX-4R silk (250%)D. Yellow MX-4R silk
(800x) E. Dark RB4 silk (250x)F. Dark RB4 silk (800x).G. OrangeMX-G cotton (250x)H.
OrangeMX-G cotton (800x). Red H3BN cotton (250%)). Red H3BN cotton (800x).

78




5.3 Discussion

5.3.1. Testing the binding of phage polysaccharide matrices

The current investigation aimed to analyse the binding of T4 bacteriophage to the choice of five
Procion dyes. Initial attempts to concentrate the viral stock by either incubating the T4 ®&ith an
coli liquid culture of highcellular density or for longer periods of tir(eection 5.2.Afigure 5.3A
andB) provedunnecessary for the final stage of the present study. Thé&ficsili growth curve
monitored the rise in absorbance of a liquid culture in time, in order to identify an appropriate time
to infect the culture, for optimal phage production. Microbial growth includes three phases: lag,
exponential and stationary. During the Iphase, bacteria adapt to the new environment, until
starting to take advantage of it by badnonning
significant division isobserved; the exponential, or log phase, represents the stage at which cells
divide fast, bacterial numbers growing exponentially, doubling in numbers every 20 or 30 minutes;
when reaching the stationary phase, bacteria start dying, as nutrients become limited (Baetchanan
al., 1997; Elbing and Brent, 2018). Therefore, the apprtptiane for phage addition is the
beginning of the lag phase, which is indicated by the quick rise in absorbance. Such approach would

lead to the generation of maximal numbers of viral particles.

For thesecond part of thexperiment(Figure 5.3C, D and E), bacterial concentration was
estimatedThen, the number of organisms was plotted against absorbance, information which was
further used to estimate the increasing number of PFU, concomitant with the fall in CFU numbers.
Accordingly, an optimal plge generation was achieved in stocks, which were uségture

experiments

Establishing if binding of T4 to the RB4gged analearSephadexesincould occurrequired
an experiment aiing to elute potentially bound phagdf the matrices. Thus, traditional syringe
columnswere used for this purposaffinity chromatography includes three steps: incubating the
sample with the affinity support to enable the target to bind to the ligandingasdfi unbound
molecules and eluting bound target molesdfem the ligand immobilised oan inert support.
Concentration of salt in the washing and elution buffers should be increased gradually, thus
allowing a stepwise elution of the target. In dyatig chromatography, it is advisable to increase
bufferbés ionic strength from a concentration
Sodium chloride solution is one of the most used buiifgosoteinpurification During the passage
of the salicontaining eluent buffer through the chromatographic column, NaCl dissociates in Na

and Clions, which start competing with the analyte ions, to bind to the functional groups present
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on the surface of the stationary phase (Magdeldin and Moser, 2012nt@akl, 2008; Acikara,
2013).

Considering that the chromatographic target consisted of bacteriophage particles, the effect of
table salt on T4 survival had to be testgior to conductig the abovementionedexperiment.
Incubation of phage witlsalt solutions ofincreasingmolarities did not have an effect on
bacteriophage survival and infectabilifyndings whichenabled theubsequenise ofNaClbuffers
for phageelutionfrom dyed and undyehatricesLeibo and Mazur (1966) described an ekpent
in which suspending bacteriophages T4B and T4D in concentrated salt solutions determined a
sudden osmotic shock inside the phage heads, followed by immediate dilution in water, to reduce
osmoatic pressure. Here, phage particles were mixed witlosi#tibsis and incubated for 30 minutes
before being serially diluted and undergoing the plaque adsaefore the immediate effect of
NaCl on phage survival was not monitored. Scribner and Krueger (1937) reported that addition of
0.25 M NaCl to the mixtie of aSaphylococcuswureus specific bacteriophage and its susceptible
host determined an increase in the amount of phage produced; however, no significant difference
in the number oproducedbhagewas observed whegphagealone was incubated with NacCl for 4
hours, at 37°C, prior ttitration. In the present study, various NaCl concentrations did not have a
significant effect on phage titre, in comparison to the control, andligbt variability in phage

concentration among tubes was most likely due to random chance.

Theprocalurementioned above, generaflyllowedin proteinchromatography, asapplied for
phage elution from resirlthough the effect of 1 M NaCl buffer on Tad been tested previously
this buffer was not used for phage elutiBhage titre varied significilig between stock and tubes
containing phageesin mixture, with no differences between dyed and undyed resin. Therefore, i
is unlikely that the presence of RB4 led to better phage adsorption onto Sephadex. Phage titre did
not vary with time in either ofhe tubes, suggesting that longer incubation times do not lead to

superior binding to the matrices.

It was found that great amount of phagmtadsorbednto the clear and dyed reshifferential
binding of phage to the two types of slurry wasasted fromfraction 1 All plated fractions eluted
from dyed slurry contained fewer phage in comparison to those eluted from clear Sephalex
could possibly indicate a stronger interaction between phage and dyed slurry, in contrast to clear
one.However, conclusions cannot be drawn, as the experiment was only conducted once, and the
titre was determined using only one replicate per fraction. Repeating this experiment or plating all
16 fractions for all three tubes (control, clear and dyed slwmag both timeconsuming and

wasteful, so the fabrics approach was taken afterwards.

Unfortunately, it was difficult to assess the binding capacity of the dyed beads to the viral

particles Bacteriophage particles were found in the first collectedtifrag and thus it was

80



hypothesised that their concentration was too high to bind such a small volume of dyed resin (5

mL). Another possible explanation was that the binding could not have occurred because of the
incubation at 180 RPM, where the agitatioaswoo vigorougor optimal dyephage interaction.
Additionally, in order to ensur e t hiechemmicahdi ng
nature(anion exchangégrthe dyed fabric approach was taken.

5.3.2. Testing the binding of phage to natural feisr

Due toworking in smaliscale, it was sensible to assume that such small pieces of fabric could
not capture a very high number of viral particles. Consequently, the T4 stock was diluted to the
minimum concentration detectable by the plagssay, without the need to perform a serial
dilution, which was 18 To clarify this argument, in our case the number of PFU detected on a plate
was approximately FQwhich represents the PFU concentration in 100 pL of stock; multiplying
this number by 1@vould give the PFU concentration imllilitre . Due to time constraints, the
protocol was established and followed for all the dyes, without diluting the stock any further (by
50%, for example, to give a concentration aroungl. Furthermore, tubes ctaining fabrics were
incubated on a gentle roller shaker at 35 RPM, to allow potential binding to take place.

Some variation in the concentration of T4 was observed upon exposure to dyed and undyed
fibres.Results indicated significant decrease iitte upon exposure to both white and red cqtton
suggeshg that the presence of Red MBB did not influence phage binding. Other differences
were reported between white and Re@BN 1 fibre, white and orange and white and blue cotton.
Nonethelessstockphage titre was not highly different from tubes with T4 exposed to cotton dyed
with these three dyes. This indicates that the presence of the-B8N Hbrange and blue dyes did
not produce a dramatic decrease in phage titre, after 1 minute of incubbatioimation for 30
minutes led to a significant decrease in phage after exposing the T4 sample tedyelibeotton.
Other differences between the stock and dyed cotton were not obsEmeedbserved binding
patternof phage to the dyed clotinsay suggesthat phage birslto the yellow dg, as opposed to
the other dyes. Also, ihay suggest that Red M3B and Yellow MX4R have the potential to bind

or inactivate T4due to a decrease in titre upon exposorgaem.

Phage titre was compared between incubation times, after exposure to dyed and white fibres.
The observed pattecould indicate a potential binding behaviour of phage to undyed fabrics. For
white cotton, it seems that there is an immediate adsonptiphage, followed by desorption after
half an hour, from which point the titre stabilises. For undyed silk, the pattern se@mslve
initial adsorption, followed by desorption and final reabsorption. Ty indicate an unstable

interaction betweenhage and white silkOther major differencesvere observetbetween stock
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and T4 exposed tdred MX-5B and Yellow MX4R cotton For colouredsilk, changesvere not
evident.This inconsistencgould be explained by the fact that fine, silk fibres absorbedigs in
comparison to densely packed cotton, leading to less dramatic phage binding.

The observed potential binding pattern of phage to undyed cloths occurred throughout the 60
minutes incubation:initial adsorptioni desorptioni final reabsorption This was initially
hypothesised tbe due tdiassimilatind of phageonto dry fabric, to detterextentthanto wet one.
However, ourfindings infirmed the initial hypothesias the same pattern was obserf@dooth
pre-wettedand drywhite fibres (Figure§.6and5.7). Thus, adsorption of phage onto undyed fabrics
was most likely not influenced by the level of moisture in théith this in mind, it could be
postulated that generally binding of phage to white fabrics was superibe binding to RB4,
Orange MXG and Red FBBN. The explanation could be that the presenchedgedye on the
fabricddsurface may conceal the area that phage particles interact with. On theaotthezxposure
of T4 to deeply dyed silk fabric led to an irathate and significant reduction in titia contrast to
exposure to light RB4ilk. Thismay suggest that the fibre which absorbed more RB4 dye bound
more phage than the lightly coloured silk.

Despite observing some significantly different phageceatrations between samples exposed
to various fibres, only three replicates per sample were used in each case. This determined very low
sampl e sizes, which significantly | imits concl
tests. Therefore, it unclear whether the observed effects are real or if false positive results simply

arosefrom the small number of replicates.

Scanning electron microscope images produced in this study were meant to assess qualitatively
any potential binding of phago the dyed and undyed fabrics, rather than quantitatively. It could
be hypothesised that the areas marked with orange boxes could likely indicate bacteriophage
particles bound to the silk and cotton fabrics, as the round structures present on the fisresr f ac e s
resemble in shape with T4. No such structures were observed in Fig@@endD. This could be
explained by the fact that some areas of interest may be overlooked when visualising fabrics under
the microscope. Thus, multiple sections of sagne fabric should be inspected and imaged. In
addi ti on, some such structures could fAhideodo b

would be impossible to image.

Figures5.8 and5.9 illustrate images of undyed cotton and silk fibres, respely, that have
not been exposed to bacteriophage solution. Still, round structures were observed on the surface of
these fabrics, with the same appearance as the ones shown ingElguvenere fabrics had been
incubated with phage. For example, thil& abric shown in Figure.9.F seems to be the most

densely covered with these round units, which appear clustered together, in comparison to the other
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images, although this cloth did not come in contact with T4 at all. Therefore, it is arguable whether

these structures actually represent phage particles or just nodules made of thin fibres.

A more precise diagnostic of the binding pattern of phage to the dyed and undyed cloths could
be performed if samples were examined after each incubation. Resgrples took 1 to 3 days
to be analysed, after being exposed to the phage solution. However, preparation of samples for SEM
is very time consuming and requires many preliminary steps. In addition, processing fabric samples
was quite inconvenient, as &ss to the electron microscope was restricted, the equipment being

located in a different laboratory than the one where the study was conducted.

In order to confirm the present results, a more powerful electron microscope should be
employed. The micsxope used here could magnify images up to 800x. However, despite being a
| arge bacteriophage, T46s size is too smal/l t o
measures 120 nm in length and 86 nm in width, whilst the tail is approximatelgra2dihg Rao
and Black, 2010; Yapet al.,, 2016) . For exampl e, Acker mannos (
bacteriophages are magnified 92,400x and 3,297,000x, to produce a clear representation of the viral

particles.

In conclusion, it is unclear whether Bacteriophage particles bind to the selection of five
Procion dyes used in this stydy if the binding is significantly different from undyed silk and
cotton. Although the use of an SEM could provide the most accurate method for validating this
theory,the microscope must be more powerful and fabric samples must be imaged before and after
exposure to phage. In addition, much larger sample sizes should be used and battasenatid
large scale studies should be conducted, using greater volumes ofqutatiyen and larger pieces
of fabrics.
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6. General discussiorand future recommendations

The present study provides a basis for further investigations in the potential use of Procion dyes
for binding nucleic acids and viruses. To date, considerable research has been performed in the field
of dyeligand chromatography for protein purification using reactive Procion dyes. Here, it was
demonstrated that a large variety of bacterial proteins bind te ttweapounds by conduction of
SDSPAGE electrophoresis. Also, various binding patterns of five bacterial proteins were observed
between the five dyes used. However, the list of proteins showing a significant level of interaction
with the dyes is by no meaastensive. Further work could focus on analysing the binding of more
proteins. In addition, it would be interesting to compare the binding of protein extracts sourced from
distinct species, like yeast, mammal tissue etc. Moreover, identification of proteins showing high

degree of binding could be performed by Western Blotting.

In terms of nucleic acids, it is rather unclear if more binding was observed in case of RNA or
DNA. Additionally, elution of RNA from dydagged resin was not performed here, due to time
restrictions. It is also unknown if RNA has higher affinity to RB4 only, in comparison to DNA, or
if this behaviour can be expected in the case of other dyes. Largeesamegl, as well as repeating
the same experiments multiple times are necessary to confirm the present results. Moreover, DNA
chromatography fractions should undergo electrophoresis on agarose gels, to verify the elution
pattern illustrated by DNA conceation data. It is also not known whether temperature could have
had an effect on the binding of both proteins and nucleic acids to the clear and dyethlkibils
study, experiments were carried out at room temperature, which fluctuated aréudegbes
Celsius throughout the 10 months perindvhich they were conducted-urthermore, pH of the
Sephadex beads, protein, nucleic acid and T4 samples was not réndh#degresent study. While
buffers are utilised to maintain relatively constant pH comwlj it is advisable to routinely monitor
and confirm pH stabilitylt is known that in the case of proteins pH and temperature influence their
interaction with ligands bound to chromatography matrices (Lowe, 19A8)efae, it would be
interesting to asess the binding of proteins, nucleic acids emgnbacteriophage to the dyde
verify if d y ebsding capacity is temperatudependent.

Experiments testing the binding of phage to clear and-R8ged resin in tubes should be
repeated multipléd i me s , with a number of replicates hic
Additionally, matrices dyed with the rest of the dyes, or even other Procion dyes, could be used.
Generally, the higher the number of replicates, the greater the statistical pdvegter approach
could have been repeating the experiment three times, and using three replicates per sample each
time, like in previous experiments of the present stédiyrnatively, an online statistical power

calculator could be employed, whichtiggtes the required sample size for determining a
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meaningful effect with a desired level of confidenbased ordata obtained frona previously
conducted pilot studyAlso, the experiment involving binding of T4 to the Sephadex matrices could
be improvedby diluting the phage solution to a concentration of approximatélyTtis would
allow easy detection of any potential binding by the phage assay.

Operational errormight have arisefrom many sourcem the case of T4elated experiments
Firstly, phage solution has to be perfectly homogenous to minimise replication variability.
Secondly, if phage particles bind to the plastic pipette tips, they cannot be pipetted out; in addition,
some phage might drnup on the outside surface of the pipette tip during pipetting. Thirdly, the
suspension oE. coliand phage was mixed with soft agar, vortexed and poured on an agar plate,
but a small amount of mixture could always remain at the bottom of the testfteipaaring it
into Petri disles This was difficult to control, as the procedure needs to be carried out rapidly, to
prevent the premature setting of the soft aijavas not feasible to use a pipette to remove residual
soft agar f r auetotrekirg totprodess Gcsmarty sangles and replicates in a short
time. Thus, such experiments should be carried out by more individuals, in order to minimise

procedural errors.

Despite theiample use in the life sciences and textile industries,iveagtyes represent a major
concern for the environment. Around 100,000 tonnes of various commercially available synthetic
dyes are produced every year, and once used, they are often disposed into water bodies and onto
land, contaminag the natural envinement and many habitats. In time, chemical decomposition,
including oxidation and hydrolysis, generates toxic metabolites, which negatively influence animal
and human health (Katheresainal, 2018; Haret al, 2009).Toxicity of reactive dyes has been
atiributed to generation of aromatic amines during dye degradation @texhe2015).The specific
five Procion dyes used in this study are not known to demonatrgtearrmful effectsn particular,
but are nevertheless hazardoGsensidering some positvoutcome in the experiments involving
phage binding to dyed fabrics, it would be interesting to exploit these properties in other areas. If
Procion dyes have an ability to capture viruses or if the latter get inactivated as a result of binding
to these dgs, they could potentially be used in dyeing clothes or protective masks, as well as other
types of medical PPE, to limit the transmission of infection to some ekmnwever implementing
a system for dyeing PPE for such purpogesformed aindustrial scalemay cause additional
environmental pollution. Thereforglongside with theprodudion of such protective items
methods for decontaminating wastewaters should be corgiddermful effects on skin and
respiratory system are known to accn the case of textile industry workers, who expose
themselves to dye powders and solutions. However, these are not known to be toxic after being
bound b textile surfaces (Dockeet al, 1987; Maiphetlho, 2007¥ e t , dye fAbl eedingo
may occu during extreme perspiration. Therefaeme treatmenghould be implemented to boost

colou fastnessduring fabric dyeing,such asadditional rinsing (Lemeet al, 2014). A less
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environmentally harmful approach wouldvolve natural dye extracts fromlgnts, such as
chlorophyll and carotenoids, to bind to polysaccharide matraces eventually to fabrics
Eventually,naturally dyedesinscould be tested in protein affinity chromatography. To date and
to our knowledge, no such studies have been cortlyete

There seems to be increasing interest for research on the use of nanomaterials for pathogen
inactivation and capturing. Recently, a thin, flexible {d@nsity polyethylene film impregnated
with titanium dioxide was found to inactivate a variefyiruses, amongst which SARS2, in the
presence of UMight. The antiviral properties exhibited by the nanomaterial work by targeting the
viral lipid membrane and degrade its genetic material @dah, 2022). Given thesan interesting
approach would be combining technology aiming at both immobilising viruses on various surfaces
and breaking down their nucleic acid content.

The present study provides a basis of results, open to further investigations, raising a set o
questions that remain to be answered, such as: What is the exact effect of dyes on viral viability?
Does viral inactivation occur as a result of dhsecteriophage interaction? If so, does this
inactivation take place due to dye toxicity or due to angthenomenon? A way to explore this
possi bl e fiinactivation theoryd woul d be desi
bacteriophage to different concentrations of Procion dyes solution and then assess its infectability,
by incubation with thé&. colihost. Another method would involve a modified resazurin assay; first,
the phage would be incubated with ey@njugatel chromatography resin; then, small volumes of
the mixture would be placed in the wells of a 96 vpddite, to whichE. coli would be added;
afterwards, various doses of resazurin would be mixed into the wells and fluorescent signals would
be determined using a plate reader. Thus, only active T4 would be able to infect and kill bacteria,
impeding the conversion of resazurin to resorufin. Saaftome would indicate that the dyes

possess a T4 inhibitory potential.

In view of the present results and the observed binding activity of phage to the fabrics (initial
adsorption, followed by desorption, and final reabsorption), it could be statbthisedyes are
not toxic for the phage. In fact, the observed pattern could be due to temporary virus inhibition
This could resultfrom the formation of chemicdinkages between viral tail pins and dyed
molecules, in the same fashion that bacteaggls recognise and bind host cells (Aeyal, 2011).
However, if detachment of phage from the dyed fabrics does occur after 60 minutes of incubation,
it should be examined to what extent it does so i.e. how many viral particles are released back and
why, and how efficient such system would be for
to attract or repel viruses is not sufficiently strong, these synthetic dyes could possibly be used in

conjunction with other compounds (such as herbal dygwptiuce the intended effect.
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The medicinal potential of some plants has been explored in the past. Several studies have tested
the antimicrobial activity of coloured extracts, especially due to the antibiotics crisis, resulting from
the emergence of mitidrug resistant bacteria. Plants themselves produce secondary antimicrobial
metabolites and store them into their tissues, in order to confer them protection against pathogenic
agents. Such substances are able to eliminate infectious microorganidrost iétving any toxic
effect on the hostds cells and t he (Guptaptalt ent i al
2004) Punica granatunfor example, commonly known as pomegranate, represents a natural dye
originating from the fruit of the sameame(Wells, 2013) This dye is recognised as a strong
antimicrobial, owing to the high tannins content. Tannins represent a class of compounds known
for their antimicrobial effectiveness. Naphthoquinone pigments found in lawsone from the henna
plant, juglone from walnutsna lapachol from alkanet, also known as bugloss, have shown
remarkable antfungal, antibacterial and ant¥iral properties (Guptat al, 2004; Wells, 2013)n
vitro studies ondpachohave proved its antiiral attributes against the activationof gigBa r r 6 s
virus early antigen and enterovirus. Lapachol derivatives have been shown to be able to interact
with Nsp9 in SARSCoV-19 in silico. Nsp9 is a nostructural protein involved in replication of
coronavirusesand lapachol could represent an ideatential ligand to bind to it and inhibit its
activity (Sacatet al, 2003; Ventura Pinto, 1987; Junigrral, 2022).

Given these premises, medicinal plants able to produce natural dyestuffs which exhibit
antimicrobial properties may be potentallsed in dyeing clothes and other textiles, to limit the
spread of disease. Therefore, it could be assumed that such products would have the potential to
reduce the spread of some transmissible diseases. In adtlitgrdyes are naturally sourced,
thereforetheir use could present many advantages. To name a few, they could limit the number of
allergies arising from close contact with synthetic compounds in clothes, in contrast to-allergy
producing synthetic dyes, the dyeing process would be more ezallpgifficient, as natural dyes
are biodegradable. Such approach could help limit the industrial wastewater issue. In addition, it is
known that some dyes sourced from plants, such as harda and indigo, are natural fertilgsers, th
wastewater resultingdm dyeing processes could be safely disposed onto fields to aid agriculture.
Unfortunately, the productionosts of such fabrics would be higher, as extraction procedures
require technical knowledge and time, as opposed to rapid industrialised prodficjothetic

dyes(Verma and Gupta, 2017; Samanta and Konar, 2011).

The Procion dyes used in the present experiment demonstrated different binding behaviour to
proteins, nuclei@cids,and viral particles. Protein 3 appeared to bind best to R@HN{ Orange
MX-G and Red MX5B. Proteins 1, 2 and 4 indicated strong binding affinity to OrangeGvX
Also, proteins 1 and 2 bound superiorly to Re@BN. Bacterial DNA proved high affinity to the
Blue MX-R dye and Orange Mb&G. In the case of T4, the dyes guzing the most dramatic

reduction in titre were Red MBB and Yellow MX4R. However, the experiments should be
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repeated using an inert chromatographic support, like Sephare28,Ga rule out any potential
binding owing to the nature of used resin. Amdhially, bioinformatics analyses could provide more
insights in the binding of macromolecules to these dyes, via a visual computational approach.

7. Conclusions

In conclusionthe present study lays the foundations for research in the potential use of Procion
dyes to bind biomoleculesBacterial proteins, nucleic acids and T4 bacteriophage bound
differentially to the selection of five Procion dyekhe selection of five protesnwere found to
preferentially bind either Red-BBN, Orange MXG, Red MXx5B or RB4. RNA was found to bind
better to the RB4 dye in comparison to DNA. Clear slurry appeared to be less efficient in binding
DNA than dyetagged slurry, when flowing through teaditional chromatography column. A
reduced T4 titre was observed upon incubation with -Ri8¢ed DEAE Sephadex-20, in
comparison to undyed resin. Incubation of phage sample with cotton dyed with Ré&d MXd
Yellow MX-R was found to decrease phagestgubstantially. Nevertheless, magnification levels of
the SEM used here were not powerful enough to confirm that the drop in phage concentration was
due to phage binding to these dyes. Therefore, it is still unclear whether Procion dyes could have the
potential to limit the spread of viral diseases. Future work should focus on validating the present

results.
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10. Appendix

10.1 Results of statistical analyses

10.1.1 Testing the affinity of bacterial proteifiar the Reactive Blue 4 dye

Table 10.1 P-value results of Ryadoiner analyses
testing the normal distribution tfie concentration of
unbound protein, where protein has been incub:
with clear Sephadex and REBWed resin. Each dat
set consists of three replicates (for each incuba
time and for the stock). Interpretation of resulss
indicated between brackets, where n = norm:
distributed data; nn = not normally distributed da
Seph =Sephadex; RB&eph = RB4agged slurry.

Stock = protein concentration in the initial stock.

Protein data normality

Time Seph RB4-Seph
1 min >0.100(n) >0.100(n)
5 min >0.100(n) >0.100(n)
10 min 0.025 (nn) >0.100(n)
30 min >0.100(n) >0.100(n)
60 min > 0.100(n) > 0.100(n)
Stock 0.058 (n)
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Table10.2 Results of comparisons of unbound protein concentration in tubes where the protein mixture h
incubated with clear slurry and RBdgged Sephadex-B0. Names of performed pelsoc tests, Raluesoutcome
and their significance aradicated. For On&/ay ANOVA results: means that do not share a letter are signific:
different from one another. s = significantly different; ns = not significantly different. Seph = SephadeXeRB
= RB4tagged Sephadex; Stoclkproteinconcentratia in the initial stock

Post-hoc  Observed difference with post-

Compared tubes Test Time P-value test hoc test Interpretation
One-Way
ANOVA 1 min 0.000 Tukey Stock (A); Seph (B); RB4 (C) s
One-Way
ANOVA 5 min 0.000 Tukey Stock (A); Seph (B); RB4 (C) s
Mann- ns (due to post-hoc
Stock/Seph/RBA-Seph |\l wallis  10min  0.027  Whitney 0.081 test)
One-Way
ANOVA 30 min 0.000 Tukey Stock (A); Seph (B); RB4 (B) s
One-Way
ANOVA 60 min 0.000 Tukey Stock (A); Seph (B); RB4 (B) s

Table 10.3 Results of comparisons between incubation times of the concentrati
unbound protein, in tubes where the protein mixture has been incubated with cle
RB4-tagged resin. Name of performed testsjaRies resultsand their significance are
indicated s = significantly different; ns = not significantly different. Seph = Sepha
RB4-Seph = RB4agged Sephadex.

Comparison 1/5/10/30/60 min
Observed difference with post-hoc

Test P-value test
Seph Kruskall-Wallis 0.159 (ns) -
One-Way
RB4-Seph ANOVA 0.000 (s) 60 (A); 10 (B); 30 (B); 5 (B); 1 (B)
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10.1.2 Testing the affinity of bacterial proteitisr the Procion dyes by SEFFAGE
gel electrophoresis

Table10.4 P-value results of Ryadoiner analyses, testing the nornr
distribution of mean bacterial protein concentration of samples rea
run on SDSPAGE gels. Each data set tested for normality consist
three replicates (three measurements of protein otrat®nin each
samplg. Collected = collected protein; wl = protein concentration in
first wash; w2 = protein concentration in the second wash; w3 = pri
concentration in the third wash; elution = protein concentration ¢

elution; n = normallyistributed data.

Sample
Protein
Slurry control Collected W1 W2 W3 Elution

>0.100 >0.100

Sephadex >0.100 (n) (n) (n) >0.100 (n) >0.100 (n)
>0.100 >0.100

RB4 >0.100 (n) (n) (n) >0.100 (n) >0.100 (n)
>0.100 >0.100

Red MX-5B >0.100 (n) (n) (n) >0.100 (n) >0.100 (n)
UG >0.100 >0.100

Orange MX-G >0.100 (n) (n) (n) >0.100 (n) 0.084 (n)
>0.100 >0.100

Red H-3BN 0.055(n) (n) (n) >0.100 (n) >0.100 (n)
>0.100 >0.100

Yellow MX-4R >0.100 (n) (n) (n) >0.100(n)  >0.100 (n)

Table10.5 OneWay ANOVA results of comparisons between protein concentration in samples ready
on SDSPAGE gels.Comparisons are performed between samples washed/eluted from various n
Corresponding®» al ues and their interpret at-aztess aeeshowr
where means that do not share a letter are significantly diff@ensignificantly different means; ns = n

significantly different means.

One-Way ANOVA results and
interpretation
Seph/RB4/Red MX/

Orange/Red H/Yellow Observed difference with post-hoc test
Collected 0.000 (s) Red MX (A); Orange (B); Yellow (B); Red H (B) RB4 (B); Seph (C)
Wi 0.000 (s) Red H (A); Yellow (A); Orange (A); RB4 (A); Red MX (A); Seph (B)
W2 0.432 (ns) =
W3 0.002 (s) Red H (A); Red MX (A); Orange (A, B); RB4 (A, B); Yellow (A, B); Seph (B)
Elution 0.001 (s) Orange (A); RB4 (A, B); Seph (A, B,C); Red MX (B, C); Yellow (C); Red H (C)
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Table10.6 OneWay ANOVA results of comparisons between protein concentration in samples ready
on SDSPAGE gels. Comparisons are performed between samples washed/eluted from the same
Corresponding Ralues andthei i nt er pr et ati ons ar e ihocdestsanetseodr
where means that do not share a letter are significantly diff@eninp | es i n t he A Obs
indicates the highest protein concentrations from left to right (left to right = highest to lowest [
concentration meansk = significantly different meansnitial = protein concentration in the initialiquot

(before exposure to the matrices).

One-Way ANOVA results and interpretation

Slurry Initial/é:c?l;q\zi;l\i\?;/WB/El Observed difference with post-hoc test
Seph 0.000 (s) Initial (A); El (B); Col (B); W1 (C); W2 (C, D); W3 (D)
RB4 0.000 (s) Initial (A); El (B); Col (B); W1 (C); W2 (C, D); W3 (D)
Red MX 0.000 (s) Initial (A); Col (B); El (C); W1 (D); W2 (D, E); W3 (E)
Orange 0.000 (s) Initial (A); El (B); Col (B); W1 (C); W2 (C, D); W3 (D)
Red H 0.000 (s) Initial (A); Col (B); El (C); W1 (C); W2 (D); W3 (D)
Yellow 0.000 (s) Initial (A); Col (B); El (C); W1 (C); W2 (D); W3 (E)

Table 10.7. P-value results of Ryadoiner analyses, testing the norn
distribution of mean band intensity data on SBYSGE gels (data
generated using ImageJ). Each data set tested for normality cons
two replicates rheasurements of band intensity performed on -
replicate gels)Collected =i nt ensi ty of bands
proteind pwbzienitrensampyl eof band.
protein samplew2 =intensity of bands produced lfiywa s h 2 &
samplew3 =i ntensity of bands prod;u
elution=i nt ensity of bands pr od;nce

normally distributed data.

Sample
Protein
Slurry control Collected wi w2 W3 Elution

>0.100 >0.100

Sephadex >0.100 (n) (n) (n) >0.100 (n) >0.100 (n)
>0.100 >0.100

RB4 >0.100 (n) (n) (n) >0.100 (n) >0.100 (n)
>0.100 >0.100

Red MX-5B >0.100 (n) n n >0.100 (n) >0.100 (n)
>0.100(n) >c().1)oo >c[n.1)oo

Orange MX-G >0.100 (n) (n) (n) >0.100 (n) >0.100 (n)
>0.100 >0.100

Red H-3BN 0.055 (n) (n) (n) >0.100 (n) >0.100 (n)
>0.100 >0.100

Yellow MX-4R >0.100 (n) (n) (n) >0.100(n) >0.100 (n)
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Grouping Information Using the
Tukey Method and 95% Confidence

Factor Mean

Coll. Yellow 0544

Coll. seph 0.525

Coll. RB4' 0.3676

Coll. Red MX 0.29271

Coll. Orange 0.2885

Coll. Red H 0.25120
Means that do not share o letter are significantly different.

NRNNNNZ

Grouping Information Using the
Tukey Method and 95% Confidence

N
Wl Seph 2 0467
W1RB4 2 0.2982
W1 Red MX 2 0.15096
W1 Orange 2 0.15%4
W1 Yellow 2 0.1550
WiRedH 2 0.134808

Means thot do not share ¢ letter ore significontly different.

Grouping Information Using the
Tukey Method and 95% Confidence

Factor Mean

‘W2 Seph 0.506
‘W2RB4 0.246

‘W2 Red MX 0.16526

‘W2 Yellow 0.1607
W2Red H 0.12721

‘W2 Orange 0.1268
Means that do not share o letter ore significantly different.

NNNNNNZ

Grouping Information Using the
Tukey Method and 95% Confidence

D A77
0275
0.17188
0.1637

wsseph
W3 RB4
W3 Red MX
W3 vellow
W3 Orange 0.1483
W3RedH 011177
Meons thot do not share G letter Gre significontly different.

NNNNNNZ

Grouping Information Using the
Tukey Method and 95% Confidence

U RB4 0 63551
0.5644

z
£1. Red MX 2

€1 sech 2 056355
€1 Orange 2 05508
£LRed M 2 02488
€L, Yellow 2 o0.258

Means that do not share a letter cre significontly different.

Figure 10.1 Minitab results output of the OA&ay ANOVA tests, conducted using the Tukey method, for comparing
intensity of bands produced by Protein 1. Coll. = collected protein; W1 = wash 1; W2 = wash 2; W3 = wash 3; El.
protein; Seph = clear Sephad®50; RB4 = resin tagged with Reactive Blue 4; Red H = resin tagged with-Red N 6

MX- resin tagged with Red MX%B; Yellow = resin tagged with Yellow MXR; Orange = resin tagged with Orange M
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Analysis of Variance

Source DF Adj SS
Factor 5 0.1640
Error 6 0.1205

Total 1 0.2845

Analysis of Variance

]
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Factor
Error
Total
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0.1640
0.1205
0.2845
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=

Analysis of Variance

Source DF Adj SS
Factor 5 021227
Error 6 0.08644
Total 1 0.29871

Analysis of Variance

Source DF Adi SS
Factor s 0.18235
Error 6 0.07186
Total 11 0.25420

Analysis of Variance
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Factor
Error
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005261
001785
008056
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Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

Factor N Mean Grouping . .

Collseph 2 0445 A Source. DF AdjSS AdjMS F-Value P-Value
Coll. Yellow 2 0384 A Factor 5 009238 0.01848 0.54 0.740
Coll. RB4 2 0331 A Error 6 020379 0.03397

Coll. Red MX 2 031478 A Total 11 029618

Coll. Orange 2 02871 A

Coll. Red H 2 01614 A

Means that do not share a letter are significantly different.

Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

Factor N Mean Grouping .
W1 Seph 2 0483 A Source DF AdjSS AdjMS F-Value P-Value
W1 RB4 2 0372 A Factor 5 02313 0.04625 117 0422
W1 Yellow 2 0264 A Error 6 02382 0.03969
W1 Red MX 2 0.1669 A Total 11 0.4694
W1 Orange 2 01517 A
W1 Red H 2 00774 A
Means that do not share a letter are significantly different.
Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance
Factor N Mean Grouping Source DF AdjSS AdjMS F-Value P-Value
W2 Seph 2 0548 A Factor 5 02975 0.05931 1.76 0.256
W2 RB4 2 0325 A Error 6 02032 0.03386
W2 Yellow 2 0306 A Total 11 0.5007
W2 Red MX 2 01378 A
W2 Orange 2 01257 A
W2 Red H 2 00975 A
Means that do not share a letter are significantly different.
Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance
Factor N Mean Grouping Source. DF AdjSS AdjMS F-Value P-Value
W3 Seph 2 053324 Factor 5 02255 004510 172 0264
o ‘S“f’w oo Error 6 01575 002625
W3 Orange 2 0.1912 A Total 103830
W3 Red MX 2 01866 A
W3 Red H 2 01111 A
Means that do not share a letter are significantly different.
Grouping Information Using the Tukey Method and 95% Confidence
Factor N Mean Grouping H -
e Analysis of Variance
El. Res 2 0682060 A Source DF AdjSS AdjMS F-Value P-Value
El. Seph 2 06345 A
ELRed MX 2 05067 A Factor 5 01349 0.02697 0.60 0.707
El. Red H 2 05053 A Error 6 02718 0.04530
El. Orange 2 0.4949 A Total 11 04067

Means that do not share a letter are significantly different.

Figure 10.2 Minitab results output of the On#&ay ANOVA tests, conducted using the Tukey method,
comparing the intensity of bands produced by Protein 2. Coll. = collected protein; W1 = wash 1; W2 =
W3 = wash 3; El. = eluted protein; Seph = clear SephAde8; RB4 = resin tagged with Reactive Blue 4; Rec
= resin tagged with Red-B B N6 R erdsin kyged with Red M%B; Yellow = resin tagged with Yellow
MX-4R; Orange = resin tagged with Orange X
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Analysis of Vari
Grouping Information Using the Tukey Method and 95% Confidence nalysis of Yariance

i Source DF AdjSS AdjMS F-Value P-Value
Factor N__Mean Grouping Factor 5 01420 002840 100 0491
Coll. Yellow 2 0415 A Error 6 01710 0.02849
Coll. seph 2 0.407 A Total 11 03130
Coll. RB4 2 027659 A
Coll. Red MX 2 0.2407 A
Coll. Orange 2 01550 A
Coll. Red H 2 0.1397 A
Means that do not share a letter are significantly different.
Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance
Factor N Mean Grouping Source DF AdjSS AdjMS F-Value P-Value
W1 Seph 2 0411 A Factor 5 0.1656 0.03311 0.91 0.530
W1 Yellow 2 0.288 A Error 6 02176 0.03627
W1 RB4 2 0.1812 A Total 11 03832
W1 Red MX 2 0.149890 A
W1 Red H 2 0.0996 A
W1 Orange 2 0.0668 A
Means that do not share a letter are significantly different.
Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance
Factor N Mean Grouping Source  DF AdjSS AdjMS F-Value P-Value
W2 Seph 2 0446 A Factor 5 02099 0.04198 1.71 0.266
W2 Yellow 2 0302 A Error 6 0.1474 0.02456
W2 Red MX 2 0141591 A Total 11 03573
W2 RB4 2 0.1336 A
W2 Red H 2 0.09148 A
W2 Orange 2 0.0790 A

Means that do not share a letter are significantly different.

Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

Factor N Mean Grouping Source DF AdjSS AdjMS F-Value P-Value
W3 Seph 2 0419 A Factor 5 01602 0.03205 1.38 0.351
W3 Yellow 2 0317 A Error 6 01397 002328
W3 RB4 2 02017 A Total 11 0.2999
W3Red MX 2 0.165555 A
W3 Red H 2 010241 A
W3 Orange 2 0.1012 A
Means that do not share a letter are significantly different.
Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance
Factor N  Mean Grouping Source DF AdjSS AdjMS F-Value P-Value
El. Yellow 2 0797 A Factor 5 02519 0.05038 0.84 0.566
El. RB4 2 07455 A Error 6 03593 005989
ELRedMX 2 05711 A Total 1 06112
El. Seph 2 051249 A
El. Orange 2 04466 A
El. Red H 2 04098 A

Means that do not share a letter are significantly different.

Figure 10.3 Minitab results output of th©&neWay ANOVA tests, conducted using the Tukey method, for compa
the intensity of bands produced by Protein 3. Coll. = collected protein; W1 = wash 1; W2 = wash 2; W3 = wash
eluted protein; Seph = clear Sephades® RB4 = resin tagged witheRctive Blue 4; Red H = resin tagged with Red|H

3 BNO R erdsin Mgged with Red M%B; Yellow = resin tagged with Yellow MXR; Orange = resin tagged wit
Orange MXG.
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Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

E . Source DF AdjSS AdjMS F-Value P-Value
actor N Mean Grouping

Coll. Yellow > 0774 A Factor 5 05460 0.10919 1.22 0.403
Coll. seph 5 0574 A Error 6 05383 0.08971

Coll. RB4 2 0402 A Total monoea

Coll. Red MX 2 0.2849 A

Coll. Red H 2 020468 A

Coll. Orange 2 017264 A

Means that do not share a letter are significantly different.

Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

Factor N Mean Grouping Source DF AdjSS AdjMS F-Value P-Value
W1 Yellow 2 0.555 A Factar 5 03647 007294 0.78 0.598
W1 Seph 2 0.544 A Error 6 05603 009338

‘W1 RB4 2 0.3278 A Total 11 0.9250

W1 Red MX 2 0.2388 A

W1 Red H 2 0.13523 A

W1 Orange 2 0130141 A

Means that do not share a letter are significantly different.

Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

Factor N Mean Grouping Source. DF AdjSS AdjMS F-Value P-Value
W2 Seph 2 0.624 A Factor 5  0.5065 0.10131 1.06 0.462
W2 Yellow 2 0.540 A Error 6 05717 009528

W2 RB4 2 0.265 A Total 11 1.0782

W2 Red MX 2 0.1881 A

W2 Orange 2 0129369 A

W2 Red H 2 0.0808 A

Means that do not share a letter are significantly different.

Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

Factor N Mean Grouping Source DF AdjSS AdjMS F-Value P-Value
W3 Yellow 2 0571 A Factor 5 04837 0.09675 1.18 0.417
W3 Seph 2 0.556 A Error 6 04927 0.08211

W3 RB4 2 0.279 A Total 11 0.9764

W3 Red MX 2 01523 A

W3 Red H 2 01082 A

W3 Orange 2 009070 A

Means that do not share a letter are significantly different.

Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

Factor N Mean Grouping Source DF AdjSS AdjMS F-Value P-Value
El. Yellow 2 1.087 A Factor 5 09503 0.1901 0.91 0.531
El. Seph 2 06537 A Error 6 12520 0.2087

El. RB4 2 0.652 A Total 11 2.2023

El. Red MX 2 04713 A

El. Orange 2 034215 A

El. Red H 2 0.2066 A

Means that do not share a letter are significantly different.

Figure 10.4 Minitab results output of the Ofi&ay ANOVA tests,conducted using the Tukey method, for comparing
intensity of bands produced by Protein 4. Coll. = collected protein; W1 = wash 1; W2 = wash 2; W3 = wash 3; El.
protein; Seph = clear Sephadexs8; RB4 = resin tagged with Reactive Blue 4; Red tésin tagged with Red-B B N 6

MX - resin tagged with Red MX%B; Yellow = resin tagged with Yellow MXR; Orange = resin tagged with Orange M
G.

X
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Grouping Information Using the Tukey Method and 95% Confidence

Factor N  Mean Grouping Analysis of Variance

Coll. seph 2 1106 A Source DF AdjSS AdjMS F-Value P-Value
Coll. RB4 2 0645 A Factor 5 10065 020130 214 0191
Coll. Red MX 2 0.4550 A Error 6 05652 0.09419

Coll. Yellow 2 0.3897 A Total 11 15717

Coll. Orange 2 029675 A

Coll. Red H 2 02497 A

Means that do not share a letter are significantly different.

Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

::ftszrph '\; “:'92"6; gmu"'"g Source DF AdjSS AdjMS F-Value P-Value
W1 RB4 5 05972 A Factor 5 1.5504 0.3101 2.40 0.158
W1 Red MX 5 04524 A Error 6 07748 0.1291
W1 Yellow 2 03024 A Total 23252
W1 Orange 2 0257413 A
W1 Red H 2 0.2078 A
Means that do not share a letter are significantly different.
Grouping Information Using the Tukey Method and 95% Confidence
Factor N Mean Grouping Analysis of Variance
W2 Seph 2 1338 A Source DF AdjSS AdjMS F-Value P-Value
W2 RB4 2 0.5606 A Factor 5 1.8536 0.3707 262 0.136
W2 Red MX 2 0.3992 A Error 6 0.8491 0.1415
W2 Yellow 2 0312 A Total 11 27027
W2 Orange 2 0.25033 A
W2 Red H 2 0.1629 A

Means that do not share a letter are significantly different.

Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

Factor N Mean Grouping Source DF AdjSS AdjMS F-Value P-Value
W3 Seph 2 1.270 A Factor 5 17576 0.3515 3.50 0.079
W3 RB4 2 0.5603 A Error 6 0.6020 0.1003
W3 Red MX 2 03732 A Total 11 23596
W3 Yellow 2 0.263 A
W3 Orange 2 0.2150 A
W3 Red H 2 013430 A
Means that do not share a letter are significantly different.
Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance
Factor N Mean Grouping Source DF AdjSS AdjMS F-Value P-Value
El. Seph > 1266 A Factor 5 1.2726  0.25452 437 0.050
El. RB4 > 07225 A B Error 6 03497 0.05828
ELRedMX 2 06144 A B Total 6223
El Yellow 2 0413 A B
El. Orange 2 039382 A B
El. Red H 2 0.2805 B

Means that do not share a letter are significantly different.

Figure 10.5 Minitab results output of the On&ay ANOVA tests, conducted using the Tukegthod, for comparing
the intensity of bands produced by Protein 5. Coll. = collected protein; W1 = wash 1; W2 = wash 2; W3 = wash
eluted protein; Seph = clear Sephades® RB4 = resin tagged with Reactive Blue 4; Red H = resin tagged with

H-3 BN & R erdsin Mgged with Red MX%B; Yellow = resin tagged with Yellow MXR; Orange = resin tagge
with Orange MXG.
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Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

Factos N ean Growping
Source DF__Adj 55 Adj MS F-Value P-Value
Frotein ctrl Seph 2 1000 A
EL Seph 3 NOESHA B Factor 6 QUD12047 0002008 1135 QD03
W2 Seph 2095058 A B Errar 7 0001238 0000177
W1 Seph 2 09434 B C Total 13 0013286
W3 Seph 2 DOTTE B C
Coll. seph 2 093674 B C
PES Seph 2 08950 C

Meang that do not shove a letter ore significontly different

Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

Factor N Mean Grouping Source DF Mi 55 E MS F-Value P-Value
CoiRB4 2 1000 A Factor 6 0018235 Q002039 257 Q0%0
ELRB4 2086854 Errar 7 0007153 0001022

Coll RE4 2 09201 A Total 13 0025388

WIRB4 20875 A
W3IRB4 209960 A
WZRB4 2091224
PBSREA 208855 A

Means that do not shove a letter ore signifioontly different

Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance
Factor N Mean Grouping Souwrce DF__Adj 55 Adj MS F-Value P-Value
CoiRedH 2 1.000A Factor 6 0097093 Q016182 4219 Q00D

ELRedH 20825
Coll, Red H 2 07805
WiRed W 207663
WiRedH 207645
W2RedH 207622
PESRed H 207377

Error 7 0002685 0.000384
Total 13 0.099778

L
e ey

Mpans that do not shove a letter ore signifoontly different

Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance
Factor N Mean Grouping Source DF Adj 55 Adj M5 F-Value P-Value

Cil Yellow 2 1.000 A Factor 6 003843 Q006405 039 0866
Bl vellow 2 09762 A

Coll. Yellow 2 0676 A Error 7 011603 0016576
W3 Yellow 2 ESTS A Total 13 015446

W2 Yellow 2 0854 A

Wivellow 2 08514

PES Yellow 2 0842 A

Mpans that do nof shove 3 lether are Egadicantly different

Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance
i . .
foctor M _Mean Grouping Source DF_Adj 55 _Adj MS F-Value P-Value

ColOrange 2 1000 A
EL Orange 2 084256
Coll. Qrange 2 Q.TBO1
Widvange 2 07535
W3 Ovange 2 07505
W2 Ovange 2 07458
PBS Orange 2 (OUT164

Factor 6 0.112620 Q018770 1867 Q01
Error 7 0007038 0.001005
Total 13 0119658

mmmmm
IsNsRaRans

Mpang that do nof shove a letter ove signdioontly different.

Grouping Information Using the Tukey Method and 95% Confidence
Factor N Mean Grouping .
T TR Source DF__Adj 55 _Adj MS F-Value P-Value
Bl Red MX 20843229 B Factor 6 0126376 0021063 15254 0000
Coll. Red MX 2 077179 Error T 0.000967 0.000138

W Red MY 2 074746 Total 13 0,127343
WIRed MX 2 07421
W2 Red M 2 0TITET o
PES Red MX 2 D646 o

Ieipons bhat do nof shone @ lether ore significontly diffferent

Analysis of Variance

[N a N alal

Figure 10.6 Minitab results output of the OA&ay ANOVA tests, conducted using the Tukey methi
for comparing the intensity of whole protein lanes (comparisons of corresponding protein lanes ar
within the same gels).
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Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

Factor M__Mean Grouping Source DF_Ad] 55 Adj MS F-Value P-Value
Coll. seph 2 093674 A Factor 5 005652 0011303 371 0071

Coll, B4 2 0-93?'- A Errar & 0071829 0.003048
Coll Wellow 2 08676 A Tatal 11 007480

CollRedH 2 0.7805 A
Coll. Orange 2 0701 A
Coll. Red MX 2 0.TT1TS A

Magns that da not shore g letter are gignificantly different

Grouping Information Using the Tukey Method and 95% Confidence Analysis of Variance

Factor N _Mean Grouping Source DF_Adj 55 Adj MS F-Value P-Value
W1Seph 2 054344 Factor 5 QLO7580 0.015160 389 0064
WIRE4 2 091754 Eror & 002336 0.003894

Wivellow 2 DB A

Tatal 11 (L0996
WiRedH 2 07645 A

W1Orange 2 075354
‘W1 FRad MX 2 074746 &

Maans that do not shore @ letter are signdfinantly different.

Grouping Information Using the Tukey Method and 95% Confidence

Factor N _Mean Grouping Analysis of Variance

W2 Seph 2 095058 A Source DF_Adj 55 Adj M5 F-Value P-Value
W2 RE4 2 0922A Factor 5 0L0B273 0016546 414 0057
Wevellow 2 0B A Error 6 0.02400 0.003999

W2RedH 2 07622 A
W2 Orange 2 07438 A
W2 Red MX 2 073767 A

Total 11 Q10673

Means that do not shore @ letter are signdficantly different.

Grouping Information Using the Tukey Method and 95% Confidence

Factor N Mean Grouping
WiSeph 2084178 A

Analysis of Variance
Source DF Adj 55 Adj MS F-Value P-Value

WIREB4 2 08160A Factor 5 Q07747 0015495 397 Q063
Wivellow 2 08575 A Error 6 Q02375 0.D03958

WiRadH 2 07663 A Total 11 QIM22

W3 Orange 2 07505 A

WIiRad MX 2 07421 A

Maans that do not shove @ letter are sipndficantly different.

Grouping Information Using the Tukey Method and 95% Confidence

Analysis of Variance
Factor W Mean Grouping i i
El. RB4 7 09685 A Source DF_Adj 55 Adj MS F-Value P-Value
E.5eph 2 05659 A Factor 5 (04225 0.008450 254 044
El. Yellow 2 09162 A Error 6 (WD1995 0.003325
El. Red MX 2 0343223 A Tatal 11 0.06220

El.Orange 2 084256 A
E.RedH 2 08256 A

Means that do not shore @ letter are signdficantly different.

Figure 10.7. Minitab results output fothe OneWay ANOVA tests, conducted using the Tukey method,

comparing the intensity of whole protein gel lanes (comparisons of corresponding protein lanes ai
between various gels).
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Table 10.8. OneWay ANOVA results of comparisons between the intensity of be
produced by Proteinsil5 within the same gel. Corresponding&ues and their meanin

are indicatedwhere s = significantly different; ns = not significantly different.

Proteins 1-5 differences within same gel

Slurry
Sample Seph RB4 Red H Yellow Orange Red MX
Coll. 0.730(ns) 0.323(ns) 0.031(s) 0.204(ns) 0.101(ns) 0.078(ns)
W1 0.955(ns) 0.290(ns)  0.023(s) 0.585 (ns) 0.006 (s) 0.017 (s)
W2 0.931(ns) 0.262(ns) 0.076(ns) 0.782(ns) 0.006 (s) 0.006 (s)
W3 0.562 (ns) 0.378(ns) 0.498(ns) 0.917(ns) 0.099(ns) 0.028(s)
El. 0.049(s) 0.680(ns) 0.092(ns) 0.695(ns) 0.127(ns) 0.342(ns)

Table10.9. Significant RPvalues resulting from test®mparing the intensity of bands produced by Prote
17 5 amongst all SD®AGE gelsperformed after obtaining significant Oli¢ay ANOVA associated P
values. The associated ANOVAVRIue and the type of pekbc tests are indicated. Conduction of
Fi sherdés test was neca&lssas yr @l ttiong nfsi gmi Tu
from clear Sephadex slurry. Numbers appearing in front of the sample type represent the protein
For exkample, 5 W2 = Protein 5 band intensity in the second PBS Whkesins listed first in the cells unde
ADi fferent pairs of meansodo (left side) indic«
listed (right side) show the faintestriuks.

Significantly different means paired with post-hoc tests

Slurry  ANOVA P-value  Post-hoc test Different pairs of means
Seph 0.049 Fisher LSD 5 EL (A); 4 EL (A, B); 2 EL (A, B); 1 EL (B, C); 3EL (C)
Red H 0.031 Tukey 1 Coll. (A); 5 Coll. (A, B); 4 Coll. (A, B); 2 Coll. (A, B); 3 Coll. (B)
Red H 0.023 Tukey 5 W1 (A); 4 W1 (A, B); 1 W1 (A, B); 3 W1 (B); 2 W1 (B)
Orange 0.006 Tukey 5W1 (A); 1 W1 (B); 2 W1 (B); 4 W1 (B); 3 W1 (B)
Orange 0.006 Tukey 5W2 (A); 4 W2 (B); 1 W2 (B); 2 W2 (B); 3 W2 (B)
Red MX 0.017 Tukey 5 W1 (A); 4 W1 (A, B); 1 W1 (B); 2 W1 (B); 3 W1 (B)
Red MX 0.006 Tukey 5 W2 (A); 4 W2 (B); 1 W2 (B); 3 W2 (B); 2W2 (B)
Red MX 0.028 Tukey 5 W3 (A); 2 W3 (A, B); 3 W3 (A, B); 1 W3 (B); 4 W3 (B)
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10.1.3

Testing the binding of bacterial nucleic acids to the Reactive Blue 4 dye

Table 10.10 P-value results of Ryafioiner analyses
testing the normal distribution of unbound DNA or RN
concentration, where nucleic acids have been incub
with clear Sephadex and RB¥ed resin. Each data s
consists of three replicates (for each incubatioe &nd
for each stock). Interpretation of results in indica
between brackets, where n = normally distributed d
nn = not normally distributed data; SephSephadex;
RB4-Seph = RB4agged slurry. Stock = nucleic aci
concentration in the initial stec

Data normality

RNA DNA
RB4-
Time Seph  RB4-Seph  Seph Seph
>0.100 0.033 >0.100
1 min (n) >0.100(n) (nn) (n)
>0.100 >0.100 >0.100
5 min (n) >0.100(n) (n) (n)
>0.100 >0.100 >0.100
10 min (n) >0.100(n) (n) (n)
>0.100 >0.100 >0.100
30 min (n) >0.100(n) (n) (n)
0.017 >0.100 >0.100
60 min (hn)  >0.100(n) (n) (n)
RNA DNA
Stock 0.012 (nn) >0.100(n)
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Table10.11 Results of comparisons between concentration of DNA or RNA (in the supernatant), upon inci

with clear slurry and RB4agged Sephadex-B0. Names of performed pesoc tests, Ralues results, and thel

significance are indicated. For Ol¢ay ANOVA results: means that do not share a letter are significantly diffe

from one another. s = significantly different; ns = not significantly different. Seph = Sephade8eRB4 RB4

tagged Sephadex; Stock =aheic acid concentration in the initial stock

Compared tubes

Test Time
Kruskall-Wallis 1 min
One-Way
Stock DNA/Seph DNA/RB4- o}t\rfv:gy > min
Seph DNA .
ANOVA 10 min
One-Way
ANOVA 30 min
One-Way

ANOVA 60 min
Kruskall-wallis 1 min

Kruskall-Wallis 5 min

SRR MG TS Kruskall-wallis 10 min

Seph RNA

Kruskall-Wallis 30 min
Kruskall-Wallis 60 min

Observed difference with post-hac

P-value Posthoc test test

0.061

0.000

0.000

0.000

0.000
0.066

0.027
0.061

0.027
0.051

Tukey
Tukey
Tukey

Tukey
Mann-
Whitney U
Mann-
Whitney U

DNA stock (A); DNA RB4 (B); DNA
seph (C)

DNA stock (A); DNA RB4 (B); DNA
seph (C)

DNA stock (A); DNA RB4 (B); DNA
seph (B)

DNA stock (A); DNA RB4 (B); DNA
seph (B)

Interpretation
ns

]
ns

P=0.081 ns (due to post-hoc test)

ns

P=0.081 ns (due to post-hoc test)

ns

Table 10.12. Results of comparisons between incubation times of the concentration of un

DNA or RNA, in tubes containing clear and RBxyged resin. Name of performed testyaRies

results, and theirignificance are indicated. s = significantly different; ns = not significal
different. Seph = Sephadex; RB£&ph = RB4agged Sephadex.

DNA

RNA

Comparison 1/5/10/30/60 min

Test
Seph Kruskall-Wallis
RB4-Seph One-Way ANOVA
Seph Kruskall-Wallis
RB4-Seph One-Way ANOVA
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P-value
0.483 (ns)
0.087 (ns)
0.199 (ns)
0.463 (ns)



10.1.4

DNA binding to clear and dygged DEAESephadex &0 in columis

Table D.13 Results of Ryatdoiner analyses testing the nornr
distribution of DNA concentration data, in fraction samp
washed and eluted from clear and-#iggged DEAE Sephadex A
50. Corresponding-R al ues and signific
typeod c ofleditmenypesofpskircyiDNA was eluted from.
= normally distributed data; Seph = Sephadex.

Data normality

Resin type P - value
Clear Seph >0.100(n)
RB4 >0.100(n)
Fractions 1-30 Orange MX-G >0.100(n)
Yellow MX-4R >0.100(n)
Red MX-5B >0.100(n)
Fractions 1-40 Red H-3BN >0.100(n)
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Table 10.14 Absolute values representing mean DNA concentration in fractions eluted from
and Procion dy¢agged slurry, usingraditional chromatography columns.

Fractionnumber

jury

[T I T N STV

Red H-3BM
1144
1517
0.862
0.830
1.016
1.352
0.763
2.355
2553
3.238
4.048
4.230
5.059
2.328
3.815
3.012
2.396
1.935
1.551
1928
1.707
1.421
1.819
3.063
4 694
7.751

11.960
17.084
17.226
17976
26.737
23673
15.019
17.306
7.899
5.726
5.640
4 376
3.298
1.852

Procion dye names and associsted DNA concentration

Nodye (clear
slurry/control)
0.000
0.000
0364
0.364
1756
2532
2481
3333
3638
4142
4313
3.788
3.423
3.802
2907
2474
2534
2412
2.242
2.093
1651
1943
2716
0.065
21767
45.778
53.573
44146
12 209
4073

Reactive Blue 4
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0.000
0.000
0.000
0.000
1553
1404
29559
2.284
2572
3.878
3.448
3.559
8.630
4.450
2.637
4748
4275
2.051
4.000
3.719
3.166
1421
2788
3.358
23918
33.861
57.062
21.143
2940
1.667

Crange MX-G
0.000
0.000
0.000
0.356
0.780
1.419
1.685
1.545
1.449
1736
2229
2705
3.131
3.549
3223
2523
2219
2.355
2125
2.099
1.400
4.027

10394
4 433
28276
32939
35679
11.452
4 609
1611

Red MX-58
0.000
0.000
0.011
0.000
0.072
0.257
0.684
0.566
0.585
1.195
2192
3.128
3.083
2.892
2793
1637
1122
1.079
1.047
1.143
0714
2.154
6564
9.129

20131
83.410
66.771
18.819
4.047
0.436

Yellow MX-4R
0.000
0.000
0.000
0.000
0.005
1.210
1.169
2954
3.505
2.150
3.218
3.555
1911
2962
2281
6.420
3.104
2.055
04952
0.853
1.490
4778
5704
10988
34512
46.580
75975
32.348

8.191

2956






