NOTTINGHAM®
TRENT UNIVERSITY

Towards understanding the role of

Bilicor1n life

Aneega Fayyaz

A thesis submitted in partial fulfilment of the requirements of
Nottingham Trent University for the degree of Doctor of

Philosophy

October 20D



This work is the intellectual property of the author. You may copy up to 5% afthnks
for private study, or personal, necommercial research. Anyese of theinformation
contained within this document should be fullgferenced, quoting theauthor, title,
university, degree level and pagination. Queries or requests foroetmgr use, or if a

more substantial copy is required, should be directed indivaer(s) of the Intellectual

Property Rights.



Abstract

Silicon is an essential trace element that is required for physiological bone growth and
health. Though silicon has been shown to have an essential effect on mineralised tissues,
current research is still lacking understanding of many aspecthefmechanism
involved and further knowledge enhancement is needed to fulfil this research gap.
Another area of silica science where understanding is relatively more developed is the
study of living organisms such as bacteria and plants that depositdiilicey a process
called biosilicification though even here the chemistry of the silica phase is incompletely
understood. The main aims of this PhD research were to focus on understanding the

role of silicon in different organisms.

An Optically SectionedPlanar Format Indicator Displacement Assayl§®) was
developed to study silichiomolecule interactions. An analytical tool to map surface
charge properties of silica in silicifying organisms (both-inang and living samples)
was implemented. And, study to understand the role of silicon in animals through a
transcriptomeevaluation method RNA sequencingith evaluation of differential gene
expression was performed. A fluorophore, PDMPO -(2pyridyl)}5-((4-(2-
dimethylaminoethylaminocarbamoyl)methlg)phenyl)oxazole), was utilised to develop
O-IDA and to implement the analytical tool to map surface charge. The binding affinities
of a number of small molecules with different function&l# (amino acids, a drug, a
polyamine) and large biomoleculesi¥er peptides) were studied through-lDA where
NPl £ dzSa NI y3IAy 3 FNPR Y wen sbtained wiiege Ibbprofely H - | (
was best and peptide L7 (LDHSLHS) was the worst silica binder. Hdbde,h@s
potential to be used to screen silica binders. The implementation of the surface charge
mapping tool allowed a proxy measure of silica chemiatiglity through zeta potential
estimation. On application to various silicifying organisms, an exemplary sample of the
basal stem oEquisetum arvenseell wall showed a range €25 t0-33 mV zeta potential

values which led to an estimation of varyinlicsi particle sizes to up to 100 nm.

An RNA transcriptome using an animal bone tissue enhanced the understanding of the

mechanisms involved in utilising silicate from diet for bone health. The detected



biological pathways demonstrated the role of silicas antiinflammatory (affected
pathways osteoclast differentiation, T cell differentiatiophagosomeand cytokine
cytokine receptor interaction)and antioxidative (affected pathways, glutathione
metabolism and ribosonjeon bone tissue which promote osigenesis through

possible norgenetic routes.
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Chapter llntroduction

Silicon, Si, is the second most abundant element in the earth's crust. Due to its chemical
nature, it is rarely found in its elemental form in nature (WHO report 532, 1973). Most
commonly, silicon is present in nature in the form of oxides (silica) and silicates (WHO
report 532, 1973). Silica, SiQs largely found in nature and forms the sedomost

common biogenic mineral after carbonates (Lowenstam, 1989). In nature, silica exists in
two forms: amorphous (nomrystalline- R2 Say Qi SEKAOAG | ye 21
62NRSNBRUOU® / NRB&aGlIfttAYS &Afquadt formskKa Gakic A &
compound of soil, sands and rocks (ller, 1979). On the other hand, amorphous silica is
what different living organisms deposit in order to provide them with structural and

mechanical support which plays an important role in their lives (Perry, 2003).

1.1.Rok of amorphous silica in living organisms (excluding animase

section 1.8)

The living organisms capable of depositing silica are called silicifying organisms.
Examples of such living organisms include higher land plaatsr{areQ tail/horsetail),
single cellular organismsd.,diatoms) and multicellular organismise(, sponges) (Sola
Rabada et al., 2016; SelRabada et al., 2018; Hildebrand, 2003; Muller et al., 2003). The
understanding of this area of silica science involving such siliclyganisms is more
developed and still growing as compared to the role of silicon in living organisms such

as animals which will be discussed later.

With silica being slightly soluble in water, silica is present as soluble species in small
quantities in naural water which forms a supply for these living organisms. The
biomineralization process that forms biogenic or naturally hydrated silica:(5#D) in

living organisms from these soluble species is known as biosilicification. A range of
inorganic polyrerization reactions are involved in the process of biosilicification where
the presence of organic species such as proteins, polyamines or proteoglycans are
considered to regulate the biosilicification process in different organisms (Perry and
KeelingTucler, 2000; Perry and Keelifigicker, 2003; Belton et al., 2008). Hence,

1| Page



biosilicification process by living organisms to form highly ordered functional silica
structures is a best example of siliseomolecule interactions leading to mineral (silica)
formation whichledto a great interest in studying silica binding peptides to understand

biosilicification.

Characterisation of the biomolecules entrapped within the isolated amorphous silica of

the frustule revealed the role of lonaghain polyamines and catiec polypeptides
GAATFFTFAYAL AY RAIFG2YQA odderetal, 1909 MEbuUQH G A 2
both of these silica associated biomolecules have shown to accelerate silica formation
from silicic acidn vitro, the mechanism behind this is still not well understood (Kréger

etal.,2000; KASNJ SG Ff &S mMdbhpod [ SN aGdzRA S A&

Q¢

polyamines and amino acids in polypeptides that affect the silica condensation where it
has beemproposed that the cationic and hydroxyl groups of amino a(gdsh as serine

and tyrosine) interact with anionic silica and neutral silanol groups respectively that
induce or catalyse the precipitation of silica (Belton et al., 2008; Sumper and Krdger,
2004; Bernecker et al., 2010; Wieneke et al., 2011; Wenzl et al., 2008).

For most of the silicifying organisms, the silica structures produced serve as their
skeleton and account for majority of their body mass (Sumper and Krdger, 2004).
Silicifying organisms such as diatoms and horsetail biologically deposit complex
patternedsilica within their cell wall as thénave the ability tauptake, store and process
soluble silicon (Hildebrand, 2003). In diatoms, silicic acid transported by silicic acid
transporters into the diatom cell wall gets concentrated in silica deposition lessic
(SDV) where polymerization takes place to form hydrated amorphous silica ranging from
nano- to micro-meter in size (Kroger et al., 2000). The patterned silica cell wall with
pores is termed as frustules where the patterning of the silica structurgeeicell wall

is speciespecific and only seen replicated in diatom progeny (Sumper and Krdger,

2004).

Natural production of biogenic silica by silicifying organisms is carried out under mild
conditions as compared to the harsh conditions required fa ithdustrial process of
silica production (Belton et al., 2012). Through improving the knowledge of

biosilicification process and its mechanism involved, a more environmentally friendly
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conditions could be adapted fam vitro synthesis of silica with reded pollution as the
current requirement of high energy could be tackled (Perry, 2003; Patwardhan et al.,
2005). Hence, there is a great interest in biomimetic studies to effectively produce

siliconbased materials.

1.2. Chemistry of silica and silica polynsation

Upon silica polymerisation, soluble species such as silicic acid are usually condensed
such that the number of siloxane bonds-(88i) are maximised in forming cyclic species
which form a large proportion of silica with exposed silanol group®k8ion the surface

(or as ionic siloxide group (Si@nder aqueous conditions when water molecules are
adsorbed on to the surface) (Belton et al., 2012). The silica polymerisation process can
be explained in the following steps. At circumneutral pH, mditis acid in aqueous
solution at levels above 100 ppm would condense spontaneously to form dimers
followed by its growth to trimers and oligomers before forming stable silica particles of
different sizes with kinetically distinct properties amongst eather (Belton et al.,
2010). Presence of silanol groups on silica particles can lead to their aggregation with
the adjacent nanoparticles through hydrogen bonding which either leads to formation
of interconnected chains or branched network (gel) or as &spd
agglomerates/precipitate (sol or powder) depending on the environmental conditions
such as pH or presence of salts/other ions (ller, 1979). The silica polymerisation process
is also shown in Figurellwhich also includes the effects of environmentahditions

on their synthesis.

Generally due to the chemistry of silica surface, silica is usually hydrophilic due to the
presence of silanol groups {SH); however, the presence of a few hydrophobic sites as
siloxanes (SD-Si) on the surface also prioles possibilities of hydrophobic interactions

with biomolecules etc. Moreover, the extent and proportion of these groups determine
the character/chemistry of silica surface which can be tailored further through
functionalising the silanol group. pKf exposed silanol groups of silica particlésitn

size in diameter) is usually 6.8; hence, they carry a negative surface charge. In biological
settings, these silica particles interact with the biochemical environment in which the

silica is deposited whichaa shift its pK
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Figurel.1 ¢ Silica polymerisation process for different environmental conditions.

Adapted and modified from ller,1979.

The surface charge of silica surface depends on the number of the silanol groups present
which affects the interactions of silica with biomolecules. Since an increase in size of
silica particle mean an increase in the number of silanol groups, this iesdhe
surface ionisation (charge density) leading to a higher surface activity (Patwardhan et
al., 2012). Surface charge estimation is vital in biosilicification; therefore, an ability to
accurately measure the local surface charge would be an exceptamhancement
towards examining the mechanisms of silica nanostructures formationiva Zeta
potential measurement (Stern, 1924) is a proxy of the surface charge potential and a

commonly used measurement for surface charge estimations.

The GuyChapmarSern model explains the interface between silica and water using an
electrical double layer comprised of two regions (Brawal., 2015). The first inner layer
from the silica surface (Stern layer) comprises of hydrogen ions adsorbed onto the
surface dueto chemical interactions. The stern layer is followed by a second double
layer (also known as Diffuse layer) which is composed of freely moving cations and
anions weakly attracted to the surface.
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1.3. Silicabiomolecule interest and scope

The surface chemistly T FSOG &4 G(KS o0A2Y2f SOdzZ SQa I FFAy
bonding, electrostatic interactions and hydrogen bonding (Puddu and Perry, 2014; Sola
Rabada et al., 2018). In addition to the effects of surface chemistry of silica, surface
water that adsobs to silica through hydrogen bonding also plays a key role in
biomolecule adsorption and interaction (Rimola et al., 2013). The affinity of a
biomolecule also depends on its chemical properties as biomolecules with more polar
groups as opposed to neutrgtoups will adsorb better through hydrogen bonding with

the silanol groups (Patwardhan et al., 2012). In addition, since the biomolecules isolated
from the silicifying organisms are large and complicated, smaller regions of
macromolecules which have beatentified as important usually form the basis for the

model studies.

The research interest in interaction studies of the mineral (amorphous silica) with water
and/or biomolecules at interfaces and/or the effect of biomolecules on regulating

mineral (silica) formation is rising to understand the biogenic silica formation through
the biosilicification process and to contribute towards the widespread applications of
amorphous silica in material science (to develop biologically relevant matespised

by nature) respectively (Sanchez et al., 2005).

1.4. Silica materials

The research interests mentioned above have also led to the fabrication of complex silica
structured materials to fulfil these needs and form the basis of model studies.
Amorphoussilica can be synthesised in different forms where the silica nanoparticles
(non-porous and porous) and silica fabricated films (surfaces) are commonly used. Both
forms pose silanol groups that can be functionalised to tailor the surface chemistry

dependng on the needs of the research of interest.

Silica nanopatrticles are commonly produced by agebimethod which consists of the

hydrolysis of silica precursor to form silicon hydroxide SiOGéljowed by their
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condensation into oligomers leading toisd nanoparticleformation (Brinker and
Scherer, 1990). The size of silica partidedependenton the rate of nucleation
(hydrolysis) and growth (condensation) (Van Blaaderen et al., 1992). The rate of
hydrolysis is affected by tharesence of theacids or baseswhich lead to an increase in
either the hydronium or hydroxide ions (ller, 1979). The condensation process of silica
is affected by a range of variables such as the concentration of starting.anitaister

rate if it is over the solubility limit of amorphous silica which is concentration of 1100
200 ppm equivalent of S{DpH,temperature,pressureand presence of other ions (ller,
1979). The pH conditions utilised for the silica nanoparticles production affects their
physical properties. Generally, adidsed methods produce particles with low porosity
and higher density; whereas, the alkaline conditions produce mesoporous (with pores)

spherical particles.

{G 0SSN LINRPOSaa Aa (GKS Y2 & ifor®&syrEnésis bf@il®a | Y R
nanoparticles which utilises basic conditions and changing the concentrations of
NEBI OGFyda OFy LINRPBRdAzZOS | @GFNASGEe 2F LI NLA
al., 1968). Other methods of silica nanoparticles productinclude microemulsion

method (basic conditions for hydrolysis) (Osgeare and Arriagada, 1990), abased
hydrolysis methods (Karmakar et al., 2000; lzutsu et al., 1997; Kawaguchi and Ono,
1990), microwaveassisted acid catalysed method (Lovingoodlgt2013) and chemical

vapour condensation method (Vansant et al., 1995) which is commercially used and
involves metalorganic precurso® RS O2 Y,L3chAas AIQN under high

temperature flame.

Different silica functionalised tissue culture polystye surfaces, hydrophobic and
hydrophilic, can also be effectively produced by the-gall method (Hickman et al.,
2012; Nicklin et al., 2014; Hickman et al., 2014; Hickman et al., 2016). This utilises the
hydrophobic tissue culture polystyrene surfacekieh is initially functionalised with
polyaniline (PANI) through the polymerisation of aniline using ammonium
peroxodisulfate as an oxidising agent such that the green PANI film adheres to the
polystyrene surface through hydrophobic interactions. The FiANIis then treated

with glutaric dialdehyde which allows protein immobilisation through covalent

interactions where lysozyme is the protein of choice due to its previous use in generating
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uniform silica films (Rai and Perry, 2009). Lysozyme adsorbsrahjifonto the areas of

the surface with either PANI or glutaric dialdehyde and play an important role in silica
film formation through precipitating the condensed silica precursor (tetramethyl
orthosilicate) particles. The electrostatic interaction of fhasitively charged lysozyme
molecules and the negatively charged silica particles is what most likely promotes the
precipitation of silica around the lysozyme leading to the silica film formation with
exposed silanol groups (Rai and Perry, 2009; Xu &(43). The silanol groups can be
functionalised to produce different surfaces with varying hydrophilicity or
hydrophobicity. Other examples of methods to produce silica film include hybrgesol

film method that uses polylysine (Zolkov et al., 2004) sitida fabricated gel bioactive

glass discs (Dieudonné et al., 2002).

1.5. Implications of silica materials in research industry

Silica is one of the most important inorganic material with direct implications in
biomedicine and bimanotechnology (De Jong @Borm, 2008; Korzeniowska et al.,
2013). Silica has lots of other technological uses, some of which are briefly discussed

below.

Silica nanoparticles form ideal candidates for biomedical applications due to their
biocompatibility and bioresorbable nature The cytotoxicity studies of silica
nanoparticles on cells show that they exhibit low toxicity where their toxu#yends
onthe amount of material used, time of exposure and size of nanoparticeessMmaller
sizes (< 20 nm) show higher toxicity)nfKet al., 2015; Napierska et al., 2009).
Mesoporous silica nanoparticles are commonly used as drug delivery systems where the
use of silica nanoparticles was attracted due to the relatively large surface area,
tuneable size, large pore volume (leadingriodrporation of drugs, peptides etc.), easy
surface modification, low toxicity, robustness and great stability in physiological fluids
(ValletRegi et al., 2007; Fernandeernandez et al., 2011; Baeza et al., 2014; Argyo et
al., 2013).

Silica is usuallynon-fluorescent; however, the ease of functionalisation of silica

nanoparticles has led to their labelling with extrinsic probes. Fluorescent composite
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materials of silica nanoparticles over conventional fluorophores have been
advantageous in various tecblogical applications such as biomedical detections (Zhao
et al., 2003), intracellular delivery (Fuller et al., 2008), sensors (Hornig et al., 2008;
Latterini and Amelia, 2009) etc. Moreover, mesoporous silica particles (< 50 nm pore
diameter size) have sb attracted attention for enzyme immobilization such that
expensive biological catalysts can be hosted within the pores which would allow them
to be repeatedlytilisedfor as long as they remain active (Girelli and Mattei, 2005; Zucca
and Sanjust, 2014PDther uses of bioinspired silica materials include optical biosensing
(Monton et al., 2011), cell imaging (Korzeniowska et al., 2013) and tissue engineering

(Wang et al., 2012) etc.

Silica has also been used to determine silica specific polypeptidesgthrine phage
display technique for siliceiomolecule studies (Patwardhan et al., 2012; Naik et al.,
2002). Phage display technique relies on generic sequences (from combinatorial
libraries) to identify polypeptides expressed on surface of phage agaitasget site
(material of interest such as silica) through allowing their binding to the target sites
(Smith, 1985; McCafferty et al., 1990). Larger silica particles, as botparons and
porous (< 2 nm pore diameter size), have also been widely usedramatography
columns as stationary phase for isolation of various compounds in a solution (Kirkland

et al., 2000).

Different silica functionalised tissue culture polystyrene surfaces, hydrophobic and
hydrophilic, have been studied for biomedical apgifions such as in proliferation of
cells and cancer metastasis research to improve the understanding of the disease and
find possible cures without theequirementfor animal studies (Hickman et al., 2012;
Nicklin et al., 2014; Hickman et al., 2014; Hickmea al., 2016). Other uses of slightly
different silica films include tissue derived cell growth (Zolkov et al., 2004) and
osteoblast differentiation in cultures of bone marrow stromal cells (Dieudonné et al.,
2002).
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1.6.Previous techniqguesemployed to study silica sizZehemistry and

biosilicification

The size or chemistry of silica microstructures and their interconnections within living
organisms have been previously studied through various methods. Scanning electron
microscopy has been used to study silica distribution in horsetails, Equisetum arvense
(Anderson et al., 1990). Energy dispersiveayX analysis combined with scanning or
transmission electron microscopy has been used to identifjfocalised inorganic
mineral species including silicon within Piper, Piperaceae (Silva et al., 2014). Small and
wide-angle Xray diffraction methods along with transmission electron microscopy have
been used for determining silica particle sizes in horsetail, Equisetum arvenzbtdol

et al., 2003). Species specific differences in structural and fractal properties of biosilica
from diatoms have also been studied using ultra small, small and-andke Xray
diffraction methods (Vrieling et al., 2004). Small and wadegle Xray dffraction has

also been utilised to study the nanoscale uniformity of porous architecture in
diatomaceous silica (Vrieling, et al. 2000). Using Infrared and Raman spectroscopy,
colloidal and soliestate properties of silica have also been studied (Roa&h. £2006;

Rai and Perry, 2012).

The silica condensationn(vitro) and biosilicification within living organisms {ivo

have also been previously studied through various methods-VIdVabsorbance
spectroscopy has been utilised for solutibased stidies to follow silica precipitation

and the kinetics involved through studying scattering effects (ller, 1979, Belton et al.,
2012). Molybdenum blue colorimetric assay is another popular method which is
commonly utilised for the measurement of monomerilicg acid and has been used to
study the stages of silica condensation from silica precursor, silicic acid (Perry and Lu,
1992).

Fluorescenc#ased assays have also been utilised to understand the biosilicification
process. Previously, attempts have bemade to label silica fluorescently in nature
using a commonly available fluorophore, Rhodamine 123 (Li et al., 1989). It was shown
GKFG ReéS NBIFIRAf& SYyiSNBR RAFG2YQa OStf |
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vesicle where it was edeposited o the newly formed silica as the subsequently
formed valves and girdle bands rich in silica displayed fluorescence. However, this dye
exhibited low accumulation efficienayhen compared to thdright auto fluorescence

of the diatom cells (Li et al., 1989Another dye, Bis(cytopentadienyl)titanium
dichloride, has been used as a surface hydroxyl staining agent for biological silica (Perry
et al., 1990). However, the insolubility of this dye in agueous solution hindered its
applicability in living specimenénother dye, fluorescein, has been used as a staining
agent which was covalently linked to isolated purified silica through the aid of a silane
coupling agent, @aminopropyl triethoxysilane (Hodson, et al. 1994). However, this
covalently linked dye methodassolelyfeasible for the posstaining of silica exposed

on a surfacen vitroand is not applicable to living specimen. Another method combined
scanning electron microscopy with confocal scanning laser microscopy to construct
three-dimensional model®2 ¥ RA Ll G2Y FNMHzaddzZ Sa dzaiay3a | R
aminopropyl) trimethoxysilane (Friedrichs et al., 2012). However,tduBniquewas

applied for staining of silica vitroonly.

A fluorescent dye, PDMP@-(4-pyridyl}5-((4-(2-dimethylaminoethylaminocarbamoyl)

has been shown to exhibits a high accumulation efficiency (Leblanc and Hutchins, 2005;
Shimizu et al., 2000PDMPO has been used as a medical probe where it has been
proven to be an effective tracer for silica contributing to the understanding of the
biosilicification process (Shimizu et al., 2001). A study measured silica deposition in
diatom using PDMPO whiakas incorporated into the silicified structures of diatom
over time as silica was deposited (McNair et al, 2015). The fluorescence emissions of
PDMPO from diatoms is what was used to estimate the amount of silica deposited

(McNair et al, 2015).

1.7.Fluoresence dye, PDMPO and confocal scanning laser microscopy

Fluorophores are generally aromatic molecules which differ in their chemistry. Many
fluorophores exhibit two excited states where their proportion depends on the
environmental conditions. Both excitestates may show fluorescence with different

guantum yields or emission spectrarLakowicz, 2010). When exposed to a material,
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an equilibrium exits between the bound and unbound states under aqueous conditions.
The fluorescence of a fluorophore may only tbserved in the presence of a material
etc. as opposed to showing fluorescence all the time either whenii und or

unbound form.

Fluorescence based analytical methods using fluorescence microscopy form powerful
tools in research with a range thfiorophores or fluorescent labelled materials available
for different purposes (Cambi and Lidke 2011). Fluorometric techniques are relatively
more sensitive compared to other absorbadsaesed methods due to development of
highly sensitive detectors whera small amount of fluorophore would usually be

required (Demertzis, 2004; Lakowicz, 2010).

Fluorescent dye, PDMPO is a weakly basic oxazole dye that selectively accumulates
within compartments with low pH (acidic environment) containing silica (Diwd.get a
1999). Thus, PDMPO or similar dyes are potential targets for researchers wishing to
understand the chemical and structural properties of silica microstructures within
silicifying organisms. The silicaphilic (silica specific) behaviour of PDMPO has been
further demonstrated in a detailed study that explore the sHRRMPO interactions
under different solvent and pH environments probed through fluorescence
ALSOGNRAO2LER YR ! +b@A& GgAGK adzLILRNISR O
and zeta potental measurements (Parambath et al., 2016). PDMPO exhibits both dual
excitation and dual emission spectral peaks whose proportion is affected by pH
particularly in the presence of silica and it was also suggested that pH modified the mode
of attachment of PMPO to silicawhere both a singlepoint (low anisotropy) or
multipoint (high anisotropy) modef interactionis possible(Parambath et al., 2016).
Hence, both excited/charged emission states exhibit fluorescence with different
guantum yields or emissiorspectrum which are observed both when bound to silica or

unbound under aqueous conditions.

PDMPO has unique narovalent interactions with silica and a history of applications as
I LINPOS O{KAYAlTdz SG It ®X wnnmoO dwithibthe h Qa
stern layer (Parambath et al., 2016) which is explained by theGBapmarStern

model (Browret al.,2015). The knowledge of the interactions of PDMPO with silica can
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be further explored to understand silica chemistry, biosilicification precasd the
interactions of different biomolecules with silica. In addition, the diverse chemistry of
PDMPO makes it a suitable candidate for a wide range of applications though
fluorometric techniques. During the PhD, PDMPO combined with confocal scanning
laser microscopy (CSLM), a specialised fluorescence microscopy technique, has been
utilised for a quantitative assay to study siHos@molecule interactions and a tool for
labelling and localisation of silica microstructures as well as study their suff@cge

properties.

CSLM (Minsky, 1961; Minsky, 1988) allows detection of fluorescence of a slice through
the thickness of specimen making it a useful and-msasive technique. CSLM formed

an ideal instrument to explore the interaction of PDMPO wittcailivhich aided the
development of a quantitative assay to study sHimamolecule interactions. CSLM also
formed a useful technique to study molecules in a defined region such as silica
microstructures in silicifying organisms as they exhibit an impregatial resolution
compared to conventional fluorescence microscopy. However, the spatial resolution of
CSLM is still limited when compared to scanning or transmission electron spectroscopy.
Hence, the aims with CSLM were to explore the silica chemising gpectral imaging

and notto study the nanoscale structures in detail.

1.8.Role of silicon in animals

Silicon is thought to be an essential trace element (WHO report 532, 1973) responsible
for many biological functions of several living organisms butadls as an essential
mineral is still uncertain (Farooq and Dietz, 2015). The silicon is found to be present in
almost all organs and tissues with the connective tissue and bone having the highest
concentration (Jugdaohsingh, 2007). It has been showndifiabn plays a role in the
physiological bone growth and development (Wang et al., 2014; Carlisle, 1986);
however, its mode of action is not yet fully understood. Numerous nutritional intakes of
silicon in epidemiological studies have shown the bendfle@alth effects of silicon on

bone (bone mineral density) and connective tissue.
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Animal studies (Carlisle, 1986; Schwarz and Milne, 1972; Carlisle, 1972) have shown that
silicon deficiency in the diet produces defects in connective and skéletaks. There

IS & strong positive association between silicon dietary intake and bone mineral density
(Jugdaohsingh, 2007). Silicon has also shown to have a potential role in the formation
and health of mineralised tissues independent of calcium araniit D (Carlisle, 1981).
However, diet used during these animal studies were either amino acids or peptides
based. Such a diet is ethically inappropriate and is not practiced anymore with a
balanced diet been required for any animal experimentation. Txteeene nutritional
RS&AIY 2F GKS LINA2N FyAYlIf SELSNAYSyGaA
validity of the research outcomes. The role of silicon in animals is not well understood
and is an area of interest for many researchers but poses maalieolges as silicon is a

difficult element to tackle in biological tissues including bone.

A positive association between the bone mineral density and dietary silicon has been
documented in a few studies including men and/or postmenopausal women
(Jugdaohisigh et al., 2003; Macdonald et al., 2012). Furthermore, a few studies also
provide an evidence of the positive benefits of silicon through use of silica
supplementation. An increase in the bone mineral density was associated to silica
supplementation of 8mg/day given over 12 weeks to women with low bone mass
(Jugdaohsingh, 2007). Other studies utilising silicon supplementation as choline
stabilised orthosilicic acid at-B2mg/day increased the bone forming marker (serum
procollagen type 1 Nerminal propeptide), improved photodamaged skin surface as
well as its mechanical properties and decreased hair or nail brittleness (Spector et al.,

2008; Barel et al., 2005).

1.9.Bone related diseases such as osteoporosis and their impact on

healthcare

Osteoporosis is asystemic disease that leads to increased bone fragility and
susceptibility to fractures due to reduced bone mass which may contribute to
considerable disability and even death in extreme cases (World Health Organ report,

2003). Many factors such as agender, ethnicity, diet, lifestyle, some medications and
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other medical conditions may contribute to this condition. According to an estimate,
more than nine million cases of fragility bone fractures are reported every year around
the world (Johnell and Kas)i 2006) including 300,000 cases of within the UK (British
Orthopaedic Association, 2007). Such a huge number of cases had costed the UK
healthcare economy around £1.8 billion in 2000 and has been estimated to increase to
up to £2.2 billion by 2025 (Burg¢al., 2001). With UK having a 17.7% of total population
(percentage estimated to increase to around 20% over the 10 years) comprising elderly
population aged 65 years or over (Ons.gov.uk, 2018), the magnitude of this problem is

significant.

As a currenttreatment of osteoporosis, calcium and vitamin D supplements are
recommended and regularly prescribed (SIGN guideline 142, 2015). Though silicon is
shown to have an essential effect on mineralised tissues, the current research is still
lacking many aspestof the mechanism involved and further knowledge enhancement

is needed to come up with novel approaches to tackle the rising bone health problem.
Despite studies being present showing a link between the silicon and bone and skeletal
muscle health, not enagh information is present to be able to establish recommended
daily intake (RDI). Silicon supplements as silica are available commercially for the general
public as supplements extracted from Horsetail (Equisetum arvense) or Bamboo but
with varying recommanded dosages with no established RDI. The available animal and
human data were judged by Institute of Medicine (IOM, 2001) to set RDI for silicon;
however, the data used was too limited such that it was difficult to define the RDI. Since
evidence existdtat silicon has beneficial effects to several biological processes and can
prevent abnormalities, an intake of bmg/day is recommended to be sufficient
(Nielsen, 2014).

1.10.Current proposed mechanisms of role of silicon in bone homeostasis

At present, themechanism of action of silicon in the body is not entirely understood
(Currie and Perry, 2007). Silicon bound to glycosaminoglycan has been suggested to be
involved in the formation of crodinking between collagen and proteoglycans (Carlisle,

1981; Schwarz, 1973). Ann vitro study reported that such biological interactions of
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silicon stimulate the synthesis of organic matexg(,collagen type 1) and osteoblast
differentiation (Reffitt, et al., 2003). In addition, silicon is thought to increase thel le

of calcium in the bone matrix though its location is unknown (Carlisle, 1981). Silicon is
found to form anions with hydroxylated molecules in the bone growth regions which
attract calcium ions leading to the apatite formation; however, silicon isdéist the
calcification process which is why it is found in highest amounts in unmineralized bone
tissue and lowest amounts in the fully mineralised bone tissue (Carlisle, 1997,
Jugdaohsingh et al., 2015). Silicon has also been shown to affect the immune o
inflammatory response and oxidative stress in murine macrophages (Kim et al., 2013).
The production of inflammatory cytokines and its mediators was suppredsedto
reduced radical scavenger activity and dowegulation of gene expression of
inflammatory mediators studied through Reverse Transcription Polymerase Chain
Reaction (R PCR) (Kim et al., 2013).

No gene expression analysis has ever been performed using animal tissue sample to
determine the genes or pathways that may be involvedhia inechanisms of silicon in
bone growth and development. Hence, it is desired that efforts are made to understand
the role of silicon using bone tissues from an animal trial with a balanced diet through

transcriptomeanalysis.

1.11.Thesis outline: TowardsuBdNBE G F YRAY 3 GKS NRtS 27

The thesis comprises of 6 chapters where chapterd Zomprise individual research
studies with eachncludngits own introduction, materials and methods section, results,

discussion and a brief conclusion.

Chapter 1: This current chapter introduces the PhD project and the importance of the
work carried out in chapters 35 which will contribute towards enhancing the current

dzy RSNRE Gl YRAY3I 2F WAAEAO02yQ Ay fAFTS toRATFT
fill some of the gaps addressed. Each of the aims and objectives of this PhD study has

been discussed below in their corresponding chapters (chaptef.3
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Chapter 2: This chapter will include the instrumentation and discusses the background

to the instruments and experimental methods used for the studies.

Chapter 3: The knowledge and understanding of a silicaphilic fluorescent dye, PDMPO,
and its interactions with silica are explored to develop a novel indicator displacement
assay to study silica biomolecule interactiansvitro using confocal scanning &s
microscopy. This will benefit a few areas of research such as drug delivery involving
silicabased delivery systems, materials for biomedical use and biosilicification. Different
amino acids, a polyamine and a drug were studied through this assay aidieth its
development. The displacement assay was then extended and applied to different 7
mer peptides to see the limitations of the assay and how the analysis may differ for

larger biomolecules.

Chapter 4: The silicaphilic fluorescence of PDMPO akdaisledge of interactions with
silica were further explored to develop an imaging method to understand the surface
charge properties of silica microstructures. Surface charge estimation will contribute
towards an understanding of deposited biosilica andulgloplay an essential role in
understanding biosilicification process. The method development is based on spectral
imaging through confocal scanning laser microscopy and it has been applied to different

silicifying organisms.

Chapter 5: It is known thahe silicon is an essential trace element and an important
element for healthy bone growth. However, the biological pathways involved that
induce the bone growth and the mechanism of its role in bone formation (osteogenesis)
is not well understood. This cpter involves a RNA transcriptomanalysis study with

an aim to understand the different pathways involved in the mechanism of action of

silicon in bone health.
Chapter 6: This chapter involves a discussion of the findings and their impact on the

currentresearch being carried out with the scope for possible future works and their

benefits.

16| Page



Chapter 2Methodology

2.1.Introduction

This chapter will briefly introduce the principles of different characterisation techniques
and methods employed during the PhD researthe theory behind the technique or
method will be explained followed by a brief summary of its usage in the PhD research.
Basic information on thénstrumentQ & O 2 ¥skd ayidtonditions of operation is
included where appropriate for the research carried out and further details on its

application can be found in the corresponding chapters.

Peptide sequences selected for the biomolecule and silica surface interaction study
using the developed indicator displacement assay were synthesized using solid phase
peptide synthesis (SPPS) protocol and theirity and molecular weight were
determined usindhigh performance liquid chromatography (HPLC) anadirix assisted

laser desorptiononization timeof-flight (MALDITOF) mass spectrometrgspectively.
Contact angle measurements were carried out for the confirmation of the hydrophilicity
of the synthesised silica surface useithin the indicator displacement assay prior to its

use. ©nfocal Scanning Laser Microscopy (CSLM) had been used for both the indicator
displacement assay and the surface e determination method for different living
organismsZeta potential and dynamic light scattering measurements were carried as
part of the development of the surface charge mapping tddle morphology of the
spore heads and spores of Equisetum arvense was studied using scanning electron
microscopy (SEM)whic  ARSR GKS | yI f & &dealete2minatiansl2 NBE Q.
Inductively coupled plasma optical emission spectroscopy (HOES) was used to
quantify the silicon element in blood plasma (obtained from the birds used for the
transcriptome analysisRNAsequencing was used for theanscriptomeanalysis to

study the role of silicon (as sodium metasilicate) in bone health and growth where
Bioanalyzewasutilised for the quality control checks of the total RNA samples used for

RNA seqguencing.
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2.2.SolidPhase Peptide Synthesis

In solid Phase Peptide Synthesis (SPPS), the creation of a peptide chain is carried out in
solution and initiated on an amino acid covalently connected to an insoluble polymeric
support known as resin which forms the starting pdont peptide synthesis. A series of
deprotection and coupling steps take place for the consequent incorporation of desired
amino acid and this process tigplicated until the desired peptide chain length is
achieved (Merrifield, 1963). In a final step knowas cleavage towards the end of the
peptide synthesis procedure, the solid resin support and protecting groups (generally
present to prevent side reactions) within the side chains are removed to produce the

desired final peptide.

The conventional peptiel chemistry involved for its synthesis is a th@nsuming
process where purification and characterisation steps are needed after every amino acid
addition which lead to a reduced yield for the final peptide. SPSS has immensely
transformed the conventiongleptide chemistry (and its associated disadvantages) due

to the peptide remaining attached to the resin support throughout the whole synthesis
process as it is carried out in the same reaction vessel leading to a minimal physical loss
of peptide. Usuallyith SPSS, an excess quantity of reagents is utilised in order to ensure
successful formation of the peptide where the noeacted reagents can be easily
washed out. The operations of synthesising peptide using SPSS is carried out in an
automated manner with saves time as opposed to the conventional method
(Merrifield, 1963). Even in SPPS, there is a possibility of side reactionsampmtete
peptide synthesis to occur which could make peptide purification difficult in those cases
(Cudic and Fields, 20Pp8he peptide synthesis using SPPS is dependent upon number
of factors such as the nature of the resin and its linkage, type of protecting groups and
coupling chemistries (single coupling is common but certain amino acids such as arginine

require double oupling).

Figure 2.1 shows an illustration of the SPPS procedure. The peptide synthesis in SPPS
starts at the @erminal amino acid which is attached to the resin through a carboxyl
group with the help of a linker which is later cleaved under acidic conditlamgher

synthesis advances from C to N direction. The functional groups of the amino acid side
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chains (Rgroups) are usually protected in order to ensure the synthesis of the amino
acid chain is directed from C to N direction and avoid any side chain reacfibese
semipermanent protecting groups (denoted as Y in Figure 2.1) are unaffected by the
synthesis conditions of the peptide synthesis process using SPPS. The commonly used
semipermanent protecting group are?,2,4,6,7pentamethytdihydrobenzofurarb-

sufonyl (Pbf), trityl (Trt) and tertiarputyl (Bu) (Pedersen et al., 2012).

During the initial loading, temporary protection group (denoted as X in Figure 2.1) is
present on the RN-amino group of the resin linked amino acid which becomes
deprotected seletively using a deprotecting agent such as piperazine followed by a
washing step for the removal of this temporary protecting group. This prepares for the
addition of the second amino acid in excess with an activated carboxylic group (denoted
as A in Figer 2.1) to be able to form an amide bond in a process called coupling which
is carried out under basic conditions. The commonly used temporary protecting groups
are Sflurenylmethyl carbamate (Fmoehd tertbutoxycarbenyl (Boc) (Pedersen et al.,
2012). Coupling is followed by a washing step that eliminates the excess of the reagents
and prepares for the addition of the next amino acid. This process of deprotection of the
temporary protection group of the amino acid followed by a washing step aodling

with the next amino acid followed by a washing step is carried out repeatedly until the
desired peptide length is achieved (Albericio and Kates, 2000). After the last amino acid
has been attached, the washing step deprotects theeihinal amino ai through the

removal of the associated temporary protecting group.

The synthesised peptide undergoes a final cleavage step which uses an acidic cleavage
mixture, ensuring that this minimally affects the peptide, to detach and recover the
peptide from te resin. The cleavage mixture contains an acid such a85%0
trifluoroacetic acid, TFA, and a nucleophilic reagent (as scavenger) such as water,
thioanisole, phenol, etc. The same cleavage mixture also leads to the deprotection of
semipermanent protecting groups in the side chain residues of the synthesised peptide.
Scavengers are essential to prevent the undesirable reactitumgg the cleavage
process asighly reactive cationic speciese generatedrom the protecting groups,

resin linkers and theraino acids of peptidecontaining electron rich functional groups

After the cleavage stage, the peptide ispeecipitated in chilled diethyl ether with
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subsequent washes with diethyl ether to remove any impurities. The solvent is

evaporated prior to lyohilisation of the synthesised peptidélbericio and Kates, 2000
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Figure2.1 ¢ lllustration of SPPS and the steps involved.
Adapted and modified from Cudic and Fields, 2008.
Here, X is théemporary protecting group, Y is the sepermanent protecting group

and A represents the activated carboxylic group of the amino acid being added.
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The solid phase peptide synthesizers use microwave heating for the coupling process
which has the followingdvantages: increases the speed of the reaction that saves time,
reduces interactions within and between the peptide molecule(s) during the synthesis
process and improves the purity and yield of the peptide sequences. Microwave assisted
solid phase peptid synthesizer has allowed a synthesis of peptide sequences of up to

over 100 amino acid$edersen et al., 2012).

5dzZNAYy3 (GKS t K5 NBaSINOKZ | [A0SNI& . f dzSn
(CEM Corporation) was used for the SPPS which allowgueparation of the peptides
utilised. The solid support used was a TGT resin preloaded with protected Fmoc. Several
different side chain (of amino acid) and temporary (fdraino group) protecting
groups were utilised. The activator and activator basedutor the coupling were O
Benzotriazold X~ b  e@abtiiyluroniumhexafluorophosphate (HBTU) in N,N
dimethylformamide (DMF) and NiWiisopropylethylamine (DIPEA) in-niethyl-2-
pyrrolidinone (NMP) respectively. Single coupling chemistry was usedreBeéth
coupling, Piperazine in DMF was used feteNninal deprotection. Cleavage mixture
containing TFA, thioanisole, 3Hoxal,8-octanedithiol (DODT) and type | water was
used to cleave and release the peptide from resin and to deprotect the sidescabin

one step. Finally, reprecipitation of the cleaved peptides in chilled diethyl ether was
carried out followed by several washing steps using chilled diethyl ether through
centrifugations and discarding of the supernatant every time. The solverds wa
evaporated, and a few millilitres of water added to the peptide to allow lyophilisation at

-70 °C using a freeziryer.

2.3. High Performance Liquid Chromatography

High Performance Liquid Chromatography (HPLC) is an analytical technique which
separates compunds according to the differences in their structure and/or composition
and can provide useful information about the purity and/or content of the different
compounds present in a sample quantitatively (Kupiec, 208RLC is popular for its
ease, sensitity, reproducibility and possibility of recovering the sample which can be
reused for other purposeg¢Kupiec, 2004; Hennessy et al., 2008PLCGequires the

samples to be as liquid mixtures. Solid samples would either need to be dissolved or
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extracted inb a suitable solventFigure 2.2 shows a basic setup of the HPLC
instrumentation which consists of a higinessure pump, mobile phase reservoir,
sample injector, solid stationary phase column, detector and data acquisitor (data

processor and display systgm

Reservoirs
Solvent 1 Solvent 2
Mobile
Phase
(liquid)
I
High
Pressure
Data processor
Pump .
and display
HPLC column Signal to acquisitor
Detector
Stationary phase (solid) l
Waste

Figure2.2 ¢ Basic setup of the HPLC instrumentation.

Adapted and modified from Sola Rabada, A., 2016.

A sample in form of a liquid is injected into the HPLC system through sample injector
which carbe a single injection or an automated injection system with multiple sampling
positions making it easy to operate. A pressurised liquid known as mobile phase
continuously pumps the sample through a column containing a solid adsorbent material
known as stabnary phasehrough the presence of high-pressure pump. The pump
speeds the separation process compared to the conventional gravitational column
chromatography. The stationary phase is composed of porous particles which maximises
the surface area for teractions of the compound molecules in the sample. The
commonly used stationary phases are immobilized silica or alumina. Hence, the choice
of the stationary phase as well as the mobile phase hugely depend on the types of

compounds in the sample of inteseto obtain the best separation or elution results.
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Over time, the components of the sample separate depending on their chemical
properties and affinity to the nature and composition of stationary and mobile phase
respectively. A mixture of polar and nqolar liquid components commonly makes the
mobile phase where their proportions can be altered depending on the types of
compounds in the sample of interest to obtain the best separation or elution results.
Different compounds travel with different veloms through the column which
determines their corresponding retention time (the time when a compound is eluted
from the column). Retention time is usually a characteristic of compounds under defined
circumstances. The presence of an acquisition system asieghcomputer leads to the
signal analysis of the data collected by the detector. For the chromatographic
separation, the response of each detected component is presented in form of a
chromatogram which is a plot of intensity of signakags) against tention time (x

axis).

There are two types of HPLC methods which are based on the type of the stationary and
mobile phases: normglhase (NP) or revergghase (RP). The separation is considered
normal phase (NPIPLC) when the stationary phase is more pttan mobile phase;
whereas, the separation is considered reverse phaseHREC) when the stationary
phase is less polar than mobile phase-HER.C is the commonly used method for the
separation of compounds based on their hydrophobic properties anghaseerful and

useful method for the analysis of peptides (Kupiec, 2004).

During this PhD research, the purity of the synthesized peptides was found through a
Dionex HPLC with a UV detector and a Jupiter 4u Proteo 90A C12 Reverse Phase column
(Phenomenex) Chromeleon® software was used for the data processing. The
chromatograph was used to quantify all the components in the sample through
determining the area under the peaks and the purity determined through separating
O2y il YAYl yiGQa O 2 sfaiidNdryoptizasel ded was tighty packed silica
particles in a column. The mobile phase used was a mixture of two components: the
polar component consisted of 95 % HPLC grade water and 5% HPLC grade acetonitrile
and the lesser polar component consistecb®f%o HPLC grade water with 95% HPLC grade
acetonitrile and 0.1% formic acid. A blank sample as HPLC grade water was run before

and after each sample analysis to flush the system and minimise contamination.
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2.4.Matrix-Assisted Laser Desorption lonization Tofid-light Mass

Spectrometry

Mass Spectrometry (MS) is an analytical method that allows for an accurate
determination of molecular weight (Da) of a compound by measuring the mass to charge
ratio (m/z) of its ionised species. MS can be used to analyse and identify a variety of
different compounds (and their structures) ranging from smaller chemicals to larger
biological molecules such as peptides, proteins etc. Principally, the basic process of Mass
Spectrometer has three major components: an ion source for sample ionisation
(dependingon the method utilised; e.g.,laser beam), separation of ions according to

the m/z ratio through a mass analyser, and a detector for detection of the charged ions.
The output of the collected ions by the detector is displayed in a form of a plot of

intendty (ion abundance) against m/z ratio.

MS is capable of providing structural information on the analytes of interest which is
often essential when analysing a sample as samples can be complex or often contain a
small though usually acceptable amounts ofpurities. Spectrometers would have
inadequate mass accuracy which lead to difficulties in determining the identity of a
species based on its singly charged and-fragmented parent ion mass alone. Hence,
two mass analysers are usually present in specet@rs named as MS/MS to eradicate
this limitation. Presence of another mass analyser leads to another MS of the
fragmented parent ion which increases the ability of spectrometers to analyse
compounds. Besides the problem of identification, quantificateoalso a considerable
problem with MS as ionisation of the sample is not usually uniform and ion suppression
may prevent the detected ion intensity from reflecting thetualabundancewithin the
sample. Hence, gquantification of analytes if needed can éeied out by other

analytical methods.

There are different variations and combinations of MS available (Hoffmann and
Stroobant, 2007).The development of MatrbAssisted Laser Desorption lonization
Timeof-Flight (MALDTOF) MS has massively led to tie@l y OSYSy i 2F a/{

from just chemical sciences to also biological sciences. The modern instruments such as
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MALDITOF MS have increased capability to analyse and process data of various
compounds with improved qualityMALDITOF MS technique has thellbwing
advantages: improved accuracy and sensitivity, a requirement for a very small amount
of samplefor analysis a mass range between 500 to 300,000 Da can be analysed,
exhibits a relatively higher tolerance to buffers and salts and an automategsstaws

for hundreds of samples to be analysed daily (Marvin et al., 2003; Hou, Nhiaamgl

Teng, 2019).

The basic setup of MALIDDF mass spectrometer and illustration of MS process are
shown in Figure 2.3. For sample analysis by MAOBWMS, the sample (analyte) is

mixed or coated with a Uedsorbent organic matrix on a conductive sample
support probe which isintroducedA y 12 G KS Ay & (i NHzYI@ dnalgss O O
The use of organic matrix instead of direct irradiation of an anaprtvents the
significant fragmentation of samples which could reduce the ion yields. However, this is
what limits the analysis of samples with low molecular weight of below 500 Da due to

the degree of noise that is usually seen at m/z ratio because ofriagix used. The

matrix and analyte are corystallized by drying where the analyte gets entrapped within

the matrix.

The UV laser beam desorbs and phutdatises the analyte within the matrix producing
gasphase protonated ions due to desolvation amhisation of the analyte through
proton transfer within the matrix (see Figure 2:3enlarged overview of sample
ionisation). The protonated ions are extracted by the electric field (electrode) and
accelerated at a fixed potential towards the TOF massyaeg(Ellis et al., 2013; Singhal

et al, 2015). The exact mechanism behind the extraction of ions with electric field is
unknown (Marvin et al., 2003). The ions drift and separate from each other based on
their m/z ratio which is measured by determiningettime required for the ions to travel

the length of the flight tube known as timef-flight (TOF) prior to their detection by the
detector (see Figure 2.8 drift through mass analyser). TOFlasger for larger ion
massesand shorter for shorter ion masss as long as their given initial energies are
identical (Jurinke et al., 2004). The mass spectrum produced fronotiseollected by

the detector is also shown in Figure 2.3.
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Figure2.3 ¢ Basic setup of MALBIOF mass spectrometer and illustration of MS
process.

Adapted and modified from Pusch et al., 2003 and Kicman et al., 2007.

During this PhD research, a MAIMF Mass Spectrometer (Applied BiosysterkSA)
instrument was employed to confirm the mass of the peptides used for the interaction
studies of peptides with silica surface through the indicator displacement assay. The
sample runs for MS analysis were kindly performed by the help of Dr. Graltkmadh

from the research group.
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2.5. Contact angle measurements

Contact angle measurements of surfaces are utilised to evaluate and determine the
wetting properties of the material of interest (Yuan and Lee, 2013). It can also provide
an insight into the surface energy of the materials. A droplet of liquid, usuall@ Eirglde
water, on the surface of the material is used for the contact angle determination.
Contact angle is the angle where the liqwabour interface meets the solid surface and
leads to the quantification of wettability. Wettability is a measure of tapability of a
liquid to maintain contact with a solid surface through intermolecular interactions at the

solidliquid interface.

The contactangle 0 OF'y 6S RSGSNXYAYSR (GKNRdAAK (KS
which denotes the relationship betweesurface tension at the soliliquid (SL), solid

vapour (SV) and ligudapour (LV) interfaces of the drop (See Equation 2.1 and Figure
2.4) (Kwok et al., 2000). If the contact angle is°<@0>9Q, the surface is known as
hydrophilic (high wettability) ohydrophobic (low wettability) respectively; whereas,

the contact angles of €5and >120 additionally characterises the surface to super
hydrophilic and super hydrophobic respectively (Kubo & Tatsuma, 2005). See Figure 2.4
for examples of the different staces, hydrophilic and hydrophobic, and their expected

contact angles.

[ oo AT P

Here, “vdas interfacial tension at the sohdapour, “viis interfacial tension at the soklid

liquid,T o «s interfacial tension at the liquidapour and is the contact angle.

A. Hydrophilic B. Hydrophobic
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Figure2.4 ¢ Contact angles () of different surfaces, A. Hydrophilic and B. Hydrophobic
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During the PhD research, contact angle measurements were carried out using an
Attension Theta Lite Tensiometer and its software for data analysis, OneAttension, to
study the weting property of the silica surface utilised for the indicator displacement

assay.

2.6. Confocal Scanning Laser Microscopy

Confocal Scanning Laser Microscopy (CSLM) is an advanced fluorescence microscopy
technique which differs from theonventional widefield optical microscopy and offers
several advantages which enables access to high quality infS8gesilow et al., 2002;
Murray et al., 2007). The principle of a conventional widefield optical microscope is that
the volume of the specimeuander focus is evenly and simultaneously illuminated. The
fluorescence emissions collected would display an out of focus blur (secondary
fluorescence) from the nofocused surroundings of the specimen which adversely
affects the contrast and resolution t¢iie images obtained (Amos and White, 2003). On

the other hand, CSLM is capable of mechanically adjusting laser through the help of a
pinhole (small aperture), controlling depth of field and collecting different optical

sections within the entire specimehickness (Paddock, 2000; Amos and White, 2003).

Figure 2.5 shows tharinciple mechanism of the laser pathway in CSLM and its different
features. CSLM uses a laser excitation source for the excitation of the specimen of
interest. The presence of the illumination (light source) and detection pinhole apertures
lead to adjustmaet of laser illuminating only a narrow section of the specimen (desired
focal plane) which spatially filters and eliminates majority of the out of focus light
enabling image formation by the detector of the area in focus with minimal
interferences from owide of the desired focal plane. The detection pinhalso
prevents the detection of the emissions originating from outside of the focal plane
through preventing them from reaching the photomultiplier tube (detector). Being able
to remove out of focus ligt significantly enhances the sharpness and quality of the
imageattained. A much geater optical resolution in the z plane is provided by CSLM
compared to a conventional widefield optical microscope. A resolution of <200 nm in x
and y and 500 nm in z cdre attained using a conventional CSLM if optimal conditions

are present (Schermelleh et al., 2010). In contrast, opening the pinhole aperture
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enhances transmission of light which can aid in the detection of weaker fluorescing
areas, but thisvill also allev more out of focus light to reach the detector which reduces

the z resolution.
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Photomultiplier Scanning

Detector ' Mirror

Dichromatic

Mirror Excitation
Light Ray

Detector thole Aperture
(removes out of focus

emission) ' Objective
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/‘ Focal
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Figure2.5 ¢ Principle mechanism of the laser pathway in CSLM.

Adapted and modified fron®ell et al, 2006Pottle, 2021 andPaddock, 2020.

CSLM also requires a stringent control of excitation and emission bands for the
respective fluorophores to effectively utilise them for different purposes. CSLM is also
known as an optical sectioning technique that allowsee-dimensional imaging
through acquiring physical sections with high axial resolution within a specimen
(Zemanova et al., 2003). Another major parameter wiaftcts the resolution of CSLM

is the numerical apertures (NA). NA affects the a®isblution which is along the optical
axis and controls the depth of the field of the laser. Thus, a higher NA improves the
resolution of the threedimensional image through reducing the size of the focal plane
or slice of the specimen under observatiom(@s and White, 200F;6ldesPapp, Demel

and Tilz, 2003)rhreedimensional images are obtained through capturing fluorescence

of selected focal planes within the entire specimen thickness. Moving the focal plane
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along the z axis of the fixed specimen thgbuthe help of a moving stage can also
provide further useful insight into the changes in fluorescence through the layers of the
specimen.However,movement of the specimen can occasionally lead to a loss of
resolution in the image which would need to lesolved prior to capturing image of the

desired z position.

In addition, CSLM is also capable of spectral imaging which is a combination of the
principles of microscopy and spectroscopy which, in turn, enables determination of both
the optical intensity ad spectral properties of a specimen for individual pixels within an
image (Strasser et al., 2019). In a traditional imagimdy the optical intensity of the
individual pixel is yielded. Spectral imaging is majorly different to the traditional imaging
such that the fluorescence emission wavelength as well as the fluorescence intensity for
the individual pixels are provided. On top of all the advantages of CSLM, it is a non
invasive technique which allows for all these measurements for a living specimesil as

as the nonliving specimen making it a very useful approach in biomedical research

applications.

2.6.1. Background to fluorescence

The fluorescence nature of a fluorophore is best explained by the diagram in Figure 2.6
(Lakowicz, 2010). Fluorophores exhimany electronic statesvhere $, S and S
represent the groundijrst andsecond electronic statedc. Each of the electronic states
have several vibrational energy levels. At resting state, the electrons of a fluorophores
usually occupy the lowest vibrational level of the ground electronic state. When exposed
to a beam of light (usually UV), fluoroplesrabsorb light and results in transition of
electrons between the electronic states. Thilso leads to the excitation ohuclear
motion to a higher vibrational level known as excited vibrational state. This is followed
bythe relaxation of thenuclearmotion to the lowest vibration level cd lowerelectronic

state for example: g5 or SIt{o) dissipating part of thebsorbedenergywithout
photoemissionin a process called internal conversi@gapresented as IC in Figure 2.6)
prior to emission of the remaining adsorbed energy in the form of a
photor/fluorescence which is when the electrtmavelsback to the ground electronic

State.
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Figure2.6 ¢ Representation of electronic and vibrational transitions giving rise to
fluorescence emission.

Adaptedand modifiedfrom Valeur, 2002

The amount of energy released depends on tif@ational state populated within the
ground electronic state The separation between ;Sand 3 is of significarce and
determines the distinct emission wavelength unique to the fluorophore (hence the
WOo2f 2dzNR 2F Ff dz2NBaAaOSyOSuU®d Cf dz2 NR LK 2 NB &
structure determines their unique excitation and emission wavelengths. Since the
energy ofemission is lower than the absorbed energy as some energy is lost during
vibrational relaxation the emission wavelength would be higher than excitation
wavelength. This phenomenon gopulation of lower vibrational levels leading to
fluorescence is destred as Stok@ shift (Stokes, 1852). The ratio of the number of
photons emitted over absorbed determines the quantum yield which indicates the

efficacy of a fluorophore.

During the PhD research, Confocal Scanning Laser Microscope from Leica TCS SP5, Leice
microsystems (Germany) was used. Two different methods were studied using a
fluorophore through the utilisation of CSLM. One was to study the aHidbigc
interactionsat interface through an indicator displacement assay and the other was to

study the surface charge properties of silicifying organisms through the visualisation,
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localisation and quantification of the fluorescent probe uptake in their cellular
compartments The software from the Leica microsystems for CSLM and &gt

were used for the image processing as required for the analysis.

2.7. Zeta Potential and Dynamic light scattering

In solution, surface of electrically charged species affects the diswitbubf the
surrounding ions at interfacial region. The GTiyapmarStern model explains the
interface between a charged surface and solvent using an electrical double layer
comprised of two regions (Brown et al., 2015). The first inner layer close to tfexsu
(Stern layer) comprises of tightly adsorbed counter ions (opposite charge to particle)
that are chemically attracted to surface. The stern layer is followed by an outer second
layer (Diffuse layer) which is composed of freely moving cations and sameakly
attracted/bound to the surface. See Figure’ 2or an illustration of electrical double
layer. These ions within the electrical double lageza stable entity that surround the
particle which migrate with the moving particle (due to gravity); whereas, the other ions

beyond the boundary of slipping plaiaee unaffected

With moving away from surface, an exponential decay in electric potentiisesrved
(see graph in Figure?d. The potential that exists at the surface and slipping plane are
known as surface potential and zeta potential respectively (see Figtreli2 research,
zeta potential is a commonly used proxy measurement of surfaaegehdue to its ease

of accessibility in a research environment. Particles that have a large pasitiegative
zeta potential of above +30 mV and bele80 mV respectively repel each other and
form stable suspensions (Malvern Instruments, 2004). Howetierparticles with zeta
potential between-30 mV to +30 mV tend to flocculate (Malvern Instruments, 2004).
The zeta potential of particles is largely affected by tp of the solutionthey are
dispersed irwith it being more positive with reducing pH@wice versaThe pH at which
the zeta potential is zero (no charge) is known as the isoelectric point which is when a

system is most unstable (Malvern Instruments, 2004).
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Figure2.7 ¢ Electrical double layer around a negatively charged particle surface.

Adapted and modified from Williams, 2016.

Dynamic light scattering (DLS) is a technique used to measure size (hydrodynamic
radius) of particles in a solution. Particles in solutiodergo Brownian motion (random
movements) due to continuous collisions from the molecules of the surrounding
medium. In solution, smaller particles tend to move faster than larger particles. In DLS,
a suspension is illuminated with a laser where some eflight gets scattered due to

the presence of the particles in solution. A speckle pattern of light (due to scattering)
and dark patches is captured by the photomultiplier detector which continuously
changes over time as the dispersed particles in soludi@ncontinuously moving. This
change in rate of the intensity fluctuations of the scattered light over time is analysed
to mathematically estimate the size of particles which is delivered as a size range
distribution (Malvern Instruments, 2004). StokEgstein equation (Equation 2)
combines the relationship of the particle size to its diffusion rate through which the

hydrodynamic radius of particle can be determined (Malvern Instruments, 2004).
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Here, D is the diffusion constaikgA & G KS . 2f 41 YI yyRBEYH, Oy a il
0KS NRB2Y UGSYLISNIGdZNE Ay YSE @AYy o6YOSX - A

viscosity and r is the hydrodynamic radius of the particle.

During this PhD research, a Zeta Sizer Nano Series (Malvern, UlSpdsdetermine

the particle size and zeta potential measurements of silica nanoparticles in solution.

2.8. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a powerful magnification tool which is widely
utilised in research to study the morphological and topographical features of materials
within the scale ranging from nanometres (nm) idcrometres(um) (Akhtar et al.,
2018). A threedimensional image captured by SEM can provide useful and detailed
information on the size, shape, texture, miestructures and composition of the surface

of the sample being analysed (Goldstein et al., 2003).

Since the prepared samples ara@ed on a sample stage under vacuum pressure, SEM
is limited to solid based samples which can withstand this high pressure. When the
samples are prepared, it is also important to be considerate of the type of material being
analysed. For examplajon-conductive samples would need to be coated with a
material that is conductive (such as gold or carbon) which is to avoid-lyitf static
electric charge on the sample whehe sample isexposed to electrongthe use of

O2F GAY 3 R2 Siinzg@dualy) GEaldstein et al. K2803). FigureBzhows the

basic components of SEM instrumentation. The SEM instrument has an electron source
which consists of a heated filament (cathode) covered with a Wehnelt cap that
generates a stream of electrons which is directed by the positive electrical pakterfti

the anode to an electromagnetic condenser lens which confines and focuses it into a
fine monochromatic electron beam. The scan coil then deflects the beam in X and Y axes
which then is confined and focused into a fine monochromatic electron beam dgai

to the presence of objective lens such that the selected surface of the sample gets
scanned in a raster fashion (McMahon, 2007). The usansdjust magnification and

beam to scan the desired region of the sample.
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Figure2.8 ¢ Basic components of SEM instrumentation.

Adapted and modified from Shah et al., 2019.
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Figure2.9 ¢ Schematic of electrog sample interactions.

Adapted and modified from Akhtar et al., 2018.
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The monochromatic electron beam irradiates the sample and leads to various
interactions with the atoms of the sample which are affected byabeeleration rate of

the incident beam. A higher acceleration rate would mean interactions deeper into the
sample. As a result of irradiation, various signals such as released secondary electrons,
x-rays and backscattered electrons are detected by the appate detectors as shown

in Figure 2B. The irradiation leads to the electrons of the atoms to become excited
which may escape the atom as low energy secondary electrons which is whatlygld
information on the topography of the sample. In cases whteelost electron of the

atom creates an electron vacancy and gets replaced by a higher shell electron over time,
the excess energy is released amys etc. Xay can provide useful information about

the elemental composition of the sample. The backisrad electrons are the reflected

high energy electrons from the incident beam and depend on the atomic number of the
sample. The electrogsample interactions at the site of the incident electron beam are

shown in Figure 9.with a few examples of the pes of signals generated.

During the PhD research, A JEOL 7100FEG SEM was used to study the morphology of the

spore heads and spores Bfjuisetum arvense

2.9.Inductively Coupled Plasma Optical Emission Spectrometry

Inductively Coupled Plasma Optical Emission SpectrometryQIESy is an optical
emission spectrometric method which is a widely used powerful technique in inorganic
analysis for the detection of trace elements, mainly metals:QES is often compared

to Atomic Absorbance Spectrophotometer (AAS) and is found to be more efficient. AAS
uses airacetylene flame which provides an excitation temperature between 2000 to
3000 K whereas the IGPES uses an inert gas (argon, Ar) which provides an excitation
temperaure of 5000 to 7000 K. Since FOES uses argon and exhibits a higher excitation
temperature, ICROES can excite many elements and lesser oxides or nitrides are
generated which are what contribute to more efficient elemental analysis. Utilising ICP
OES aa detect the presence of different elements qualitatively which can also be
quantitatively identified. Hence, both the elemental composition and the respective

concentrations can be determined.
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Figure2.10 ¢ Major components of the IGBES instrument.
Adapted and modified from Boss and Fredeen, 2004.

ICROES requires the samples to be in liquid form. Solid samples would either need to
be dissolved or extracted into a suitable solvent. FigureQ Zhows the major
components of the IGBES instrument. Liquid samples are introduced into the nebulizer
by a peristaltic pump and gets vaporised and dissociated into atoms in gaseous state
when exposed to the high temperature Ar gas generated by ICP pooctuced by high
power radio frequency signal. As the compound gets decomposed into atoms which
become excited by the Ar plasma, the movement of electrons occur from high to low
energy states which results in emission of different characteristic wavelsrajfthight
(atomic spectral lines) by atoms of different elements in the sample giving the
qualitative information of the elements (Cazes and Ewing, 2005). The emission is
measured as the amount of electromagnetic radiations (intensity) emitted by thesatom
of the different elements in the sample detected by the transfer optics giving the
guantitative information of the elements. The measured intensity is directly
proportional to the concentration of the atogof the elementof interest. Monitoring

of theseemissions is achieved by a monochromator and detector (Photomultiplier tube

- PMT) within the spectrometer which identify and determine the abundance of specific

elements respectively through the generation of a calibration curve for an element of
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intered using its known standards. Presence of the microprocessor transfers the optical

signal to display the data on a computer.

It is not possible to study Ar and atmospheric elements (such as H, N, O and C) through
ICROES due to their presence in the gertem of plasma and the solvent used for the
sample preparationOver 70 elements can be identified using-[@PS even at trace
levels withina range of concentration below 1 pg/L (ppb) (Hou and Jones, 2000).
Although a vasmajority of elements can be idéfied, the elements such as halogens

and shortlived radioactive elements that necessitate high energy for excitation can also
be challenging to analyg@oss and Fredeen, 1997; Hou and Jones, 2000). The actual
sensitivity of ICFDES to detect elementstals from element to element and with the

matrix type used to dissolve the sample before excitation in the plasma.

5dzZNAyYy 3 GKS t K5 NB&SI NOESImodeyPQrEKd&IANG Eleamentah n 1
Perkin EImer®, USA) was employed for the detection andtdjgation of elemental Si

(at 251.611 nm) in biological samples (blood plasma) to assess the bioavailability of the
silicon supplement used for the animal trial. A stock solution of 1000 ppm Si as SiO
obtained from BDH Laboratory Supplies was used for the preparation of the standard
solutions of interest which were used to produce calibration standard curves. The
calibration standard curve was obtained as a plot of detected intensity signal against the
concentrations (ppm) of the standards used where the accepted correlati@fficdent

() was at least 0.999.

2.10. RNA sequencing

RNAsequencing is a technique which is used for transcriptome analysis to determine
the quantity and sequences of RNA in enpée compared to a control. The aim of RNA
sequencing was to understand the different pathways that may be involved in the
mechanism of action of silicon in bone health. Hence, the extracted RNA samples were
subject to a quality check for this study prito the library construction and bio
informatics analysisThe workflow of the library construction artdoinformaticsfor

total RNA sequencing using RNA transcriptanalysiss briefly explained belownd

was carried out by B&enomics The report provided by BGI was used for this purpose
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The process of RNA sequencing is shown in Figlife Phe first step involved mRNA
enrichment through using the poly oligo attached magnetic beadsparify the poly

A containing mMRNA molecules from the total RNA. After purification, divalent cations
were used under elevated temperature to fragment the mRNA into small pieces. Using
reverse transcriptase and random N6 primers, the cleaved RNA fragmergscapied

into first strand cDNA. Following transcription, second strand cDNA synthesis using DNA
Polymerase | and RNase H was carried out. The cDNA fragments underwetdiliiRyA
adzOK GKFG | aay3atsS drd ol asS gliohofabBuBb®R G 2
adapter (capable of producing a fluorescing signal). The products were then purified and
enriched through PCR amplification. The PCR vyield was then quantified. The amplified
double stranded cDNA was heat separated and converted to singledsDNA circle
(ssDNA circle) held together with a splint oligo. The samples were pooled together which
gave the final library. DNA nanoballs (DNBs) were generated through replicating the
ssDNA circle by rolling circle replication (RCR) to increase ubesgcent signals

enabling the sequencing process.

The DNBs were loaded into the patterned nanoarrays andeguairreads of 100 bp (PE
100) were read through BGISEBQO platform for thetranscriptomeanalysis study. In
BGISEGO00 platform, DNBs based nampoays was combined with a stepwise
sequencing through utilising Combinational Probe Anchor Synthesis Sequencing Method

for a high throughput and quality.

The RNA sequencing data (detected reads) were filtered to get clean reads through
removal of the lowquality reads, reads with adaptors and reads with unknown bases.
The clean reads were mapped onto the reference genome (Gallus gallus, GRCg6a for
chicken) whiched to the detection of novel genes and spliced genes. Differentially
Expressed Genes (DEGsiween the different groups in the comparisons studied were
detected and PCA analysis carried out. Using the DIRE&3(> pathway analysisaw/
carried out providing functional annotations. The{mdormatics analysis pipelinghich

was carried outs shown in Figure 221
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Figure2.11 ¢ Process of library construction in RNA sequencing.

Reproduced from the schematic provided by BGI.
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Figure2.12 ¢ Bio-informatics analysis pipeline
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Prior to utilising the total RNA samples for ttranscriptomeanalysis through RNA

sequencing, quality checks were carried out using Bioanalyzer vgl@gplained below.

2.11. Bioanalyzer

It isessential to perform adequate quality checks on the RNA samples before executing
total RNA sequencing analysis using RNA transcript@unéng this PhDesearch the

RNA integritywhich is a measure of RNA quality and provides information about its
degradation)was determined using an Agilent 21Bidanalyze(Santa Clara, CA) using
Agilert RNA 6000 nano kit protocol (see chaptersection 5.2.2)6 Through this
technique, the RNA integrity can be assessed through the detection of ribosomal RNA
(rRNA) which accounts for approximately 80% of total RNA as opposed to messenger
RNA (mRNA) whickccounts for only B% of total RNA (as it can reduce detection and

affect overall sensitivity).

rRNA primarily comprises of 18S and 28S rRNA species which can be detected using a
micro fabricated chip with Agilent 21(Bioanalyzer The chip utilises theoncept of
capillary electrophoresis which separates these RNA species bytoaelsarge ratio.

These can be detected and quantified by the help of a fluorescent dye which can help
translate this data into an image with bands at different weights and gmesas
electropherograms. This technique assumes that the RNA quality is measured through

rRNA quality which is also a true reflection of the mRNA population and total RNA.

A high integrity of RN#ould generallybe denoted by two clean bands of 288d 18S

rRNA on agarose gel such that the rRNA ratio as 28S/18Ss&j0alSambrook et
al.,1989). A ratio of 2:1 for 28S and 18S respectively would be an indicator of intact RNA
whereas the degraded RNA will typically show peaks before 18S indicatitajizelg
reduced RNA quality. However, obtaining a value of 2.0 is not possible as would be
anticipated in ideal casel.does notnecessary mean that a lower rRNA ratio indicates
poor quality. This is usually not true fibre majority of total RNAamples. An algorithm

is built in within the Agilent 2100 Bioanalyzer software which calculates and delivers an
RNA Integrity number (RIN) value based on the electrophoresis data. The RIN value

ranges from 110. 10 stands for completely intact RNA whereas 1 @aukan a
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completely degraded RNA. A RIN value of 7 and above is usually considered adequate

guality for the RNA based analysis.
Hence, rRNA ratio and RIN value are indicators of the quality and integrity of RNA.

Agilent 2100 Bioanalyzer alsprovided quantitative information about the RNA

concentration.
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Chapter 3Development of a novel Displacement Assay for

screening abiotic/biotic interactions

This chapter partially includes the development of assay work alrpabiyshed in the
paper below. Peptides formed a natural extension of the assay which has not yet been

published.

aAOKIFIStAas adss CHLeerl s !'sd tFNFYOlFGKS
Perry, C., 2019. Platform for Screening Abiotic/Biotiterbctions Using Indicator
Displacement Assays. Langmuir, 35(44), pp.1423B7.

3.1.Introduction

Studying interactions at the abiotlmotic interfaces have always been of fundamental
interest as this knowledge could benefit wide range of applicationewauge of silica
binding interactions are of importance to further understand the drug delivery process
that utilises silicdbased drug delivery systems (Barbé et al., 2004; Delle Piane et al.,
2018), synthesis of new materials for biomedical use (Bdmda et al., 2018) and
processes such as biosilicification or-mmeralisation (Townson et al., 2014; Kaehr et
al., 2012) in mineralising organismsl(f&ret al., 1999 Kroger et al., 2000; Hildebrand,
2008. The advancements in this area of researdl have direct implications for

important applications in material science, biomedicine andri@aotechnology.

vdzZ- NIT ONRB&adGlIf YAONROFtIFYOS 6v/ald o0hQ{ d
resonance (SPR) (Homola, Yee and Gauglitz, 1999) ormawmiglaule force spectroscopy

(Dudko et al., 2003) are the commonly used methods for the experimental
jdzt YGAFTAOFIGA2Y 2F GKS AYGSNIOlA2ya a4 0K
take an indirect approach to measure these interactions and heesfy on the models

that are applied during data analysis. The experimental procedure and the associated
analysis to these techniques can be very tioomsuming. Another available method,
isothermal titration calorimetry (ITC) (Freire et al., 1990), alandirect measurement

of binding enthalpies but is limited to systems involving stable suspensions.
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Indicator displacement assay (IDA) (Hennig, Bakirci and Nau, 2007; Nguyen, Wiskur and
Anslyn, 2004; Nguyen and Anslyn, 2006) is another frequently usekoohén drug
discovery and high throughput screening for measurements of interactions which is
based on the direct observation of competitive binding between a reference compound
and the analyte of interest towards a given interaction site. IDA has notqugly been
applied to screening molecules that bind to abiotic material surfaces. An important
advancement in the field of abiotic/biotic interaction measurements would be to adapt
this approach which could enable comprehensive screening of interactibrisea
analyte/material interface. Screenable displacement assays in an optical sectioning
planar format assay (OSPHRaye beemreviously employed for immunoassays (Ghafari

et al., 2009) and receptor ligand interactions (Ghafari, Parambath, and HanlEg). 20
This approach can indeed be adapted to measure molecular interactions with

abiotic/biotic surfaces as it will be shown in this chapter.

This novel approach was established using a representative functional oxide, silicon
oxide or silica (SiO). Fdri$ SiO system, representative amino acids (histidine, aspartic
acid and alanine), a small polyamine (spermine) (Pegg, 2016), and a drug, ibuprofen, that
is often used in model studies (Salonen et al., 2005; Andersson et al., 2004; Delle Piane
et al., 2013 were selected. Following the development of the meththek assaywas
extended to larger biomolecules, peptidesi(iérs), to test for any limitations with the

type of molecules that can be studied through this approach (as peptides exhibits
multiple binding sites due to its large size). The technique introduced halsoispplied

to another functional oxide, ZnO (Michaelis et al., 2019) which is not included in this
chapter. Hence, the approach explained in this chapter are general and could be applied

to a wide range of material surfaces.

This chapter will describenaapproach, Optically Sectioned Planar Format Indicator
Displacement Assay {lDA), to measure abiotic/biotic interactions which is a novel
fluorescentbased technique that involves the combination of OSPFA using confocal
scanning laser microscopy (CSLMJl an IDA for screening of compounds binding to
abiotic surfaces. The use of OSPFA DM allows for a more direct access to study
interactions through visualisation of how the intensity of the indicator changes in

presence and absence of the analyteastigated.
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3.2.Materials

t5ath o[ @az2{ Sy a2 Nbo, 1end/irf dingtirybsiifdziile) &ds Bbtained
from Life Technologies. All the other reagents used, aniline hydrochloride, ammonium
persulfate, glutaric dialdehyde (50% v/v), amino acids (alaninédime and aspartic
acid), lysozyme, tetramethyl orthosilicate (TMOS), polyamine (spermine), hydrochloric
acid, sodium hydroxide, ibuprofen, monobasic potassium phosphate monohydrate, and

dibasic potassium phosphate were obtained from Sigktdrich.

96 mrcrowell glass bottom black plates (Nunc 164588) were obtained from Nunc. The

bottom of the plate was coated with a polystyrene layer.

t SLIWIARSa ¢SNBE aeyiKSairaSR dzaAy3a | [ A0 SN
Synthesizer (CEM Corporation) which allowe@paration of peptides using SPPS
method as explained in Chapter 2 section 2.2. The molecular weights of K7, A7 and L7
(743.4 g/mol, 717.8 g/mol and 807.4 g/mol respectively) were confirmed using mass
spectrometry through m/z ratio of 744.4 m/z, 718.4 nafad 808.1 m/z respectivehA
MALDITOF Mass Spectrometer (Applied Biosystems®, USA) waPigezk HPLC with

a UV detector and a Jupiter 4u Proteo 90A C12 Reverse Phase column (Phenomenex)

wasused to testthe purity (peptides ofabove 85%purity were uilised).

3.3.Methodology

3.3.1. Silica surface preparation

Previously described protocol (Rai and Perry, 2010; Hickman et al., 2012; Nicklin et al.,
2014) was followed to produce hydrophilic silica surface and this silica surface formation
procedure was adapted to wells of a 96 microwell plate. First step wasatictlee wells

with a polyaniline film through reacting 1:1 molar ratio of 0.25 M aniline hydrochloride

in 1 M HCI with 0.08 M ammonium persulfate in distilled water. Plates were incubated
at room temperature for 15 minutes followed by several washes witess distilled

water and airdried. Wells were then treated with 2% (v/v) glutaric dialdehyde to
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maintain the same coating volumes of the surface to ensure uniformity. Plates were
incubated at 57 °C for 2 hours followed by several washes with excedledigtater

and airdried. Wells were then treated with 1 mg/mL of lysozyme in 0.1 M phosphate
buffer (made with monobasic potassium phosphate monohydrate and dibasic
potassium phosphate), pH 7.2. Plates were incubated at room temperature for 2 hours
followed by several washes with excess distilled water andréad. Lastly to prepare

the silica surface, 0.5 M tetramethyl! orthosilicate (TMOS) washgdzolysedin 1 mM
hydrochloric acid for 15 minutes. The pH of this solution was raised to 4 by adding 0.1
M sodium hydroxide in a drewise manner prior to surface application. Wells were
treated with the pH adjusted prbydrolysed TMOS solution for 2 hours at room
temperature to allow for silica film formation followed by several washes with excess

distilledwater. Plates were then agtried overnight before use.

For accessibility of the contact angle for the silica surface, Attension Theta Lite
Tensiometer was used. It allowed the measurement of wettability of the silica surface.
A 5 uL drop of dd#D was usd for this purpose and three replicates were taken for the
surfaces. Figure 3.1 shows the interaction of a water droplet with the silica surface over
time. It can be seen that the droplet lies flat on the surface hence indicating the

hydrophilicity of thesurface.

i Uit

i Uk
i ik

Figure3.1 ¢ Interaction of water droplet with the silica surface over time.

47| Page



3.3.2. CSLM and experimental parameters

The CSLM used was from Leica microsystems (Leica TCS SRtictesgatems). CSLM
experiments were conducted using 96 microwell glass bottom black plates (Nunc
164588). After the wells had been treated, they were subjected to CSLM. A 405 nm laser
diode line was used for excitation of PDMPO dye. The instrumental gheasnthat

were kept the same throughout the experiments were as follows: the numerical
aperture (0.5 NA), objective (Leica HCX PL Fluotar 20x), pinhole size (84 pum) and an
average of 250 steps of 0.5 um step size, photomultiplier tube (PMT) gain (1107 V),
offset (2.7 %), 512 x 512 pixels and a laser intensity (77 %). An emission wavelength
range of 480 nm to 600 nm was used to detect the emitted florescence data along the

z-axis at room temperature.

3.3.3. Background and importance of the assay system and ggyde

CSLM (Minsky, 1961; Minsky, 1988), a fluorescence microscope, allows the detection of
fluorescence of a slice through the thickness of specimen which is useful to study the
changes at the abiotic/biotic interface and reduces the undesirable efthotsto the
irregularity in the surface of interest or the background interferences. Hence, designing
O-IDA using CSLM could fulfil the goal of using this technique for high throughput
screening of molecule libraries to identify compounds with relative maléinding
FYyAdGe (G2 0A20A0 adza2NFI 0Saod

The fabricated silica film chosen forlDA is a hydrophilic surface with many silanol
(hydroxyl) groups along with some hydrophobic siloxaBed-St) groups. The hydroxyl
groups mainly comprise tha@nding sites for the PDMPO dye under aqueous conditions.
The contact angle measurements were carried out to confirm the hydrophilicity of the
silica surface. On average, a contact angle o 8.5° was obtained for the silica surface
which correspondsa a super hydrophilic surface in agreement with Hickman et al.,

2012.

| K22aAy3 Iy AYRAOF(G2NI ¢6A0K KAIK |YyAde |
under the desired solvent conditions is the key to this assay. PDMR®py2idyl)5-
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((4-(2dimethylaminoethylaminocarbamoyl)methoxy)phenyl)oxazole), was the
fluorescent dye chosen for hsilica system due to its silicaphilic nature and its unique
non-covalent interactions with silica (Parambath et al., 2016) as these properties make
it an ideal indtator for this assay. PDMPO was also the choice to use for this technique
due to its history of applications as a probe (Shimizu et al., 2001). To be able to use the
indicator, PDMPO dye, in-IDA, it was characterised prior to carrying oH@A. The

chemical structure of PDMPO is shown in Figure 3.2 (a).

In accordance with the previous binding studies (Sddada et al., 2018) and
conditions used for both studies of biomineralization and drug delivery, an aqueous
medium was chosen for thsilica syste in this study. As the competitive molecules
studied for binding to silica may be affected by pH and the fluorescent dye, PRN4BO,
exhibits a pH dependent behaviour (Parambath et al., 2016), a buffered aqueous
environment was selected such that the dhescence measurements taken are not
affected by the addition of the competitive molecules studied. PDMPO is also known to
0S NBfIIGAGSt e AyaSyariuAaosS G2 GKS LINBaSyo
medium (Diwu et al., 1999) which concludést the presence of other ions has no
dominant interference withhis assay for the dye used. This assay is not restricted to a
specific type of a solvent system and can be applied to systems where the materials are
insoluble in an agueous environment. Applicability of this assay to different solvent

systems showcases thengatility of the approach.

3.3.4. Preliminary experimentation

Developing the methodology for this assay was based on the assumption of an
equilibrium state being attained between the PDMPO dye and the silica surface. Several
supporting experiments were condigtl to validate this assumption. These initial
experiments contributed to deciding the assay style as their results provided an estimate
of the time required for PDMPO or an interested biomolecule to be exposed to the
surface for equilibrium to be reacheahd the ideal acquisition time needed to collect

the data by CSLM.
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a. Excitation and emission spectra for PDMPO

Excitation and emission spectra were determined for PDMPO using TECAN M200 PRO
plate reader and CSLM respectively and was utilised in setiinghe OIDA. The
excitation spectrum was measured with an emission wavelength of 600 nm using a
collection wavelength range from 400 nm to 515 nm. For the emission spectra, a 405
nm laser diode line was used as the excitation wavelength using a collaciaiength

range of 480 nm to 600 nm. See Figure 3.2 (b) for the normalised excitation and emission

spectra.

b. Time dependent adsorption of PDMPO to silica surface

To study the time dependent adsorption behaviour of PDMPO on a fabricated silica
surface 200 pl of 1 uM PDMPO in 0.1 M phosphate buffer at pH 7.2 was added to a well
with fabricated silica film. CSLM measurements were started as soon as possible at
selected zposition with further readings every 30 mins over a period of 3 hrs. The thin
layer intensities at each time point were normalised to maximal thin layer intensity
(B/Bnax). B/BnaxVersus time (min) was plottegisee Figure 3.2 (d). The outcome of this
shows that the equilibrium reached after an hour and features the maximum time (2
hoursselected) for incubation for the time dependent measurements when the PDMPO

is applied to the silica surface.

c. Time dependent desorption of PDMPO from silica surface

To study the desorption behaviour of PDMPO from a fabricated silica surface, 200 pl of
1 uM PDMPO in 0.1 M phosphate buffer at pH 7.2 was added to a well with fabricated
silica film. After 2 href incubation, the PDMPO over layer was removed and replaced
with 200 ul of 0.1 M phosphate buffer at pH 7.2 ONLY. CSLM measurements were
started assoon as possible atselected zposition with further readings taken every 30
mins over a period of 2.5 hrs. The thin layer intensities at each time point were
normalised to maximal thin layer intensity (B/B. B/Bnaxversus time (min) was plotted

¢ seeFigure 3.2 (f). The outcome of this shows that the equilibrium reached in less than

an hour and features the maximum time-i@urs selected) for incubation for the time
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dependent measurements when the compound of interest is applied to the silica

surface.

d. Bleaching effect of the laser on PDMPO

To study the bleaching effect of the 405 nm laser (77% intensity) in CSLM on PDMPO
Re&SQa adloAftAadGes I+ E& LXIFYS 6AGKAY (GKS ¢
pM PDMPO in 0.1 M phosphabaffer at pH 7.2 was selected and CSLM measurements
taken continuously over a period of around 5 hours to see how the fluorescence
decreased with time. The PDMPO intensity that remains at the selected xy \pitne

respect to themaximalintensityas B/B.a was plotted versus time (min), see Figure 3.2

().
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a) Chemical structure b) Excitation/emission spectra
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Figure3.2 ¢ Characteristics of fluorescent dye, PDMPO, to silica under CSLM
(a) Chemical structure of PDMPO. (b) Excitation/Emission specBRMPO. (c) Time
dependent bleaching effect of the laser diode used in CSLM. (d) Time dependent
adsorption of PDMPO to the fabricated silica film. () PDMPO dose responsegcurve
concentration dependent adsorption behaviour of PDMPO to fabricated silicavith
determination of E€ and hill slopem of PDMPO for silica leading to binding affinity

calculations. (f) Time dependent desorption of PDMPO from the fabricated silica film.
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3.3.5. Setting up of @DA technique

a. Determination of binding constant {Kof PDMPO to silica surface

To determine the binding constant of the PDMPO dye to the fabricated silica surfaces,
the concentrationdependent adsorption behaviour and the tirgependent increase

2F GKS bdz2NBaOSyOS AyidSyaAride DMBERywerd y (SN
YSIF&A&dzZNBR® wnn >t 2F @FNEBAYy3I O2yOSyidNI (A2,
7.2 was exposed to the fabricated silica surface. After 2 hours of exposure at room
temperature, CSLM measurements were done. A minimum of three replicates were
used where the thin layer intensities were averaged for each PDMPO concentration and

normalized to the maximal thin layer intensity.

b. Studying the binding affinity for the compounds of interest

To measure the binding of the compounds of interest to theifaated silica surface, the
following protocol was adopted. The concentration of the fluorescent dye used is kept
constantforal@ 5! SELISNAYSYy(Gad wnn >t 2F m >a t
pH 7.2 was applied to the fabricated silica surface amdibated (2 hrs at room
temperature). The supernatant was then removed and replaced with test compounds
with varying concentrations followed by incubation (2 hrs at room temperature) prior

to carrying out CSLM measurements. A minimum of two to threecaigs were used

where the thin layer intensities were averaged for each inhibitor molecule

concentration and normalized to the maximal thin layer intensity.

3.3.6. Data fitting- Origin

¢CKS |dalkeée NBadzZ 6a ¢SNB UGGSR dzadfyngtionr Y2 F
using commercially available software (Origin; OriginLab 2015) using a

[ SOSYoSNBbLal NJjjdzZr NRG | £ 39 &l a makimwaminaniber lof (1 2 €
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95% prediction intervals.
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Figure3.3 ¢ An overview of the binding assay of the selected indicator, PDMRD
the optically sectioned planar format IDA for silica
Michaelis et al., 2019
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indicates a reductio in signal intensity). (b,e) Model reaction schemes and their
equilibrium constants during the binding assay and the displacement assay, respectively.
S corresponds to the number of binding sites on the surface, F denotes the fluorescent
dye, and M denots the biomolecule of interest. (c) Concentratidapendent increase
of the normalized fluorescent thin layer intensity B& fitted by a modification of the
generalized logistic function, leading to four fitting parameters including two
asymptotes (4 A), the slopem, and the concentration producing 50% of the maximal
response (Ef). (f) Concentratiordependent decrease of the normalized fluorescent
thin layer intensity B/Bfitted by a modification of the generalized logistic function,
leading to four fitting parameters including the two asymptotesg @8), the slopen, and

the concentration producing a 50% reduction in the responsg)(IC
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3.4.Theory behind DA

O-IDAIs a surfacéound assay based on a tvstep process: (i) the indicator is brought
into contact with the surface where it binds reversibly (Figure 3.3 (a), 3.3 (c)) and (ii) a
competitive molecule is added at an increasing concentration to test its akidlity
displace the indicator (Figure 3.3(d), 3.3(f)). Depending on the capability of the test
biomolecule to cause the indicator to move from the surface into solution, this response
can be detected through studying the reduction in fluorescence due to lindi@ NI &
displacement from the surface of interest (Figure 3.3 (f)). This phenomenon is what is

exploited in IDA (Nguyen, Wiskur and Anslyn, 2004; Nguyen and Anslyn, 2006).

Figure 3.3 shows the reaction schemes involved at each of the two steps:

- Binding asay (Figure 3.3 (b)): F (fluorescent dye) interacting with S (number of
binding sites on the surface) to form S.F complex

- Displacement assay (Figure 3.3 (e)): M (biomolecule of interest) interacts with S.F

complex and displaces F from S to form S.M complex

341. . AYRAY3A | YYAGEOIRAF GKS LYRAOI G2NJ

Before elucidating the interaction of the inhibitor molecules, the interaction of the
AYRAOF (2N 0bdz2NBaOSyid ReS0OxX t5ath gAGK
be calculated based on a binding assay. This binding assay describes the foohation
0KS bdz2NBaoOSyld ReéeS fI&8SNIOGKAY fF@8SN1L 2y
ddzoaGNF 0SS 6AGK GKS AYRAOIFG2NE & GdzNI (A 2
observed, andurther addition of indicator molecules does not contribute to a rise in

the measured thin layer intensity, meaning it does not alter the binding equilibrium.

a. Calculation of &g

EGo here refers to half maximal effective concentration which is the concentration
required to reach half saturation of the surface with the iredar. The value of Egis
200FAYSR o0& UlGGAY3 GKS AYRAOFG2NXkReEeS O2y
I £ 23A&0A 0 HRaién3 4. ASarbdanhinis approach was chosen due to
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its symmetric distribution properties leading to a baetmmparison of binding affinities

(Motulsky and Christopoulos, 2004).

0 . 0o 0 o
—— O O
0 p pTm

tft200Ay3 G0KS bd2NBaOSyOS AyidSyardes .3z |
x,resultsin@ A 3Y2ARFf aKILS gKSNBE GKS Y Aa GKS ¢
curve which will vary depending on the nature of the interactions of indicator to the
surface. A and A describe the asymptotes and xorresponds to x at the sigmoid
midpoint (pont of inflection), which gives the EGralue asp m® L ¥ G KS bdz2 N
intensities are normalized to maximal fluorescence intensiy, By = 1 and in the case

where there is no residual background, A YLX AUS& G2 nod ¢KS adz
condant, 2 F (G KS Dbdz2NBaOSyOS R&S RSLISyRa 2y i
derived viaEquation 3.2. See Figure 3.2 (e) for the dose response curve for PDMPO to

the silica surface as B#B.against logarithm of molar concentration, x.

b. Calculation o&Ke

A quantity analogous to dissociation constanf,K Oy ©6S RSUY SR T2 NJ 0
from the surface. Kis an indicator of the binding affinity of the fluorescent dye to the
surface. In cases where m = 1s&@uld be equivalent to the dissodtian constant, IK

0 (0)6) o8

c. /| I £OdzE FiA2Y 2F GKS CNEBES 9y SNHeé 27F Ff dz

CKS T OFrAflIoAftAGE 2F +y SljdzZAft AONRARdZY RAAE2(
dye, K Fff2¢ga FT2N) GKS OFtOdA FGAz2zy 2F Alda o
energy usindgguation 3.3 wherdjis the partial molar volume of the solvent used which

in this case is[[ 131 p d& € & for the agueous environment (Alsteens et, &015).

YO 228 Al ge)) (3.3)
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3.4.2. Indicator Displacement Assa@®-IDA

To perform the GDA, a fixed concentration of the indicator, PDMPO, is firstly applied

to the fabricated silica surface and the supernatant includingnbebonded indicator

Y2t SOdzZ Sa Aa NBY2QSR (G2 F00Saa GKS bdz2NB
CKAAd Dbd2NBAaOSyOS aAadaylt Aa GKS AYyAGALlLTE
provides the reference intensity {B For the displacement assathe compound of
AYGSNBalG OAYKAOAGUZ2ND A& FRRSR Ay az2fdziaA2)
signal is measured after an equilibration period and compared to the initial state. After

full replacement of the dye, additional binding would nat teetected, for instance, for

the formation of multilayers. Figure 3.4 shows overview of the GDA technique

where the twastep process is explained in more detail schematically. The specimen
marked as the asterisk (*) is what is observed under CSLbtudy the extent of

fluorescent dye displacement through detecting the varying optical signal.

Figure 3.3 (f) also shows a schemdtic concentration dependent decrease in the
optical signal due to the presence of the competitive compound of interesiging the
displacement of the PDMPO dye. Since the indicator, PDMPO, fluoresces when found
both bound to the silica surface and in bulk solution, the contributions from both must
be isolated from the observed spectral response from CSLM. The approaghatatee

out the value of interest is described in section 3.4.3. The sufaced contribution

(as explained in section 3.4.3) is the quantity of interest for subsequefntag@ 1Go

determinations.
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a) Formation
of silica film

96 microwell plate
with a glass bottom

CSLM allows capturing
fluorescence of a focal
plane (due to presence
of a pinhole) within
the entire specimen
thickness (donated by
double sided arrow*).

And moving the focal
plane along the z-axis
provides changes in
fluorescence through
the thickness of the
sample.

8-’ Objective

d) the

Study
affinities of biomolecules
with silica through studying

binding

the extent of PDMPO
displacement from the
surface  using  confocal
scanning laser microscope

(CSLM).

Glass bottom

Vertical cross-section of
the well — different layers
formed (not to scale)
b) Apply PDMPO
(silicaphilic
fluorophore)

Supernatant (free PDMPO)
—_—
___Silica-PDMPO thin layer

" Giass Eottom |

Vertical cross-section of
the well — different layers
formed (not to scale)

c) Supernatant
removed  and
biomolecule of
interest applied

Over layer (free PDMPO +
biomolecule

Silica-PDMPO thin layer
with biomolecule

Glass bottom

Vertical cross-section of
the well — different layers
formed (not to scale)

Figure3.4 ¢ An overview of GIDA using silica surfacgwo-step process explained in

detail.

(a) Formation of fabricated silica film. (b) Fluorescent dye, PDMPO, is applied to the

fabricated silica filng thin layer formation. (c) Supernatant (free unbad PDMPO) is

removed and replaced with the biomolecule of interesbiomolecule displaces the

PDMPO on the fabricated silica. (d) CSLM used to study binding affinities of biomolecules

to the silica through studying the extent of the PDMPO displacement.
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The background and assumptions to the calculations f KI Y R aasfarB discussed

below.

a. Calculation of 1€

O-IDA allows acces® 1Gyo value which is the half maximal inhibitory concentration.

Here in GIDA, IGcA & RSUYSR a4 (GKS O2yOSYdNI A2y
interest) required to displace 50% of the bound indicator molecules in the thin layer
from the initial state. 165 is determined through studying the effect of the
concentratiornRS LISY RSy i Iyl fedS 2F AyaGaSNBald 2y Gt
surface (see Figuse3.7 and 3.9for all the compounds studied) from the initial state.

Hence, |6 describes the potencyf an assayed test compound. Modifying the
generalized logistic function iEuation 3.1 to account for a displacement by changing

the sign of the exponent yieldsjuation 3.4 where the parameters are the same as in
Equation 3.1.

o . 0 0

— O o8

0] p pT
C2NJ I YAy2 | OARAXT | LRf&FYAYS FyR [|-sitRNHAZ
O2YLISGAGA2Y OdzNBS>: 6KAOK Ad IneqgRatd § FAME & LI2
LIS LIG A RS & = expéctd tohedoread i E | YR | R2&SbH NBa&LR

Hill slopen different to 1 was applied. kis then obtained fronp 1. Here, Aand A
Oy ©6S dzaSR (G2 | O02dzy G F2NJ NBaARdzl £ b dz2 NJ

irreversible binding of the indicator dye.

With regards to the interactions of amino acids, a polyamine and a drug to the silica
surface and their geometric consideiats, the hill slop@was 1 as it was assumed that
one fluorescent dye molecule was replaced by one molecule of analyte of interest.
However, the behaviour of the interactions of peptides to the silica surface is more
complex as their comparably largeesmould mean that peptides could replace more

than one fluorescent dye molecule. Hence, it may also be assumed that the hilinslope
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indicates the number of replaced fluorescent dye molecules. In addition, cooperative

and entropic contributions may rise duo the rearrangement of the fluorescent dye.

b. Calculation of KMichaelis, 2018)

A quantity analogous to the inhibitory binding constant (Y-@ig and Prusoff, 1973);,, K

OFy ©6S RSUY S Ris thedisdodiaskion dondtaat dot tie @quifibriuattained

F2N) 0KS AYyKAOAG2NRA 002YLRdzyyR 2F Ay iSNB
inhibitor-surface complex and it can be obtained from th&.IThe approach from Yung

Chi and Prusoff, 1973 is commonly applied for the calculation ahdit isa simple
proportionality relationship between theikand 1Go and is known as ChesRyusoff

equation (sedqquation 3.5).

O
od

5
P o

| SNB>X wC8 O2NNBalLRyRa (2 GKS F32yAradQ oF

for the assay anddfs the dissociation constant of the agonist to the surface.

However, this approach has associated limitations and drawbacks which have been
reported by several researche (Leff and Dougall, 1993; Craig, 1993; Lazareno and
Birdsall, 193; Cheng, 2001; Cheng, 2004). The main concern was that it is only valid for
FydlFr32yAradQa olylrtedasS 2F AyiaSNBad Ay GKA:
= 1 (Lazareno and Birdsall, 1993; Cheng, 2001). Hence, this showcased a need for an
extension of this approach for a more generalised version which will also be valid for the
cases with norhyperbolic binding having a hill slopélifferent than 1 (Leff and Dougall,
1993%°. Lazareno and Birdsall, 1993 also documented that usingaghisoach to
calculate Kor dose response curves will give an overestimation in cases with a hill slope
of n< 1 and an underestimation for> 1. It was also reported that the concentration of

the agonist and the hill slope from its dose response curweere also important for

the determination of Kin displacement assays (Lazareno and Birdsall, 1993; Cheng,

2004).
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A generalised form of this approach was introduced by Leff and Dougall, 1993 which was
further improved by Lazareno and Birdsall, 1993 witicimprised the hill slopes and

m from the dose response curves of the agonist and antagonist respectively. See
Eguation 3.6 below.

Here, each of the parameters have been explained earlier in thigosect

Later, Cheng (Cheng, 2001; Cheng, 2004) also noted the importance of the hill slope
functions m and n. An extension to the approach of Cheng and Prusoff equation
(Fquation 3.5) was introduced and is stated beldsyuation 3.7).

) ‘00 00
)] ) o) o¥
P 0o P V

Here, each of the parameters have been explained earlier in this section. As noted above
for amino acids, a polyamine and a drug, it was assumedthdt. On contrary, the hill
slopen is different than 1 for peptides. Hence for any cases with hill Sopandn

equalling 1Fguation 3.7 will be simplified to the Chefyusoff equationKguation 3.5).

From the range of approaches considered (¥G@hgand Prusoff, 1973; Leff and Dougall,
1993; Lazareno and Birdsall, 1993; Cheng, 2001; Cheng, g@®4dpproach from Cheng
(Cheng, 2001; Cheng, 2004), who highlighted the importance of the slope function,
appears to be the most suitable for the treatment because it is obtained directly from
the law of mass (Cheng, 2001; Cheng, 2004). On contrarn,ab&eno and Birdsall,
1993 approach utilises a mathematical model based on the assumptions that the
competitive inhibitor follows a logistic function for the binding sites with the agonist.
The comparison showing the different strategies is shown in Sahteand 3.2 but the
binding affinity comparisons are done using Cheapgroachin this chapter(Cheng,

2001; Cheng, 2004) as it is not based on any mathematical assumptions.
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c. [ I £Odz I GA2Yy 2F GKS GNBS 9ySNHE 2F | Ra:

Similarly as above, the alaility of an inhibitory binding constant for the interactions

of the inhibitory molecules of interest; X | f t 2 a4 F2NJ G KS OF f Odz |
GKNRdzZAK GKS OF f OdzZ I GA2Y R GsingEuiicn 38 yFeelH & 2
energy of ad 2 N1Ji A« i &n igdiDator of the strength of interactions present
between two molecules. The potency of the compounds of interest in this study was
studied through K 2 KSy 02 Y Ldis\Nth thadifférénBintgnabtion energies
obtained, it isessential to consider that the binding affinity calculations are dependent

on the assay conditions and use$khis study.

YO 220 Alige) (3.8)

Here, ¥and Kare as described above, R is the gas constant (8.3144dlK) and T is

the room temperature in Kelvin, K.

3.4.3. Fitting procedure used for the extraction of surface bound contribution,

B (Intensity)

When a silica surface is exposed to aqueous PDMPO, PRQBIRS interactions at the
interface leads to the formabn of a thin fluorescent PDMPO layer and an overlayer
fluorescent unbound PDMPO layer due to unbound or free PDMPO in solution. Due to
diffraction limits of CSLM, the thickness of the thin layer cannot be measured but the
position of these layers along eéhaxial response and the fluorescence emission from

these layers can be measured.

In the CSLM, the measured response of a system comprised of a thin layer (due to
surface bound PDMPO molecules) ambver layer (due to PDMPO molecules in bulk
solution) which includes contributions from the object function of molecules in the two
distinct locations and effects of the point spread function. Further, there may be
contributions from any further system components that fluoresce. Hence feisilica
PDMPO syem, the measured optical response can be normalised and fitted to the

CauchylLorentz function and the cumulative Caudhyrentz function (Ghafari et al.,
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2009; Ghafari, Parambath and Hanley, 2012), Equation 3.9, which can be approximated

as:

o PAOA Gl
ba o — 0
‘ a d r

"al ke

In this representation, M(z) is the measured CSLM axial responge tle position
6O0OSYGNBUO 2F | GKAY t5ath fFr&@SNIFGdlF OKSR
of the response, {{z) and G(z) represent the fluorescence intensity from the surface
bound PDMPO and PDMPO in the bulk solution, respectively, and O corrects for
background fluorescence in the plate materials e.g. polystyrene, electronic offsets, and
the photomultiplier tube fackground in the CSLM. Figure 3.5-(ol) gives an annotated
example and shows the individual components along with the fitted curve which fits well

with the outcome from CSLHFigure 3.5 (d))

The area of the peak described by(Z} is thequantity of interest (the intensity) for
subsequent E6 and IGo determinations. It is important to note that due to the
overlapping signals described Hyuation 3.9, considering the raw optical response
under such circumstances sy a dzZFFAOASYy G FyR YAaftSIFRAyY3
WAYGSyaariueQ gKAOK Oly SAGKSNI 6S YSizidzZNBR
the integrated intensity or the amplitude of the optical response. As the data can be
normalized to reference tensities or maximal response, all approaches are valid. For
thisPDMPGsilica system, it is necessary to first perform the described fitting procedure

aboveto isolate the thin layer component as the integrated peak area (intensity).

The output from CSLMIso revealed fluorescence from the polystyrene bottom of the
plate (see Figure 3.5 (b)). Further, it should also be noted that moving forward,
experiments would benefit from the use of different plates that do not have a
polystyrene bottom. However, thiapproach also allows for a consideration of the

background fluorescence via the lower asymptote in the fitting procedures.
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Initially, it was also considered to study the peak from the polystyrene bottom and hence
applied a fitting with an additional panaeter surrounding this peak. S&quation 3.10

which is same aguation 3.9 with {z)for the polystyrene bottom peak.

. P o P
U a O 0 :
' p a «a p a a
[ p i [ p i
p - 0. 0 p
o] rwlwe—ear-e— E U8 o T

Here, all the parameters aresalescribed before andy@)represents the fluorescence
intensity from the polystyrene bottom and and z are the centre of the polystyrene

film and the position (centre) of a thin PDMPO layer attached to the surface respectively

CAIdzNBE odc akKz2ga | O2YLI NRazy o06SisSSy (K
dose response curves as examples using the respective surface bound contributions, B,
from each modelTwo peak itting model inEguation 3.10 led to a two to thre#ld

increase in the error for I¢g values, bigger confidence and prediction intervals and
smaller correlation cefficient (R) values revealing a relatively poor fit as opposed to

the one peakfitting model in Equation 3.9which only analyses the pedikr the
interaction of PDMPO to silickdence, theone peakfitting model (see Figure 3.5 (b)

(d)) using Equation 3.9 was used for this ass@jence, the two peak fitting model in

Equation 310 was rejected.
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Figure3.5 ¢ An overview of the Silica/PDMPO interaction in an optically sectioned

planar format indicator displacement assay

Michaelis et al., 2019

(a) Schematic representation (not drawn to scale) of the experimental setup using

siica/PDMPO interactions in a 96 microwell glass bottom plate. (b) The axial response

obtained through CSLM shows three distinctive features. (c) The axial response of

interest including the thin layer and over layer (normalized). (d) The Cdiarientz

function and the cumulative CaucHyorentz function Equation 3.9) used for the fitting

to isolate the spectral contributions with annotations showing the components: thin

layer Ci(z)in blue), over layer©(z)in pink) and fitted combinationNi(z)in greer).
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a) Alanine using selected model b) Alanine using rejected model
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Figure3.6 ¢ Comparison between the two fitting methods for the extraction of surface
bound contribution, B, using dose response curves

(a) and (c) are the dose response curves with the surface bourtdlmation, B, using

the fitting model inEquation 3.9. (b) and (d) are the dose response curves with the

surface bound contribution, B, using the fitting modeEguation 3.10. (a) and (b) for

Alanine and (c) and (d) for Spermine allow the comparison éetwhe twofitting

models (one peak using Equation 3.9 and pveaksusing Equation 3.10)
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3.5. Discussion (data analysis and key findings)

An increasing silicRDMPO thin layer intensity is observed with an increasing PDMPO
concentration (seeFigure 3.3 (c)). The measurement of the binding affinity of the
bd2NBaOSyli ReéSX t5athX Ay LIK2aLKI IS o0dzi$
G tdzS 2F MPTp 5 NERTNPANE & MAOmeoxpa k rlnypR nl
[ bMo®dHy pLadmMH {OFf Y2if

As stated above, the assay system was challenged with the molecules of interests.
Amino acids (alanine, histidine and aspartic aad)plyamine (spermine), and drug
(ibuprofen) were chosen for the purpose of developing thethod. For the extension

of the method to larger biomolecules to test for any limitations with the type of
molecules that can be studied through this approach, threeef silica binding peptides
GSNE dzZaSR® ¢KSaS alLISOAUO Irerdoyirgonly fAuAdRid 6 S|
peptides that bind to silica (Belton et al., 2004). A polyamine was selected as it has been
F2dzyR G2 0S LINI 2F (GKS LRAGUNIyatlraazy
silicifying organisms such as some diatoms (Mathé et al.,;ZDtiZ&én, 201 It has also

been shown to moderate silica formatiam vitro (Belton, Patwardhan and Perry, 2005;

Belton et al., 2008). lbuprofen was selected as an example of a commonly used
hydrophobic drug which could serve as a test case for4ilsad drugdelivery systems

GKFG OFly O2y GNRt GKS NBfSIFHaS 2F RNHeIA |y
silica binding peptidesk{ (KLPGWSG)ositively charged (cationicA7 (AFILPTG)

neutral and L7 (LDHSLHShegatively charged (anionic)) idigfied through phage

display were selected for this study as they were known good binders of silica

(Patwardhan et al., 2012; Puddu and Perry, 2012).

¢ KS R23aSt NB ataetifeiss@ectodDdromaeduRis presented in Figures 3.7

and 3.9 for all syems. The competitive fitting suggests a rowoperative binding of

the compounds of interest studied towards the silica surface as the binding affinity of

the compounds of interest is not affected by the presence of the indicator, PDMPO dye.

A decreasingilicaPDMPO thin layer intensity is observed with an increasing compound

2F AyiGSNBaioa O2yOSYyidNI A2y H KIE thea I dzNB

I LILINR I OK Sua@0 t1dgSR prINBE LINB &Sy (i SR akcélcutated £ S &
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through the three approaches ofiKhowed the same trend for the binding affinities of

the compounds studied with = 1. The binding affinities obtained from the traditional
Cheng and Prusoff equation showed a slightly higher affinity compared to the Lazareno
and Brdsall, 1993 approach for compounds witl+ 1. The differences seen are due to

the hill slopem of the PDMPO dye where the hill slope= 1 for the compounds of
interest studied. No trend was observed for the binding affinities obtained from the
traditional Cheng and Prusoff equation for peptides exhibitilifferent to 1. However,
similar trends were observed using the Cheng (Cheng, 2001; Cheng, 2004) and Lazareno
and Birdsall, 1993 approach which showcases the importance of hill siopesi n in
obtaining binding affinitiedor all compoundsOn the other hand, the Cheng (Cheng,
2001; Cheng, 2004pproach showed the relatively highest binding affinities for all
compounds when compared to Lazareno and Birdsall, 1993 approach. As stated earlier,
the binding affinity comparisons are done using Cheng (Cheng, 2001; Cheng, 2004)
approach in this study.

To check the reproducibility and robustness of the assay, some of the selected
compounds of interest were repeated and very similar binding affinity saluere
observed. The competitive fitting procedure for thel@A was also challenged with
different number of data points to identify the optimal number for the effective
determination of the binding affinities. Around&data points were understood to be

the optimal as the binding affinity values calculated did not show large changes which
agree with the research available in this area for the optimum number of measurements

needed for the data points used (lversen et al., 2012

Of the compounds that wer tested using this method, ibuprofen had the strongest

I YYAGe F2NJGKS AAtAOF adza2NFI OS YR &LISNNAY
O2@SNBR GKS NI y3IS ¥ NBusingtheiGheng (Cheiig® 20010Bheng) 1 C
2004) approach. Of the p#ides that were tested using this method, K7 had the
aiGNRy3ISald FYyAGe F2N) 6KS aAftAOF &adza2N¥I OS
SYSNEHASaA O2@SNBR (KS NJIYusirg the Cheng (Chengh300l; (i 2
Cheng, 2004) approach.
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Table3.1 ¢ Binding affinities of selected biomolecules to silica surfaces
IGo K Ki? K nhut npd nd
(uM) (UM) (kcal mott)
6.17 3.93 423 6.76 -9.76 -9.71 -9.43

Name of compound

Alanine + + + + * + t
1.77 113 130 270 0.17 0.18 0.24
. 054 035 037 060 -11.19 -11.15 -10.87
Amino o
_ Histidine + + + * * + +
acids
0.11 0.07 0.08 0.20 0.11 0.12 0.20
343 219 235 376 -10.10 -10.06 -9.78
Aspartic
+ + + + + + +
acid
0.71 045 052 130 0.12 0.13 0.20
10.69 6.81 7.33 11.72 -9.43 -9.39 -9.11
Polyamine Spermine + + + + + + +
194 124 145 388 0.11 0.12 0.20
0.032 0.021 0.022 0.035 -12.87 -12.82 -12.55
Drug Ibuprofen £ + + + * + *

0.003 0.002 0.003 0.010 0.06 0.08 0.18

The standard error of the fitting for the Kg values are propagated during the
calculations.

The K YR A& O2 NdhBva hddnychlculstet uging all the three approaches
explained in section 3.4.2 forwhich have been numbered as subscriptsorresponds

to Cheng and Prusoff approackg(ation 3.5),% corresponds to the Cheng approach
(Eguation 3.7)and? corresponds to the Lazareno and Birdsall appro&gdtion 3.6).
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Figure3.7 ¢ Dose response curves obtained throughBA to silica

Selected amino acids, a polyamine and a dr{a Alanine (b) Histidine (c) Aspartic acid
(d) Ibuprofen (e) Spermine. The fitting is performed using ateecompetiion curve

with a Hill slopen equal to 1 along with the 95% confidence intervals as well as the 95%

of prediction intervals.
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Figure3.8 ¢ Structures of Histidine, Aspartic acid, Alanine, Spermine and lbuprofen

Table3.2 ¢ Binding affinities of selected peptides to silica surfaces

Name of  1Gspo n Kit Ki2 K nphut np & p
peptide (uM)  (slope) (UM) (kcal mot?)
<7 31.03 101 19.76 18.38 2939 -880 -8.84 -856
+ + + + + + + +
(KLPGWSC

0.13 214 249 8.75 0.06 0.08 0.18
698.16 1.27 444.64 66.07 105.65 -6.95 -8.08 -7.80

A7
+ + + + + + + +

(AFILPTG)
2510 0.06 15.99 6.03 29.64 002 0.05 0.17
B 0.014 0.49 0.009 103.00 164.69 -13.37 -7.82 -7.54
+ + + + + + + +

(LDHSLHS

0.006 0.10 0.004 23.76 5790 026 014 0.21

The standard error of the fitting for the 4€values are propagated during the
calculations.

The K YR A& O2 NdhBva hddnychloulstet! uging all the three approaches
explained in section 3.4.2 forwhich have been numbered as subscriptsorresponds

to Cheng and Prusoff approacky(iation 3.5),2 corresponds to the Cheng approach
(Equation 3.7) and corresponds to the Lazareno and Birdsall appro&gidtion 3.6).
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Figure3.9 ¢ Dose response curves obtained throughA to silica
Selected peptides (a) K7 (b) A7 (c) L7. The fitting is performed using a dose response
curve with a Hill slopa different to 1 along with the 95% confidence intervals as well as

the 95% of prediebn intervals.
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3.5.1. Amino acids Histidine, Aspartic acid and Alanine

''YRSNEGFYRAY3I LIRfLISLIWARSQa AYGSNI OlAzya
are often chosen as model building blocks of polypeptides to gain an insight into the
possible interattons at interfaces in different environments. All amino acids are
characterised by their functional groups (carboxyl (COOH) and aming) (Mith the

other properties being determined by their side chains (such as polanjudar,
acidic/basic etc.). Eidr the functional groups or side chain functionalities may
contribute towards the interactions with surfaces. With hydroxylated silica surface being
weekly acidic, the most likely interactions will be with the amine group of all amino acids

and others withthe side chain functionalities under aqueous environment.

The available studies were used to understand the observed binding affinities through
elucidating the possible interactions and their comparable mechanisms which are
responsible for biosilicificain procedure. Of the amino acids studied witH[@A, the
OAYRAY3 |YyAGe 2F | YAy2 | OARa (26 NR KeéR
histidine > aspartic acid > alanine, and this trend aligns with a computational study that
studied the binding ¥ nities of several amino acids to an amorphous hydroxylated silica
adzNF I OS 6AGK NBfFGAGStE @ RAGSNBYUG KeéRNEPLK,
Sodupe and Ugliengo, 2009). The adsorption process in this computational study were
dictated by the drogenbond interactions between both the COOH moiety and the
sidechain functionalities of the amino acids with the terminal silanol groups of the
surface. The final adsorption energies took into consideration the dispersive forces as
they also play a fudamental role on the interactions that drive adsorption of amino

acids to the silica surface. The findings show the following affinity of amino acids
towards the hydroxylated silica: nonpolar/polar (neutral) < polar (amidic) / polar (acidic)

< polar (bax). It can be concluded that the interactions become more favourable as the
number of polar groups in the amino acid side chain increase as the formation of
KERNRISY 0602YyRa 6A0GK GKS aAfAOF &dz2NFKkk OS 4.

for the wide range of amino acids studied ranged frqrh.8 to¢ 9.8 kcal mdt.

Upon research in literature, it was noted that computational studies of isolated amino
I OAR&aQ OAYRAYy3 aitdzRASa (2 airtAol KIF@S 2y
73| Page



hydroxyated quartz in vacuum or for amino acid analogues on fully hydroxylated quartz

in an aqueous environment. Quartz is a crystalline form of silica which is structurally
different from the hydroxylated silica film in this study which is amorphous silica
(Hikman et al., 2012). Thus, there is no directly comparable computational or
experimental data available for the adsorption of amino acids on hydroxylated silica
surface in agueous environment that will enable setting up a quantitative affinity scale

that isreliable for comparison of similar studies. This is because there are differences
either in the type of surface utilised (different structure or distribution and density of

the surface groups) or with the conditions the computational study was carriedQfut

0KS RIFEGIE GKFEG A& F@F ATl of S35 fOr2aMnidéziar®iR R
FALI NOHAO I OAR 2y GKS o6mMnbmMno &dzNFH(GeB 2F |
YR {K2ftfX wnndpT |y YR {K2fftZ HeamnOdd
methane for alanine; methanol for serine; butylamine for lysine; and acetic acid for
JtdziF YAO FOAROXI (KS @I f dz3%ande QBight and WalstNR dzy F
2012).

|l AAG0ARAYSQAa KAIKSAG 0AYRAY 3 nteracyoisioBthell 2 &
imidazole side chain interacting with silanol/siloxide groups on the silica surface as has
been reported for peptides containing histidine (Rimola, Sodupe and Ugliengo, 2009;
Patwardhan et al., 2012). It is proposed that protonated Nreg@f the imidazole ring

may form direct hydrogen bonds with theeprotonatedsilanol terminal group of the

silica surface that would be present at the pH of the experiment. Another contribution

02 O0OAYRAY3 gAff | NR&S ¢ KoSofallyihfdBphbbicpdekets 2 £ S
while still forming hydrogen bonds with terminal OH groups. Both behaviours have been
observed for peptide silica bindingteractions(Rimola, Sodupe and Ugliengo, 2009;
Patwardhan et al., 2012). For the other two investigbéenino acids, similar values were
200FAYSR T2NJ GKSANI oAYRAYy3 FYyAile G261 NR
carboxylic acid and alanine has a faolar (hydrophobic) group (see Figure 3.8 for the
chemical structures for the amino acids used)A 1 K NBa LSOOG (2 GKS ¢
OKIAYy TdzyOQUuA2y It AGASEAET I O2 YariRegibory§roRA y I
are expected which is known from molecular dynamics simulations on silica (Rimola,

Sodupe and Ugliengo, 2009; Emami et al., 2014)
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3.5.2. Polyamine Spermine

For the investigated polyamine (Menzel et al., 2003), the interaction with silica will most
LINPOlFofé& 6S YSRAFGSR o0& GKS YAy S 3INERdJzLIa
{SS CA3IdzNBE o dy F2 NI &aLIS NI the/&ndé groods. STiough | £ 3
with increasing number of amine groups, the binding affinity would be expected to
increase. This was not seen in this study because the steric effects may be prominent
due to the size of Spermine. Similarly, there are no computatiadata available for

comparison.

3.5.3. Drug- Ibuprofen

In our experimental study, ibuprofen (see Fig®@ for its chemical structure) was
FT2dzyR (2 SEKAOAG (GKS KAIKSaAad o0AYyRAYy3a Y
LI NIy SNE&I sl MKoynD p “lalbrecent dedsityt funcrichdl theory
simulations (Delle Piane et al., 2014; Delle Piane et al., 2014b), interactions of ibuprofen
with a hydroxylated silica surface were indeed shown to be exothermic and exergonic.
Weak hydrogerbonding between the carboxylic functionality of ibuprofen and OH
surface groups of the silica surface and dispersive attractions between the nonpolar
portion of ibuprofen and the surface were both found to be important, particularly in

the presence of aded water molecules (Delle Piane et al., 2014b).

Ibuprofen is known to form a dimer through sharing a hydrogen bond between two
ibuprofen monomers. A computational study (Delle Piane, Corno and Ugliengo, 2016)
showed little differences in the computed emgrderived through interacting monomer

or dimer of Ibuprofen with mesoporous silica. This confirmed that dimer formakoms

not have any effects on the high binding affinity observed for ibuprofen in this study.
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3.5.4. Peptides

Of the peptidestudiedwithGL 5! = GKS O6AYRAY3I | YyAde 2F L
silica were in the following order: K7 (KLPGWSG) > A7 (AFILPTG) > L7 (LDHSLHS), and th
GNBYR |ftA3dya gAGK LINA2NI NBaSFkNOK &0dzRAS:
peptides toamorphous silica surfaces of particles fromZZ®nm in diameter(Sola

Rabada et al., 2018; Oliver et al., 2013e Table 3.3 for a comparison.

With silica surfaces being anionic, positively charged (cationic) peptides would be
generally strongly attraed to them where the polar groups of the peptides interact
with the silanol or siloxide (SiQyroups of the silica surface by hydrogen bonding; ion
dipole, dipoledipole and varder-Waals interactions (Patwardhan et al., 2012). The
strong attraction of psitively charged peptide (K7) to anionic silica surfaces is also
explained by the electrostatic interactions such as ion pairing of protonatestriini

and basic Lysine side chain with negatively charged siloxide grBuddy and Perry,
2012).

In a research study, the effect of differently charged peptides, &7and L7) at neutral

pH (using phosphate buffered saline) have been studied against an aqueous silica
particle interface where electrostatic/hydrophobic interactions and hydrogen bonding
were found to be prominent at the interface (Patwardhan et al., 2012; Puddu and Perry,
2012).The binding affinities of the peptides studied towards the silica surface showed
the greatest affinity for the positively charged peptide (K7) followed by a relatwebr

affinity for A7 and L7 (exhibited the lowest affinityljhe peptides without cationic
groups would interact with or adsorb to silica through pelectrostatic interactions

only confirming their importance where a relatively higher concentration gitige

would be commonly required for adsorption (Patwardhan et al., 2012).

As A7 is mainly constituted of ngoolar amino acids leading to its hydrophobic
properties, norelectrostatic interactions would most likely exist between the
hydrophobic domainsfoA7 and the siloxane bridges of silica surface (Patwardhan et al.,
2012). With L7 being anionic at the pH of the study due to the presence of the aspartic

acidQ éarboxylic acid side chain, the negative electrostatic interactions would prevent
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its binding to the silica surface (also discussed later). Hence, the hydrophobic
interactions and hydrogen bonding overcome these electrostatic repulsions existing
between the peptide and silica which is probably responsible for the observed binding

affinity (Patwardhan et al., 2012).

It was seen that the pH of the system in which the binding studies are carried out also
affects the adsorption of biomolecules to silica (Patwardhan et al., 2012; Puddu and
Perry, 2012; Meng et al., 2004). In addition, an increasdenstlica particle size also
influenced the amount of peptide that adsorbed onto the silica surface which can be
explained due to the larger silica surface ionization (Patwardhan et al., 2012; Emami et
al., 2014b). Though usually for many of peptides ideu through the phage display
approach that bind to silica, the information provided on the material type is usually not
adequate for comparisons with experimental studies. These quantitative findings on the
mechanisms of peptidsilica interactions as fnction of pH and particle size (surface
chemistry) have been experimentally compared where a good agreement between
simulation and experimentation is observed as the surface used for both were

comparable and well documented (Patwardhan et al., 2012;r&ineaal., 2014b).

Small changes in the silica surface chemistry with regards to the degree of different
functional groups also significantly affect the binding interactions of peptides and their
YSOKFYyAaY G GKS aAirt Aol b Lirdsdn RE0S Patward BN | O
et al., 2012; Puddu and Perry, 2014; Puddu and Perry, 2012R8bkda et al., 2018).

In addition, other factors such as binding/kinetic energies and/or
orientation/conformation of peptides also significantly affect the bindingeptides to

a silica surface (SeRabada et al., 2018; Roach et al., 2005; Gray, 2004; Rabe et al.,
2011).

Fluorescence based assays that use fluorophores and dyes have been previously used to
study the peptide binding interactions with silica througheasuring the remaining
peptide concentrations in solution to allow a quantification of the amount of peptide
adsorbed on amorphous silica nanopatrticles (Patwardhan et al., 2012; Puddu and Perry,
2014; Puddu and Perry, 2012). Through this, different sizé&®afunctionalities under

varying environmental pH can be considered to study the different binding mechanisms.
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With the degree of amine functionalized silica, a switch in peptide adsorption behaviour
was also observed (SeRabada et al., 2018).

It has been previously demonstrated that a competition between peptmbptide
interactions and peptidesurface interactions is observed especially at low
concentrations of peptide where the peptide sadsembly becomes more favoured
than silicapeptide interation (Patwardhan et al., 2012; Puddu and Perry, 2012). Hence,
it is important to consider this behaviour of peptides within the solvent used when
interpreting the results as the binding configuration of the sefembled peptide
molecules would be differg to the single peptide molecules. This also explains the
lower thin layer intensitie$B)observed with some of the lower peptide concentrations
used in the current study. Upon careful interpretation of the data collected, these did

not form part of thedose response curve analysis.

In a computational study which used molecular dynamics simulations with the
CHARMMNTERFACE force field, it was shown that pH affected the adsorption of
charged peptides (K7 and L7) with no significant difference observedduotral
peptides (A7) (Emami et al., 2014a, Emami et al., 2014b). Again, both hydrogen bonds
and hydrophobic interactions were observed to be important for their adsorption where
they were relatively weaker for the neutral peptide (Emami et al., 2014k et al.,

2014b).

In a more recent computational study which used molecular dynamics simulations with

the CHARMMNTERFACE force field, the peptide L7 was reported as not a good binder

of silica as was previously known (Oliver et al., 2019). Fagaeous silica system with

sodium ions chemically adsorbed to it, it was shown that the negattegrinus of the

peptide orients itself in a way such that the number of &s around the polypeptide

and the interface to silica surface would decrease. Such a charge imbalance at that point

of contact leads to unfavourable electrostatic interactions between the peptide and the
aAt AOL adzNF I OS® ¢ KA aatioa drany dhef suifaey hehdd, Ldi A R S
fluctuating engagedisengage character of the peptide in association with the surface is

observed leading to a similar floating behaviour of the peptide due to slow diffusion of
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sodium ions contributing towards the unfavalle electrostatic charges which repels

the peptide away from the point of contact making it a poor binder of silica.

An odd |G is observed for L7, much smaller than the peptides K7 and A7 which is not
what would be expected. With L7 being a large biteoale, a multiple displacement of
PDMPO dye would be expected. However, L7 also presented an walde of 0.49 +
0.10. Initially, it was thought that this technique may not be applicable to larger
negatively charged compounds due to what was observéi kii. Having found that L7

is not a good silica binder (Oliver et al., 2019) explains the results obtained for L7. A
probable slow displacement of PDMPO is what is led tothedue of 0.49 + 0.10. Hence,

it can be concluded that a combined knowledgel@h and the slopen, which gives
valuable information about the types of interactions observed with the silica surface can
still provide an estimation of the binding affinity of such poor binders of silica. If the
results were to be interpreted using tf@heng and Prusoff approadi(ation 3.5), an
2OSNBAGAYFGAZ2Y 2F KS asGAB.BARYER6).| HEES, yha ( &
importance of the slopen and its interpretation become important for such
biomolecules of interest. Hence, a careful explaratof the results is needed to be able

to interpret as much information as possible.

A couple of studies (SeRabada et al., 2018; Oliver et al., 2019) utilise Isothermal
CAUNT GA2Y [ FE2NRAYSGNE oLC¢/ 0 F2N $8alidhNY A Y
constant, K, for the chosen peptides (K7 and L7) in this study against differently sized
AATAOlI YIYy2LI NLAOf Sad ¢l ofS odo aK2ga K
(Equation 3.7) through the #provided in both studie€On the otherhand, t is essential

G2 Frtaz y20S GKFG UGKS @4 iy B guBentlstudyras A ( &
dependent on the assay conditions and usgs Kis study! f 4§ K2 dzZaA K G KS OF f
valuesfrom literature could have been utilised as a comgamn of binding affinities and

to estimate the trend of the chosen peptides (K7, A7 and L7) against silica surfaces, this

is not ideal as the silica nanopatrticle sizes are different within these studies. Hence, no
studies are again available which wouldo®all a direct comparison of the binding
affinities obtained through @DA as the surfaces used within the studies available in
literature may differ in propertiesHowever, the binding affinity trend found from the

literature still aligns with that found ithe current study.
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Table3.3 ¢ Binding affinities of chosen peptides to silica surfaces in literature

compared to the ones calculatéaroughthis study

Net nD N _
Name of Silica nanoparticle n R (current)
charge at (literature)
peptide size as diameter (nm)  (kcal mot?)
pH 7.4  (kcal molt)

28 nm (SoleRabada et

K7 (KLPGWSG +1 -5.81 £ 0.07 -8.84 + 0.08
al., 2018)
A7 (AFILPTG) 0 N/A N/A -8.08 £ 0.05
200 nm(Oliver et al.,
L7 (LDHEHS) -1 -5.05 £ 0.05 -7.82+£0.14
2019)

The standard error of the fitting for the d€values are propagated during the
calculations.

Thepn D o6 f A U S NIuii(ca¥gat) for lthi§ Btudy have been calculated usthg
Cheng approachsuation 3.7).

3.6.Conclusion

¢CKAA &aiddzReé NBLRNIa (GKS UNEBRG ljdzr yOGAGE GA O
interactions with silica surfaces usingl@A. They can be performed inyasolvent and

with any material (as long as it is stable and homogeneous), provided a suitable
fluorescent dye is available and the system overall does not produce interfering
bd2NBaOSyOSd ¢KS LI AOFIoAfAGE 2F diKAA
insights into interactions at interfaces. Additionally, investigation of interaction kinetics

may be possible, provided that the interactions investigated happen on a timescale

slower than the time of image acquisition in the CSLM.

The transfer of tradional IDAs to study the abiotic/biotic interface also requires one to
keep in mind the underlying receptor occupancy theory together with its assumptions
(Hill, 1910; Clark, 1933; Ruffolo, 1982; Colquhoun, 2006). For a direct comparison, the
number of acessible binding sites on the surface of interest are not known because of
surface protonation and system dynamics. In the framework of abiotic/biotic
interactions, the maximum number of binding sites corresponds to the number that can

be occupied by akmy O2y OSY (NI GA2y 2F (GKS bdz2 NBE&OS
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to note that steric hindrance might prevent full occupancy. Further, during the
displacement assay, nandicatoroccupied binding sites might be accessible, and
additionally, not all analytinteract at the same binding site@sK S b dz2 NE 4 OS vy i
G2 GKS RAGSNBYyld OKSYA&aldNR GKIFIG YIFe 0SS Ay
surface species, while some of the investigated amino acids will probably interact with

the molecule adsrbed and/or dissociated water molecules present on the surface; in
GKAa OFasSz (GKS ReéeS ¢g2dfR 0S RA&LI I OSR 0S¢

There are a few considerations to consider when designid@®A but not always
present. These include problemstkisolubility of the compounslof interest in the
selected solvent environment at higher concentrations and the observation of the
prozone effect (Butch, 2000) at high concentrations which is a false increase of

fluorescence intensity at higher concenti@ts which could mislead results.

TheGL 5! F LIINRF OK AYGNRBRddzZOSR KSNE -b&s2ddAR 06 S
in pharmacological screening because the method used is convenient, robust, sensitive
and scalable to higthroughput formats. In this fion, OIDAs could be of interest for
assessing the binding of medicinally relevant peptides or analytes for different
applications. This technique has advantages over QCM and SPR approaches by avoiding
the issues associated with isolating the behaviour afleaules versus solvent/ions
(QCM) and the need for a conductive surface (SPR). The only main limitation of the O
L5! (GSOKyAljdzS A& GKS NBIdZANBYSYyd F2NJI I b
toward the abiotic surface of interest. A major advargagn comparison to the
alternative approaches is the direct visualization of the adsorption events, which allows
for quality control judgements regarding the homogeneity and spatial distributions of

the response.
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Chapter 4Implementation of a fluorescencebased surface
charge mapping method to study silica chemistry in biological

tissues

4.1.Introduction

Surface charge estimation on silica surfaces plays a pivotal role in various applications
and technologies such as monitoring DNA hybridizagfaram and GibbBavis, 2013),
protein transport (Wu et al., 2012), measurement of surface topography (Ozcelik and
Barisik, 2019), drug delivery (Kotcherlakota et al., 2016), cellular uptake (Kotcherlakota
et al., 2016), and microchip biosensors (Song.eR8all3) etc. Surface charge estimation

is vital in biosilicification; therefore, an ability to accurately measure the local surface
charge would be an exceptional advancement towards examining the mechanisms of
art A0l Yyl y2a3ai NieQivazNs infinterdc®Iofl- siifa@ycharge is
fundamentally important in silica deposition (lkuma et al., 2014), silica condensation
(Cho et al., 2014), adsorption of solutes (Roach et al., 2006; Kroutil et al., 2015) and

adaptive response to environmental pH vareti(Kroutil et al., 2015).

The quantification of surface charge density on silic&ivoor evenin vitro is not an

easy task. The quantification of surface charge density on silica can be extremely useful
in comprehending biosilicification and nanoscpitecesses at the silieaater interface.

The surface charge density is affected by temperature (Al Mahrougqi et al., 2016), surface
area (Barisik et al., 2014), pH (Ovanesyan et al., 2016), ionic strength or conductivity
(Salis et al., 2016) and the preserof counter ions (Brown et al., 2015). Hence, all these
factors should be considered for surface charge density determinations to be consistent

ensuring desirable levels of reliability and reproducibility.

For measurement of surface charge at the stiyidid interfaces, techniques such as
Kelvin Probe Force Microscopy (Guo et al., 208®)mic Force Microscopy (AFM) (Gan
YR CNYylas wnnco FyR TS8SGF LRGSYGAFE oV

dza SR® %SGl o6y 0 L2 G Sy hakge foterkial antl a doih@oiBusel T (i

measurement for surface charge estimations. To the besuoknowledge, there is no
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optical technique available that can measure surface charge density on silica structures.
The utilisation of such a technique would be advantageous in the study of biological
silicification where many structural particulate arrangements at nanoscale witsn

a single microscopic sample (Perry and Fraser, 1991; Kroger and Poulsen, 2008). In this
chapter, an optical based imaging surface charge mapping technique that uses confocal
scanning laser microscopy (CSLM) spectral imaging below the diffractibraticha
fluorophore, PDMPO dye {2-pyridyl}5((4(2dimethylaminoethylaminocarbamoyl)

methoxy)phenyl)oxazole) will be discussed.

The fluorescent dye, PDMPO, exhibits unique silicaphilic fluorescence properties which
lead to its use as a probe to trasdica to study biological silicification (Shimizu et al.,
2001). Hence, PDMPO was chosen in this study due to its uniqueovafent
interactions with silica and its history of applications as a probe as it accumulates in
compartments of cells containing A t AOF ® LG KIFa 0SSy aKzgy
residing location of interaction is within the Stern layer when bound to silica under
agueous conditions which affects its excited state dynamics and chromaticity
(Parambath et al., 2016). When PDMPO idted¢two excited/protonation states of
PDMPO, (PDMPQF and PDMPOtlare observed which are hugely dependent on the
surrounding pHand silica particle sizgarambath et al., 2016).

CSLM (Minsky, 1961; Minsky, 1988), a fluorescence microscope, dilastection of
fluorescence of a slice through the thickness of specimen making it a useful and non
invasive technique. CSLM is also capable of spectral imaging. Along with capturing
images of a specimen with the fluorescence intensity data, the fluoregcemission
spectrum (spectroscopic data in form of wavelength scans) is also collected which
accompanies the images. On top of this, both the fluorescence intensity data and
fluorescence emission spectrum of each pixel of the captured image can beluadlyi

analysed.

¢2 RS@OSt2L) GKS &adz2NFIF OS OKIFNBS YI LWAy3I GS

potential and fluorescence from PDMPO dye against the feature size of silica

nanoparticles were explored. Hence, the technique is based on a calibragbmuses

1TSGF ovy0 LRGSYGAFET FNRBY {G oSN axt Al ylI
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{G 0SSN AAftAOF VyIy2LI NIAOfSa HKAOK o6KSy
ratiometric approach will provide local surface charge information on the biosilica
features of a sample. As examples, the technique has been applied to study composite

mixed silica structures produced by silicifying plant and diatoms.

| 2Y0AYAYy3d (GKS OFtftAONrdGA2Yy YR /{[aQa OIL
determination and quatification of the local surface charges of different biological
samples found in nature. In addition to the chemical properties of biogenic silica
nanostructures etc. providing beneficial information on the biosilicification process, this
methodology alsceenables information on their structural/topographical information.

An estimation of the relative size of silica structures can be made from the zeta potential
values where a higher negative zeta potential means larger size of silica structure.
Hence, thedeveloped method was aimed at studying the chemical features as well as

the structural features of a specimen.

4.1.1. Biologically relevant tissues

Equisetumspecies such aBquisetum arvensghorsetail) are ancient land plantnd
known biosilicifiers as they take up and accumulate patterned silica in different regions
of plant. In addition, these silicified structures are built from spheres ranging frgqm 5
120 nm in size (Perry and Frase991). A research done by Law and Exley, 2011 looked
at silica depositions in different regions of the plant including rhizome, stem, leaf and
spores where numerous silicified structures such as cell wall, cell plates,
plasmodesmata, guard cells and stomadt varying stages of differentiation were
reported through the aid of PDMPO dye using CSLM. Since it had been shown that
PDMPO accumulated into the different areagkgiisetum arvenssontaining silica, the

use of Equisetum arvensérmed the starting pint to explore and test the newly

developed surface charge mapping technique on living tissue.

Diatoms are silicifying organisms which are unicellular and photosynthetic eukaryotes.
¢KS aAl S 2F YvY2aild RAFG2Y &ALISOASaluprogESa ¥
Werner, 1977). Diatom cell walls consists of inorganic and organic components where

around 97% of the cell wall is inorganic compounds (as almost pure hydrated amorphous
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silica also ranging from nanto micro-meter in size) (Kroger et al., 200 The patterns

of silica within cell wall with pores is termed as frustules where the patterning of the
silica structures is specispecific and only seen replicated in diatom progeny (Sumper
and Kroger, 2004). There are two general classes of diatdmshvare based on their
overall shape: Centrics (radially symmetrical) and Pennates (bilaterally symmetrical).
The distal (towards the outside) frustules can be further classified into two interlocking
parts, valves and griddle bands, that make up thewall of diatoms. To extahthe use

of the newly developed surface charge mapping technique on living tissue, different

diatoms were also studied.

4.2.Development of the surface charge mapping method

The initial method development (calibration plot) was @dr out by a previous
colleague from the research group which was applied to a diming sample of
Equisetum arvenséalso included in this chapter Figure 47) (Parambath, 2016).
Production of a calibration plot was used as a tool for the analysibeofaiometric
imaging obtained from CSLM to study the surface charge density on silica. The
adaptation of the techniques to different living samples and refining the image

processing method through ImageJ was carried out in this PhD research.

4.2.1. Silica nanparticle synthesis and characterisation

The first step was the preparation of silica nanoparticles (SNPs) through a modified
{4 O0SNJLINRPOS&aa 6{u0I 6SNISG | t3xX wmdgetnyethodw2z ! OF
which consists of the hydrolysis ofisd precursor to form silicon hydroxide Si(@H)
followed by their condensation into oligomers leading to formation of silica
nanoparticles (Brinker and Scherer, 1990). The synthesised SNPs were then
characterised for their sizes based on an average ofiptltlynamic light scattering
measurements. Differently sized SNPs with diameters df 22.45 nm, 33.0 £ 1.4 nm,

55.0+£2.1nm, 70+ 1.2 nm and 138 + 0.8 nmwere selected.
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4.2.2. Production of the calibration plot for surface charge mapping method

development
There were a couple of steps involved in the surface charge mapping method
development for determining the local surface charges which are briefly explained and

discussed below.

a. Characterising silicRDMPO interactions with varying sizes of SNPs

Spectroscopic data was collected for the interactions of each size of SNPs with PDMPO
at pH 7.0 using CSLM. Using a 405 nm laser diode line for excitation of PDMPO dye, an
Ee LXFYyS 6AGK YIFIEAYdZY Ffd2NBaOSyOS Ayl
interaction with SNPs along theaxis was selected. The fluorescence emission intensity
data and its associated fluorescence emission spectrum was collected fre8508

at room temperature which was subsequently used to study the behaviour of PDMPO
with differently sized SNPs. For this purpose, pdiypoint procedure was adapted
where the fluorescence emission spectra of selected regions of the collected images
were used. The spectra were fitted and decomposed by least squares minimiséion
components corrsponding to peaks of (PDMP&H and PDMPOH the two excitation

states of PDMPO. The relative amounts of (PDMiFO&hd PDMPOHestimated by this
procedure was associated with the differently sized SNPs. For each SNPs, their
corresponding zeta potential ¥ 0 g+ & |t a2 YSI&Adz2NSR dzaAy 3
0 Hpe/ GKAOK gl & O2YLI NBR |3IFAyad GKS
ratio (PDMPOR2/PDMPOH).

Since the surface charge properties of SNPs have been shown to be dependent on the
size of the nanoparticle (Barisik et al., 2014), an increase in the negative zeta potential
values was seen with increasing diameter of SNPs from 22 nm to 133 nm. Thies can b
explainedbecauseof surface acidity of SNPs which increases with increasing diameter
of SNPs (due to the increased silanol groupOBi) especially for SNP greater than
approximately 10 nm in diameter (Puddu and Perry, 2013). With surface acidity bein
an indicator of the zeta potential, increased surface acidity then affects the interactions

of PDMPO with SNPs through increasing the PDMPO emission ratio
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((PDMPOL>*/PDMPOH). Hence, the relationship between the PDMPO emission ratio
and the zeta potenal related to the differently sized SNPs were explored for the surface

charge mapping analysis.

b. Effects of a charge neutralisation agent on a singly sized SNP

LO ¢l a Ffaz akKz2gy OGKIFIG 0KS 0SKF@A2dzNI 20 &
solely due to the variations in the surface charge and not size related effects of SNPs. A
charge neutralisation experiment was carried out which utilised a varying amount of a
chaotropic agent, guanidine hydrochloride (GHCI) with a fixed concentration of PDMPO
dye and a singly sized SNP (133 nm) at pH 7.0 under room temperature. An increase in
the zeta potential was observed with an increasing GHCI concentration as GHCI led to
surface charge neutralisation of SNPs due to increased cation concentration disrupting
tKS t5athQa AyidSNI Oiwvhichgan als be fllistiatedusing the ®>  H
electrical double layer shown in Figure 4A concentration dependent shift in the
PDMPO emission ratio ((PDMPEHPDMPOHE) was observed with GHCI which
demonstrated tha the surface charge measurements are dependent on the PDMPO
emission ratio and independent of the size and morphology of the SNPs. For each of the
GHCI concentrations, CSLM fluorescence images along with the spectroscopic data were
collected, processed anfitted in the same manner as the data was analysedHer

study of the interactions of each SNP with PDMPO. For each of the GHCI concentration
used (same composition &efore but without PDMPO dye), their corresponding zeta

LR GSYyaAalrt ¢la +faz2 YSIFIAdz2NER dzaAy3a | al |
compared against the estimated PDMPO emission ratio ((PDNPEHBMPOH).
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Figured.1 ¢ Electrical double layer around a negatively charged particle surface.

Adapted and modified from Williams, 2016.

c. Integration of the PDMPO emission ratios to derive a calibration plot

From the above experiments, it was concluded that PDM&@d be used to study the
f20Ff adz2NFIF OS OKFINABS LINRPLISNIASE 2F | al vl
fluorescence emission behaviour. Hence, the PDMPO emission ratio
((PDMPOL?*/PDMPOH) obtained for both the differently sized SNPs and efeat

GHCI on a singly sized SNP through the analysis of their spectroscopic and imaging data
obtained from CSLM and the zeta potential determined experimentally for the
O2NNBalLR2yRAYy3 {bta 6SNB dzaSR (2 LINRRdzOS
values against the collective values of PDMPO emission ratio ((PD)PRBMPOH)

in log scale as shown in Figur@ deft graph) This calibration plot was then used as a

tool for surface charge mapping to measure the local surface charge of variopkesam
Figure 42 (right graph)l f a2 aK2ga (0KS NBfFGA2YaKAL] 21
differently sized SNPs.
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4.2.3. Calibration plot and related equations

The logarithm of PDMPO emission rat{(PDMPOL?/PDMPOH) followed an
approximately linear relationship/correlation against zeta potenfial(see Figure 2.

left graphand Equation 4.1)

z i oo 6 H20 0 0O G
—Q—~
C®T Qoo P @ X T
Here, PDMPOtand (PDMPOQP* are derived from the fluorescence data as a ratio and
F2NY | NBLINBaASydGlFraGAz2y 2F (GKSANI Az2yQa 02
PDMPOH+ H z (PDMPOR)?*.

It is noted that the protonation equilibrium is related to the potentigl, on the surface
where the fluorophore adsorbs which can be explained by the Nernst equation
(Equation 4.2). This understanding explained below was developed by another

colleagueDr.lgor Efimoy, from the research group.

T8
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Here, E represents the surface potential at a given time witheling the standard
surface potential, R is the gas constant (8.3144 ;é&lY), T is the room temperature in
Kelvin (K), F is the Faraday camsét(96.5 kJ md)) and & is the activity of protons
(which is 1 for B. Also, 2.3RT/F $s60 mV at room temperature.

{AyO0S GKS SELISNAYSyiGlLfte I O0OSaafdve tws il
boundary conditions can be considered: (thé slipplane coincides with the surface of
0KS LI NIRKREBGEYRE @GXKBY AxF GKS aftALI LXIYyS Aa
nd . SGsSSy (KS aiSa fradich OkoF0ilihye RdtublBugaca potential in
Equation 4.2 which is constant to a first approximation with a particular Vala®.36
(21.34/60=0.36).

Upon integration of Equations 4.1 and 4.2, Equation 4.3 is obtained.

/Y'Y ., D000 O
a0 ——— 1)

z | "O 00O L VO

where all values except the concentrations of PDMPO species are included in

In cases where [(PDMP@H] = [PDMPOH, the change insurface potential (and
consequently surface charge) is equal to zero. The zeta potehtsiakcorresponds to
this condition, can be called the zeta potential of zero charge, eqt8l67 mV. This
means that there is preferable orientation of the dipoles of water molecules, facing the
silica surface with hydrogen forming chemical bonds, aalk Isolvent with oxygen,

which results in the measured double layer jump.

The significance of Equation 4.3 is that it provides a theoretical basis for the proposed
method. Usually, zeta potential is expressed through bulk concentrations of absorbing
charged species. However, since their surface concentration is not known, only model
based assumptions are possible. For strong electric fields, for example the Stern layer,
any model approximations fail and there is typically limited agreement with experiment.
In the proposed method, the ratio of concentrations of adsorbed species is accessed

directly, without any model assumptions.
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4.3.Chemicals and Materials

t5ath o[ @az2{ Sy a2 Nk, end/irf dengtRybsiilfdxfie) &as bbtained
from Life Technologies. Type 1 grade water was used. The reagent ethanol,
concentrated nitric acid, concentrated sulfuric acid, monobasic potassium phosphate

monohydrate and dibasic potassium phosphate were obtained from Sijdrich.

Disposable glasoverslips (multiple) and microscope glass slides (Sail brand) were used.

96 microwell glass bottom black plates (Nunc 164588) were obtained from Nunc.

Plant material Equisetum arvensand river water samples were collected locally from
Nottingham Trent University. Coscinodiscus Wailestliatoms were commercially

sourced

4.4 .Experimental methodology

4.4.1. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) imagingegfisetuml NJJ S yspo&es) was
conducted using a JEOL 7100FEG SEM. Samples waredhon analuminiumstub

with adhesivecarbon tape (TAABaboratories Aldermaston, i) for imaging.

4.4.2. CSLM and experimental parameters

The CSLM used was from Leica microsystems (Leica TCS SP5 Il) which is based on ar
inverted geometry. CSLM experimentsn& conducted using either a 96 microwell glass
bottom black plate (Nunc 164588) or microscope slides and glass coverslips. Since the
1S4 LRGSYGALt A& lfaz FTFFSOGSR o6& LI = 0
pH 7 was used as the cell walfdoth plant and diatoms exhibit near to neutral pH. This

then allowed for a comparison of differently sized silica structures in the same local
environment. After the samples had been treated with PDMPO, they were subjected to

CSLM.
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A 405 nm laser diodéne was used for excitation of PDMPO dye. The instrumental
parameters that were kept the same throughout the imaging experiment of any one
sample were as follows: the numerical aperture (0.5 or 0.7 NA), objective (Leica HCX PL
Fluotar 20x or 63x%), pinhokze (63 pum), photomultiplier tube (PMT) gain (up to 1250

V), offset (2.7 %), 4096 x 4096 or 8192 x 8192 pixels and a laser intensity (up to 100 %).
For the purpose of this research, a different mode of image acquisition was adapted
which was based on wh®image analysis. The fluorescence emission intensity data was
collected using CSLM with a 10 nm bandwidth for each of the wavelength scan ranges
of 460470 nm and 50610 nm corresponding to peaks of PDMP@hkd (PDMPOQHF*
respectively. For CSLM image acquisition for surface charge measurements and
determination, either an xy plane with the maximum fluorescence intensity along-the z
axis or stacks of xy planes along thaxis were studied for different samples at room

temperature.

To be able to utilise this surface charge mapping approach using intact biological tissues
containing a range of other components such as carbohydrates, proteins and lipids etc.
as well as silica, a fluorescence emission spectrum over the @ng@0-600 nm was
collected for each sample analysed to rule out the possibility of any other contributions
and to ensure that the observed fluorescence is solely due to PDMPO prior to analysing
them for producing the zeta potential imagexluded in thihapter. This was more of

a problem with plant materials as they also contain chlorophyll which is known to exhibit
fluorescence. Hence, the fluorescence emission spectrum of chlorophyll was studied to

confirm that itdid notaffect the analysis.

4.4.3. Procesmg the fluorescence emission intensity data collected using CSLM

The pointby-point decomposition procedure used for the spectral data during the
derivation of the calibration plot was effective as specific regions of interest needed to
be analysed to otain the PDMPO emission ratio (PDMBB*PDMPOH). However,

this mode of analysis when dealing with larger scale surface charge mapping is
inconvenient and time consuming. Hence, a different mode of analysis needed to be
sought to perform whole field kal surface charge mapping. For this, two spectral

images were collected using CSLM at different wavelengths corresponding to peaks of
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PDMPOKand (PDMPORP* to compute the PDMPO emission ratio which was then
converted to surface charge units (zeta potent £ n2V). Bince the exemplary samples
used had not undergone any surface charge neutralisation, the measured local surface
charge was a surrogate for local topography with the charge map indicating silica

structures of different lengths.

The greyscaléfluorescence images captured at wavelength scan ranges e 460 m

and 500510 nm corresponding to PDMPGa&hd (PDMPOQP* respectively) and bright

field images collected were it images. The local surface charge measurements and
assessment were aaved by ratiometric processing of the images obtained from CSLM.

The processing of the images was obtained using ImageJ v1.50c. To improve the signal
to-noise ratio of the images, both the greyscale and bright field images were binned
(adjusted to a sizef 4096 x 4096 (if not already that size)), despeckled and filtered (4x4
Gaussian blur). The greyscale image at-500 nm was then divided by the greyscale

image at 460470 nm with subsequent application of the Log function and
transformation into surfac® K NHS dzy A (i & - V) Gsing thelBauat®ry4A | £ =

obtained from the calibration plot shown in Figure #eft graph

To further refine the ratiometrically processed image, thresholding of the region of
interest using the greyscale imagess carried out which were then accounted for to
produce the final ratiometrically processed images displayed in this chapter.
Thresholding excludes the undesired regions detected within the images and improves
the quality of the image and its analysis.eTimal ratiometrically processed image was
O2f 2dzNJ YI LILISR T2NJ (0 KS & dzNF-Im@)andhi brighFhéss dzy A
and contrast of the image adjusted to obtain maximal structural features and
information etc. A calibration bar represeng the mapped colour is presented on the
images. A scale bar as a visual indication of the size of features in the image has also
been included. The greyscale images obtained after the improvement of signal to noise
ratio were also colour mapped to bluedgreen for images at 46470 nm and 50610

nm corresponding to PDMPOIdnd (PDMPORE* respectively. These false coloured
images are included in this chapter to represent the fluorescence emission intensity
from the two exited states of PDMPO.
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4.5.Backgroud fluorescence

To perfect this surface charge mapping method to effectively study the surface charge
properties only without interferences from the confocal scanning laser microscope
setup, additional data collection was carried out to confirm if any gemknd
fluorescence caused interferences that affected the ratiometric processing of the
images. For this, the fluorescence emission intensity data and its associated
fluorescence emission spectrum was collected from 4@00nm at room temperature.

The fdlowing were studied:

Microscope glass slide
Microscope glass slide with glass coverslip

Microscope glass slide with water

€ € € €

Microscope glass slide with PDMPO

For water and PDMPO, aliquots were spotted onto the microscope glass slide which

were coered by coverslip before image acquisition.

4.6.Exemplary samples for surface charge mapping

The surface charge mapping approach was applied to different living organisms to study
and characterise the nature of silica structures of the heavily silicified pfed diatoms.

The following were used as examples: Pl&guisetum arvensedifferent parts of the
branch) and Diatoms Coscinodiscus Wailesii, Cylindrotheca Closterium, Diatoma

mesodorand Diatoma vulgaris boiy

The concentration used for the PDMPO was 0.5 @M. pM for the incubation of
samples for surface charge mapping as previous studies using a concentration of 0.125
pm to 1 pm was shown to be enough for effective staining (Law and Exley, 2011; Shimizu
et al, 2001). Initially, other lower concentrations of PDMPO were also tested using
Equisetumarvense(data notused. To ensure effective staining, 0.5 phd 1 pM

concentrationswere finally adopted for the living and noiving samples respectively
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4.6.1. Equisetim arvense

a. Collection and cultivation dtquisetum arvense

At start, several different samples Bfjuisetum arvenseere sampled from the field of
Clifton Campus, Nottingham Trent University. The samples were transferred to a pot
which were placed under room temperature conditio®¢2/ 0 Yy SEG G2 | 6AY
south-west. The pots were watered daily to secure excesgigt conditions. Within the

first week after sampling, stems started to appear. During the second to third week, new
green stems started to grow for photosynthesis and produced fertile spore heads. After
one to two months, the plants accomplished sporidatand moved into vegetative
growth. During this period when the plants were growing most optimally, fluorescence
microscopy of bianorganic structuring in branches of fully developed stems was
started. Later in time depending on the need for the expemts, further Equisetum
arvensesamples were collected locally which had already developed stems including

branches and were used straight away.

The silica samples dquisetum arvenswere studied both as intact plant material

(living) and extracted sta from the plant material (ncfiving).

b. Sample preparation of ngliving plant sample

A stem ofEquisetumarvenseplant was acid treated to remove the organic cell wall
components with a mixture of 4:1 v/v of concentrated nitric and sulfuric @eetry et
al,1990% ¢KS Al YL S og+a KSIFGSR G wmnne/ F2N
mixture and lyophilised. The extracted silica samples for imaging were treated with a
az2fdziAzy 2F mdn >a tS5ath Ay nodm a tid2aLKL
with shaking (60 min, 10 RPM) at room temperature. Aliquots were spotted onto the

microscope glass slide which were covered by coverslip before image acquisition.

The sample was then subject to CSLM imaging to capture the greyscale and bright field
images followed by their treatment and processing for their local surface charge

measurements as describéua section 4.4.3
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c. Sample preparation of intact plant material

There were two methods utilised for the sample preparation of the living samples of

Equsetum arvenséca. 3mm diameter).

1. A small part of the stem dEquisetum arvenseas submerged in an aqueous
solution of 0.5 uM PDMPO for up to a period of-48! hours at room
temperature. It was expected that the stem will uptake PDMPO from the
solution due to transpiration process of the plants. The sample was removed and
fixed onto a glass coverslip with the support of a coverslip holder. The sample

was placed perpendicular to the optical axis.

2. A small part of the stem dEquisetum arvenseas cut longudinally and the
sample was fixed onto a glass coverslip with the support of a coverslip holder.
The sample was then immediately submerged in an aqueous solution of 0.5 pM
PDMPO for up to a period of 24 hours at room temperature. The sample while

submergel in the agueous PDMPO was placed perpendicular to the optical axis.

The samples were then subject to CSLM imaging to capture the greyscale and bright field
images followed by their treatment and processing for their local surface charge

measurements asascribedin section 4.4.3

Although the two sample preparation methods explained above were both used and are
feasible options, it was found that the second method (which involved cutting the
sample and submerging it into aqueous PDMPO while imaging)ezhaw improved
uptake of PDMPO into the cellular compartments. This in turn led to capturing images
with enhanced details of the silicified structures when processed for the surface charge
mapping Therefore the method 2 waselectedover the method Wwhich was the used

for the time dependent behaviour of PDMPO uptake and further image collections for

zeta potential analysis.
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For spore analysis, aqueous 0.5 uM PDMPO was added pathigpot during the time
when spore heads startetd appear. Samples were collected afted 2veeks for surface

charge measurements using CSLM.

d. Effects of chlorophyll on the surface charge mappingaiisetum arvense

A stem ofEquisetum arvensglant was chopped into small pieces and treated with 10
ml of ethanol for 4 hours at room temperature. Ethanol was used to disrupt the organic
cell membrane increasing its fluidity and permeability (Goldstein, 1986; Patra et al.,
2006) such that the chlophyll could penetrate out of the cell membrane. After
incubation, the ethanol containing the chlorophyll was aliquoted into a well of a 96
microwell glass bottom black plate. A fluorescence emission spectrum frong 880

nm at room temperature using O8lwas studied to determine if the fluorescence from
the chlorophyll (Maxwell and Johnson, 2000) interferes with the charge mapping of

plant sampleEquisetum arvense

e. Time dependent behaviour of PDMPO uptake i&tpisetum arvense

Using the second methodf sample preparation explainedarlier in this section a
sample ofEquisetum arvenseas exposed to water followed by an aqueous solution of
0.5 uM PDMPO. Initially, an xy plane along #axizs of the sample (while in water) was
located and fluorescemc emission intensity images at each wavelength range were
collected along with a fluorescence emission spectrum over the range e6@20m at
room temperature. The water was then replaced with the aqueous solution of PDMPO.
Further CSLM imaging was sarmy acquired after 2, 4 and 22 hours of PDMPO

exposure.
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4.6.2. Diatoms

a. Collection and cultivation of diatoms

River water sample was collected and passed throughBID um filters prior to its use
for this research as soon as possible afietamples of the diatoms collected is shown
in Figure 4.3 4.

€))

15 uym

Figure4.3 ¢ Diatoms collected or used for the surface charge determination method
(a)Coscinodiscus Wailef) Diatoma vulgaris boryc) Cylindrotheca Closteriuand (d)

Diatoma mesodon
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b. Sample preparation

The diatom river water sample or tieoscinodiscus Wailesample(see Figure 4.3 a)

were prepared in a way such that a final concentration of 0.5 uM PDMPO in an aqueous
solution was used. The samples were incubated for up to a period of 72 hours at room
temperature. It has been demonstrated previously that diatoms deposit fluorescent
dye, Rhodamine 19, within the cell walls of the rapidly replicating diatom cells within
days (Kucki and Fuhrmaihmeker, 2011); however, other modes such as internalisation
by endocytosis can also be applicable as previously seen with another fluorescent dye,
FM1-43 (Kihn and Brownlee, 2005). The samples were then subject to CSLM imaging to
capture the greyscale and bright field images followed by their treatment and processing

for their local surface charge measurements as describegction 4.4.3

4.7.Resultsand Discussion

Zeta potential images with data analysis and key findings are included in this section.

4.7.1. Background fluorescence

Background fluorescence emission intensity data analysis of the empty CSLM (Fgure 4.
1 ab), glass coverslip (Figurel2 a-b), water (Figure 4.3 ab) and PDMPO (Figuref4.

4 ab) using a microscopic glass sliééto a confirmation that the instrument, materials

and reagents (except PDMPO) used within the experiments have no contributory effect
towards the fluorescence observed for the surface charge mapping images. Figure 4.
1c, 2c, 3c and 4c show their correspamy brightfield images. Figurefgraph 5 also
displays the fluorescence emission spectrum for each of the tests above and the
background fluorescence seen from CSLM, glass coverslip and water are stable
throughout the fluorescence emission spectrum ran@ herefore, no contributions
were observed that would affect the method implementation to study the surface
charge properties. The fluorescence emission spectrum for PDMPO was used as a
comparison for the ones obtained for the images acquired for thdaser charge

mapping determinations.
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Figure4.4 ¢ Functional images showing the background fluorescence intensity under
different circumstances within the confocal scanning laser microscope used.
Continuedon next page
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(a) (PDMPORF* imaging with data collected over the wavelength range-520 nm,

(b) PDMPOHmMmMaging with data collected over the wavelength range-460 nm and

(c) bright field image of same sample.

1 shows the background within the empty confocal scanning laser microscope (always
present), 2 shows the fluorescence with a coverslip used foredperimentations, 3
shows fluorescence with water, 4 shows the fluorescence with PDMPO and 5 shows a
graph displaying the varying fluorescence intensity under different circumstances in

form of fluorescence emission spectrum.

4.7.2. Equisetum arvense

a. Effects of chlorophyll on the charge mappindegfuisetum arvense

From the fluorescence emission spectrum collected, two peaks at around 670 nm and
730 nm were observed (see Figur&)dwhich corresponded to chlorophyll (Pedrds et
al., 2008). Since the ntributions from chlorophyll start from after the wavelength of
630 nm, this confirmed that it would have no interference with the charge mapping
measurements as the fluorescence emission spectrum data was collected within the

wavelength scan ranges of 4800 nm and 50610 nm.
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Figure4.5 ¢ A graph displaying the normalised fluorescence intensity in form of
fluorescence emission spectrum for chlorophyll.
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b. Time dependent behaviour of PDMPO uptake Btuiséum arvense

Studying the time dependent behaviour of PDMPO uptake lgoisetum arvense&as

a crucial step towards making an informed conclusion of smoothly transferring the
application of the surface charge mapping determination method to living samples.
Figure 46 shows the functional images illustrating the time dependent behaviour of
PDMPO uptake into the stomata, star shaped rosette like structures (clustered pilulae)
and a random array of pilulae covering the nodal plane of the cell waljafsetum
arvense Here, pilulae are bealike hemispherical silica structures which are arranged

in different patterns throughout. 1 shows the sample without PDMPO (in water) where
any ofthe observed fluorescence emission spectrum is of the background present due
to the CSLM (see Figuresgraph 5). 2 shows the sample after two hours of PDMPO
exposure where the silicified cell wall and other silicified structures start to fluoresce.
This is due to the PDMPO accumulation in cellular compartments where the ratio of
(PDMPOL)?*) to (PDMPOH are highly dependent on the surrounding pH and the
particle sze of silica. 3 and 4 show the sample after 4 and 22 hours of PDMPO exposure
respectively. A visual increase in the fluorescence emission intensity is observed over
time (see Figure 8.2 ab, 3 ab and 4 ab). Figure 4 graph 5 displays the behaviour of
PDMPO uptake through fluorescence emission spectrum where an increase in the
fluorescence intensity is clearly seen. This confirms that the whole living tissue samples
of Equisetum arvensare capable of up taking PDMPO depending on the silica
nanostructues. Thus, this confirms that the surface charge mapping is a useful

technique and can be applied to various other organisms.
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Figure4.6 ¢ Functional images illustrating the time dependent behaviour of PDM
uptake into the stomata and star shaped rosette like structures within Equisetum
arvense.

Continued on next page
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(a) (PDMPORF* imaging with data collected over the wavelength range-520 nm,

(b) PDMPOHmMmMaging with data collected over the wavelength range-460 nm and

(c) bright field image of same sample.

1 shows the sample without PDMPO, 2 shows the sample aftewsu?s of PDMPO
exposure, 3 shows the sample after 4 hours of PDMPO exposure, 4 shows the sample
after 22 hours of PDMPO exposure and 5 shows a graph displaying the varying

fluorescence intensity in form of fluorescence emission spectrum over time.
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Figue 4.7 ¢ Functional imaging of charge on stomata and ridges of Equisetum arvense

40 pm

(a) (PDMPORF* imaging with data collected over the wavelength range-520 nm,
(b) PDMPOHimaging with data collected ovehe wavelength range 46870 nm, (c)
Bright field image of same sample, (d) Zeta potential image calculated from the ratio of

(PDMPOLR)?**/(PDMPOH)using ImageJ. The colours in (a) and (b) are false colours.
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Figure4.8 ¢ Functional imaging of charge on stomata of Equisetum arvense

Sample preparation method 1 (Section 4.6vi3s used
(a) (PDMPORF* imaging with data collected over the wavelength range-520 nm,
(b) PDMPOHImaging with data collected over the wavelength range-480 nm, (c)
Bright field image of same sample, (d) Zeta potential image calculated from the ratio of
(PDMPOR)?*/(PDMPOMR using ImageJ. The colours in (a) and (b) are false colours.
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Figure4.9 ¢ Functional imaging of charge on stomata and ridges of Equisetum arvense
Sample preparation method 1 (Section 4.6.1) was used

(a) (PDMPORF* imaging with data collected over the wavelength range 500 nm,

(b) PDMPOHImaging with data collected ovehe wavelength range 46070 nm, (c)

Bright field image of same sample, (d) Zeta potential image calculated from the ratio of

(PDMPOR)?**/(PDMPOH)using ImageJ. The colours in (a) and (b) are false colours.
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Figure4.10 ¢ Functional imaging of charge on stomata, star shaped rosettes like
structures, and a random array of pilulae covering the nodal plane of the cell wall of
Equisetum arvense
Sample preparation method 2 (Section 4.6.1) was used

(a) (PDMPOR)?* imaging with data collected over the wavelength range 500 nm,
(b) PDMPOHImaging with data collected over the wavelength range-480 nm, (c)
Bright field image of same sample, (d) Zeta potential image calculated from the ratio of
(PDMPOR)?*/(PDMPOH)using ImageJ. The colours in (a) and (b) are false colours.
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Figure4.11 ¢ Functional imaging of charge on stomata, star shaped rosettes like
structures, and a random array of pilulae covering the nodal plane of the cell wall of
Equisetum arvense
Sample preparation method (Section 4.6.1) was used
(a) (PDMPORF* imaging with data collected over the wavelength range-520 nm,
(b) PDMPOHImaging with data collected over the wavelength range-480 nm, (c)
Bright field image of same sample, (d) Zeta potential image calculated from the ratio of

(PDMPOR)?**/(PDMPOH)using ImageJ. The colours in (a) and (b) are false colours.
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Figure4.12 ¢ SEM images of spores of Equisetum arvense

(a) Multiple spores, (b) Wrapped spore, (c) Spore with elaters, (d) Central body of spore,
(e) Spherical silica structures on the central body of spore, (fefEfzddle with
spherical silica structures.

Note: the sample used was all badly affected by dryiegpecially the spore body as it

should be round and not deflated.
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Figure4.13 ¢ Functional imaging of charge on a spore with elaters of Equisetum
arvense
(a) (PDMPOQF* imaging with data collected over the wavelength range-520 nm,
(b) PDMPOHImaging with data collected over the wavelength range-480 nm, (c)
Bright field mage of same sample, (d) Zeta potential image calculated from the ratio of
(PDMPOR)?**/(PDMPOH)using ImageJ. The colours in (a) and (b) are false colours.
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Figured.14 ¢ Functional imaging of charge omultiple wrapped spores of Equisetum
arvense
(a) (PDMPORF* imaging with data collected over the wavelength range-500 nm,
(b) PDMPOHImaging with data collected over the wavelength range-480 nm, (c)
Bright field image of same sample, (d) Zeta potential image calculated from the ratio of
(PDMPOWR)?*/(PDMPOH)using ImageJ. The colours in (a) and (b) are false colours.
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Figure4.15 ¢ Functional imaging of charge on spherical silica structures disassociated
from the surface of the spores of Equisetum arvense
(a) (PDMPORF* imaging with data collected over the wavelength rarfs06510 nm,
(b) PDMPOHImaging with data collected over the wavelength range-480 nm, (c)
Bright field image of same sample, (d) Zeta potential image calculated from the ratio of

(PDMPOR?*/(PDMPOH)using ImageJ. The colours in (a) and (b) are fai$ours.
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c. Surface charge mapped images

From inspection of the fluorescence emission intensity data and fluorescence emission
spectrum obtained from CSLM, it was noted that the areas of the samples analysed were
dominated by the spectrabehaviour of (PDMPQM* compared to PDMPOH In
addition, the PDMPO emission ratio ((PDMBR@HPDMPOH) varied throughout the
sample indicating differences in the local biochemistry and/or aqueous flow

environment during the process of biosilicificati®erry and Fraser, 1991).

Figure 47 shows an application of the surface charge mapping method to basal portion
of the branch (exhibiting stomata and ridges)afuisetum arvens@ontliving sample).

The measured surface charge data shows that the s#inactures delineating the
stomata and the ridges have a higher zeta potential 28 mV when compared with
adjacent epidermal silicified structures at zeta potential 86 mV. Analysing the local
surface charge mapping as a surrogate for local topdgrapdicated silica structures of
different length scales consistent with approximately-80 nm which is well below the
classical resolution limit of the confocal scanning laser microscope used. The data were
found to be consistent with published data the sizes of the globular silica aggregates
that make up the silica structures found in the brancheg&qtiisetum arvensé@Perry

and Fraser, 1991).

Application of the surface charge mapping approach to intact biological tissues extended
its ability to nvestigate the nature of silica structures embedded within the cells of
different silicifying organisms. For this purpose, young branches of heavily silicified
plant, Equisetum arvensgas used. Figures8i¢ 4.11 show different parts oEquisetum
arvense Figures 48 and 49 were collected using the sample preparation method 1
whereas the Figures¥0and 411 were collected using the sample preparation method

2. As explained in secti@gh6.1, method 2 was concluded to be the method of choice for
the surface charge estimation measurements which are discussed below. However, the
Figures 8 and 49 are included in this chapter as a reference that image quality is not

maximised using methotl.
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Figures 410 and 411 show samplse of basal stem of theEquisetum arvenselant
(exhibiting stomata, star shaped rosette like structures, and a random afrpyutae
covering the nodal plane of the cell wallBfuisetum arvengevhich is still growing as

a varying range of zeta potential is observed which demonstrates varying sizes of silica
present. A range o5 t0-33 mV zeta potential values leads toestimation of varying

silica particle sizes to up to around 100 nm which is consistent with particle sizes found
from TEM studies of silica extracted from immature sample&qfisetum arvense

(Perry and Fraser, 1991).

In Equisetum arvensehere are four ribbof A 1S F GdF OKYSyGda G2 G
central body which are known as elaters and exhibit paddles at their ends. The central
body of a spore is approximately 8p 1 >Y AY RAI YSGSNI 65dz01 S
tightly curl aroundthe central body of spore under moist conditions; however, the
elaters uncoil to extend out from the central body of spore under dry conditions
(Newcombe, 1888; Marmottant et al., 2013). The paddle like structure of the elater
ensures i KS & LJ2 NB and play daNdé\ i | pfopagationfof germination)
(Newcombe, 1888). The silica is mainly deposited on the surface of spores as thin layered
amorphous structures along with some organic material (Volkov et al., 2019). Spherical
structures (approximately 500m in size) present on the ridged surfaces of the elaters

and central body of spores are found to have a relatively higher silica deposition (Volkov

et al.,, 2019). Fluorescent labelling Bfjuisetumspores using PDMPO dye showed

punctate deposits of silican the spore surfaces (Law and Exley, 2011).

Figure 4.2 shows the SEM images of sporeg&qtiisetum arvensehere a wrapped and
an extended spore with elaters are shown in b and c respectively. Figid,eland f
show the central body of the sporthe spherical silica structures on the central body of
spore and a paddle of an elater with a few spherical silica structesggectively Note
that the sample used was all badly affected by dryiegpecially the spore body as it

should be round and nateflated.

Figures 4.2 and 4.4 show Equisetum arvenssgpores in wrappe@nd extended form
respectively. The boundary of the elaters on the left in Figur& d.8how a relatively

higher zeta potential value which is most likely due to the presence of silica structures.
114| Page



However, the zeta potential value €f7to -19 mV within the remainingtructuresmay

be observed due to the thin silica layers of silica n&msures on the surface of the
spore or due to the autofluorescence from the organic material present. Figude 4.1
show an example of wrapped spores with a slightly higher zeta potential on the surface
of the central body of the spore or the elaters whitlay be again due to the thin silica
layers of silica nanostructures on the surface of the spore or due to the autofluorescence
from the organic material present. When imaging the spores, the spherical silica
structures disassociated from the surface oé thpores which were also studied (see
Figure 4.5) as it was believed that they are the most silica rich structures within the
spores. A varying range of zeta potential is observed which demonstrates varying sizes
of silica present. A range €10 to-26 mV zeta potential values leads to an estimation of

varying silica particle sizes from 250 nm.

Some of the bright field images for the living plant samples (FiguBas4i15 c) show

poor resolution compared to the resolution of the bright field imdgethe extracted
non-living silica sample (Figure74c). Little structural features could be seen in living
plant samples which is because the area being analysed is within the sample and not on
the surface. When comparing the bright field images (lEgu8 ¢ 4.11 c) to the
greyscale (fluorescence) images at different wavelength scan ranges4460hm and

500- 510 nm corresponding to PDMPOa&hd (PDMPOHF* respectively) (Figures8ic

4.11 a-b) obtained through CSLM, it is clear that some of thectural features seen in
bright field are not seen in the fluorescence images and vice versa. Surface charge
mapped images are shown in Figureg ¢4.15 d. The ability of CSLM to sample the
fluorescence emission signal at different depths within theagle, and specifically not

at the surface shows that the fluorescence observed is solely due to the PDMPO dye

which accumulates where silica is present.

Through the application of this surface charge mapping approaEljtisetum arvense

it wasconcluded that both stomata and basal structures of the sample are hydrated at
the local scale as water in the Stern layer is required for the PDMPO to interact with
silica. Additionally, a highly charged fluorescence emission of (PDyP®bm both
stomata and basal structures of the samples confirms the dilased environment of

the area being analysed due to the presence of varying silica structures.
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4.7.3. Diatoms

The focus of this surface charge determination method is to study the surface chemistry
andobtain as much information as possible regarding the silica nanostructures within
different living organisms. Although it also enables information on the
structural/topographical features, this may not always be adequate when identifying
the diatoms from he river water sample in this study. Although combining this method
with another technique such as scanning or transmission electron microscopy would
allow better identification of these diatoms, this may not be possibletiier current

river water samplegsndeven in the future as it may be difficult to find another one of
the samediatomswithin the sample. Hence, efforts were made to identify the diatoms

using the structural information available within the bright field images in this study.

For most ofthe diatoms, the fluorescence emission intensity data and fluorescence
emission spectrum obtained from CSLM again showed that the areas of the samples
analysed were dominated by the spectral behaviour of (PDMFOEbmpared to
PDMPOH In addition, the PMPO emission ratio ((PDMPYHPDMPOH) varied

throughout the sample indicating differences in the local biochemistry.

a. Coscinodiscud/ailesii

Coscinodiscugenus are large centric diatoms (diameter up to 500 um) where their
species have a distinct t&ball morphology. It is characterised by a hexagonally porous
array with 1¢ 2 micrometre periodicity within valves and a square pattern of 2300

nm periodicity within girdle (Kucki and Fuhrmahieker, 2011)Coscinodiscus rich in
chloroplast whib is located within vesicles directly next to the cell wall (Kucki and
FuhrmannLieker, 2011). In addition, specigdpscinodiscus grarand Wailesij have
shown to exhibit a relatively weak and stable autofluorescence below the wavelength
of 500 nm (Kucki and Fuhrmaitureker, 2011). Though the origin of this fluorescence is
not understood, it is most likely to arise from the organic matrix of celtsiaralways
present even after its isolation and purification (Kucki and Fuhrraeker, 2011;
Ingalls et al., 2010). The high fluorescence quantum yield of dyes such as Rhodamine 19

and PDMPO has previously enabled researchers to overcome this dueirtdityieer
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accumulation efficiencies within the newly developing frustules of different

Coscinodiscudiatomsin vivo(Kucki and Fuhrmanhieker; Shimizu et al., 2001).

Figures 4.6 and 4.8 show the valve and griddle view respectively of a sample of
Cosanodiscus Wailesof around 110 um size. A hexagonally porous array of frustules
covering the valve and no details of griddlesGascinodiscus Wailesi@an be clearly
observed in Figures 4Bnd 4.8 which means that it is still growing as a varying eng

of zeta potential is observed which demonstrates varying sizes of silica present. A range
of -24 t0-37 mV zeta potential values leads to an estimation of varying silica particle
sizes as granular agglomerated nanostructures to up to around 110 nm wdhich
consistent with particle sizes of D0 nm found from AFM studies of silica extracted
from two similar species dfoscinodiscugenus (Noll et al., 2002; Losic et al., 2007,
Hilderbrand et al., 2009).

To note, it was often difficult to image the flusBcence areas due to their fast
bleaching/fading which was observed after a few seconds to minutes of the UV light
exposure. As the vesicle like structures seen within@oscinodiscus Wailegmages
(Figures 4.& ¢ 4.19) do not display fluorescence,dbnfirms that they are likely to be

the chloroplasts filled with chlorophyll (which fluoresces at higher wavelengths than the

ones used for this surface charge determination method).

From the derived zeta potential image (Figure&4d) for Coscinodiscug/ailesii(valve
view), the central region did not show much structural details and it looked that the
collected greyscale images (Figuretdalb) may be saturated such that the individual
pixels cannot be differentiated. Initially, it was thought that agiotential images
produced using the processed greyscale images with reduced fluorescence intensity
values by half (Figure 4/1a) or quarter (Figure 471b) could resolve this problem.
However, no differences were observed in terms of observing the tsiraicdetails of

the diatom,Coscinodiscus Wailegsiee Figure 48.d in comparison to Figures 4.4 -

b). Later, the threshold of the greyscale images was modified in hope to obtain more
structural details of the diatomCoscinodiscus WailesiThe zetapotential images,
Figures 4.1 c-d, show the details of the hexagonally porous array and its interior (dots)

within the valve in more detail.
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20 pm

Figure4.16 ¢ Functional imaging of charge on diatom, Coscinodiscus Walilesii (valve
view)
(a) (PDMPORF* imaging with data collected over the wavelength range 500 nm,
(b) PDMPOHImaging with data collected over the wavelength range-480 nm, (c)
Bright fieldimage of same sample, (d) Zeta potential image calculated from the ratio of
(PDMPOR)?**/(PDMPOH)using ImageJ. The colours in (a) and (b) are false colours.
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20 pm v 20 pm

Figure4.17 ¢ Functional imaging of charge dimtom, Coscinodiscus Wailesii (valve
view)
Zeta potential images calculated from the ratio of (PDMREKPDMPOH) using
ImageJ with different processing are included. (a) fluorescence intensity values of
greyscale images reduced by half, (b) fluoreseeintensity values of greyscale images

reduced by quarter, (c) Another exemplary threshold of the greyscale images, (d)

Another exemplary threshold of the greyscale images.
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20 ym

Figure4.18 ¢ Functional imagig of charge on diatom, Coscinodiscus Wailesii (girdle
view)
(a) (PDMPORF* imaging with data collected over the wavelength range 500 nm,
(b) PDMPOHImaging with data collected over the wavelength range-480 nm, (c)
Bright field image of same sample, (d) Zeta potential image calculated from the ratio of

(PDMPOWR)?*/(PDMPOH)using ImageJ. The colours in (a) and (b) are false colours.
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Figure4.19 ¢ Functional imaging of charge on diatom, Coscinodiscus Wailesii (girdle
view)
Zeta potential images calculated from the ratio of (PDMPBKPDMPOH) using
ImageJ with different processing are included. Aaother exemplary threshold of the

greyscale images, (b) Another exemplary threshold of the greyscale images.

From the derived zeta potential image (Figure8d) for Coscinodiscus Waileggirdle

view), the central region again did not show much structural details for similar reasons
as explained above for the valve view. As the zeta potential images produced using the
processed greyscale images with reduced fluorescence intensity \ditliest resolve

this problem hence, different thresholds of the greyscale images were studied to obtain
more structural details of the diatonoscinodiscus Waileslihe zeta potential image
Figures 4.9a- b, show the details of the hexagonally por@rsay and its interior (dots)
within the valve (outer regions) in more detail. However, no details of the girdle(band

can be observed.

b. Cylindrotheca Closterium

It was not easy to identify the diatom in Figur@@.Initially, it was thought that itould
be any of the followingFragilaria Crotonensid-ragilaria Nananaor Cylindrotheca
Closterium(also known adfNitzschia ClosteriujnLooking at the structural features, it
was concluded that it is most like§ylindrotheca Closteriumhich is a diatom with a

weakly silicified frustule (Reimann and Lewin, 1964). It ranges from 25 to 98 um in length
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and 2 to 4 um in width (Li et al., 2007). The cells have long projections with two equal
chloroplasts in the middle of its body (Li et al., 2007). No s{paees) are present (Li et
al., 2007).

Figure 420 shows the valve view dfylindrotheca Closteriun®ince it only exhibits a
weekly silicified structure, the fluorescence observed was also very weak. Hence, it can
be concluded that the zetpotential observed demonstrates a presence of a relatively
similarly sized silica.A7 to-20 mV zeta potential values leads to an estimation of silica

particle sizes to around @20 nm.

)
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Figure4.20 ¢ Functional imaging of charge on diatom, Cylindrotheca Closterium
(a) (PDMPORF* imaging with data collected over the wavelength range-520 nm,
(b) PDMPOHImaging with data collected over the wavelength range-480 nm, (c)
Bright field image of same sample, (d) Zeta potential image calculated from the ratio of

(PDMPOR)?**/(PDMPOH)using ImageJ. The colours in (a) and (b) are false colours.
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c. Diatoma mesodon

Diatoma mesodoffalso known a®©dontidium mesodgnarepennate diatoms with 17

on >Y @I ftg@gSa adzOK GKFG GKS FNHzaddzZ Sa | LIL
Buyser, 2020). Rimoportulae (opening/extensions within the valve) and sometimes very
small spines are also present in the periphery region ofesa(Roy, 2016). Transapical
costae are present across the griddle band area in a parallel or oblique manner (Roy,

2016). Girdle bands also has rows of pores.

Figure 421 show the valve view ddiatoma mesodoioined (slices through the sample

also colleted at every 1 um which are shown in Figure2).Rectangular frustule is

seen with rimoportulae/spines present on the valve (also seen throughout the slices).
The tendon like features known as transapical costae can also be observed (especially in
Figure4.21 and 4.2 d). Pore like features also seen on the boundary (griddle bands). A
varying range of zeta potential is observed which demonstrates varying sizes of silica
present. A range ofL2 to-25 mV zeta potential values leads to an estimation of imgry

silica particle sizes to up to around 30 nm.

(a) (b)

Figured.21 ¢ Functional imaging of charge on diatom, Diatoma mesodon
(a) (PDMPORF* imaging with data collected over the wavelength range 500 nm,
(b) PDMPOHImaging with data collected over the wavelength range-480 nm, (c)
Bright field image of same sample, (d) Zeta potential image calculated from the ratio of

(PDMPOL)?>*/(PDMPOHY using ImageJ. The colours in (a) and (b) are false colours.
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Figure4.22 ¢ Functional imaging of charge on diatom, Diatoma mesodon

Slices through the sample collected at every 1-Bright field imageind Zeta potential

image calculated from the ratio of (PDMP{f(PDMPOH)using ImageJ presented
respectively for slice 1 (a) and (b), slice 2 (c) and (d), slice 3 (e) and (f), slice 4 (g) and (h)
and slice 5 (i) and (j).
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d. Diatoma vulgaris bory

Diatoma vulgaris borgire pennate diatomswith8t p >Y @I f g 18wiyfi I G K |
such that the frustules appear like rectangles/squares under griddle view (Lee et al.,
2019). The valve is elliptical in shape and straie are also present on themt(ake e

2019). Rimoportulae (opening/extensions within the valve) and very small spines may
also be present in the periphery region of valves as they are seen within another diatom

(Diatoma mesodopof the same genus (Roy, 2016).

Figures 4.2and 4.2 show the griddle view of tw®iatoma vulgaris borgiatoms close

to separationand joinedrespectively (slices through the sample for Figuret4aio
collected at every 0.5 pm which are shown in Figure$ 4r®l 4.5). Frustule is seen

with rimoportulae present on the valve (also seen throughout the slices). A varying
range of zeta potential is observed which demonstrates varying sizes of silica present. A
range of-15 to -30 mV zeta potential values leads to an estimation of varying silica

particle sizes to up to around 50 nm.
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Figure4.23 ¢ Functional imaging of charge on diatom, Diatoma vulgaris bory

(separating diatoms)
(a) (PDMPOQF* imaging with data collected over the wavelength range-520 nm,
(b) PDMPOHImaging with data collected over the wavelength range-480 nm, (c)
Brightfield image of same sample, (d) Zeta potential image calculated from the ratio of
(PDMPOWR)?**/(PDMPOH)using ImageJ. The colours in (a) and (b) are false colours.
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Figure4.24 ¢ Functional imaging of @nge on diatom, Diatoma vulgaris bory (joined)
(a) (PDMPORF+ imaging with data collected over the wavelength range-520 nm,
(b) PDMPOHImaging with data collected over the wavelength range-480 nm, (c)

Bright field image of same sample, (d) Zptéential image calculated from the ratio of

(PDMPOR)?**/(PDMPOH)using ImageJ. The colours in (a) and (b) are false colours.
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Figure4.25 ¢ Functional imaging of charge on diatom, Diatoma vulgaris bory (joined)
Slices through the sample collected at every 0.5 yuBright field image and Zeta
potential image calculated from the ratio of (PDMPBHPDMPOH) using ImageJ
presented respectivig for slice 1 (1a) and (1b), slice 2 (2a) and (2b), slice 3 (3a) and (3b),
slice 4 (4a) and (4b), slice 5 (5a) and (5b), slice 6 (6a) and (6b), slice 7 (7a) and (7b), slice
8 (8a) and (8b), slice 9 (9a) and (9b), slice 10 (10a) and (10b).
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