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ABSTRACT

High biological noise is intrinsic within biological systems, and this poses critical challenges
to the in-situ detection and measurement of biomolecular and protein activities important to
advancing approaches to disease and injury treatment. These challenges arise due to possible
non-specific binding of other molecules in the analyte’s surrounding medium. Currently the
techniques available to characterize protein behaviours in living biological systems are highly
elaborate and are generally greatly hindered by the high background noise. Here we present a
versatile and straight forward technique for monitoring proteins and protein interactions within
cells and other complex environments, based on a novel nano-bio-technology method. Highly
sensitive gold edge coated triangular silver nanoplates (AuTSNP), which are highly responsive
to molecular interactions on their surfaces, are used to probe protein behaviours within complex
cellular and tissue regeneration environments, as well as recognize antibody-antigen (Ab-Ag)
interactions within dynamic biological surroundings. The extracellular domains within tissues
involve macromolecules vital for the provision of structural support to surrounding cells and
signalling cues for the modulation of diverse cellular processes. Tissue scaffolds are designed
to mimic the extracellular architecture and functions. In this work, monitoring of the dynamic
behaviour of a critical extracellular protein, Fibronectin (Fn), within the presence of bone tissue
regeneration scaffolds and living cells is reported. The optical response of Fn functionalised
AUTSNP, is used to distinguish between compact and extended conformations of the protein

and indicating Fn unfolding and fibril formation on incubation within cells.

Moreover, successful detection of native Fn present in isolated Extracellular Matrix (ECM) by
using Anti-Fn antibody functionalised AUTSNP is performed. The excellent sensitivity and
straight forward application within complex cellular environments, poses AUTSNP as powerful
new tools to detect protein interactions and monitor essential protein activity. For this reason,
a potential COVID-19 detection platform is explored where SARS-CoV-2 Spike protein is
detected through a nanoplate-based system using its corresponding antibody, Anti-Spike. This
work is conducted within the presence of horse serum (HS) as complex environment where the
dynamic surroundings present a challenge for the straightforward detection of the Ab-Ag
complex binding, nonetheless, the research presented is a significant step towards the

development of new technologies for medical diagnosis and monitoring.
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1.2

Research Challenge

In the cellular environment, high noise levels, such as fluctuations in biochemical
reactions, protein variability, molecular diffusion, cell-to-cell contact and pH, both
mediate and interfere with cellular responses (Iwamoto et al., 2016). The crowded cell
matrix modulates protein folding, conformational dynamics and trajectories, which
underpin biological processes. Raman Spectroscopy and Fluorescence Resonance
Energy Transfer (FRET) are common techniques to characterise these protein activities.
However, these techniques are highly elaborate and are generally greatly hindered by
this crowded matrix and the high background noise of the biological environment
(Eberhardt et al., 2015).

The extracellular matrix (ECM) and tissue scaffolds designed to mimic the native ECM,
are critical for the provision of a structural support to surrounding cells and signalling
cues for the modulation of diverse processes including cell migration, proliferation and
healing activation (Kular et al., 2014). ECM proteins are implicated in cancer and have
active participation in tumour progression. In particular, Fibronectin (Fn), a critical
ECM protein whose functions are governed by its conformational activity, is receiving
increasing attention due to its participation in various phases of tumour proliferation
and other complications of medical importance such as Fn Glomerulopathy (Brennan-
Fournet et al., 2015; Castelletti et al., 2008; J. P. Wang & Hielscher, 2017).

Moreover, newly emerging diseases demand for their accurate and rapid detection to
prevent transmission and allow rapid treatment for diseased individuals. For instance,
the COVID-19 pandemic has had a significant impact in the world causing millions of
lives. It has emerged as the most consequential global health since the influenza
pandemic (Cascella et al., 2022). Recent research has presented metallic nanoparticles
as a promising tool for the detection of COVID-19 establishing new research pathways
for the development of a range of techniques in assisting the prompt response to rising-
disease challenges (Iravani, 2020).

Research Question
Can a versatile label free system for the real-time tracking of proteins, and detection of
protein-protein binding interactions within high noise cellular environments be

developed using plasmonic nanostructures?
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Proposed Solution

Currently, there are techniques available for protein characterization which are able to
detect conformation and structural variations in proteins, however, they need expensive
and elaborate instrumentation, extensive data analysis and their signals are generally
greatly hindered by the high background noise of cellular environments. Alternatively,
noble metal nanoparticles are known to have remarkable optical, catalytic, electronic
and magnetic properties, and have been intensely researched for the development of
highly sensitive nanobiosensors to investigate a range of molecules and detect their
interactions (Jia et al., 2006; Y. Zhang et al., 2014).

This project aims to demonstrate the gold edge-coated triangular silver nanoparticles
(AUTSNP) as powerful new tools to signature protein conformational transitions in
living cells and monitor essential protein activity. This versatile method has the
potential to provide accurate and rapid detection of proteins and lead to better

treatments for rising-infection and disease challenges.

Objectives

The overall aim is to demonstrate the gold edge-coated triangular silver nanoparticles
(AUTSNP) as powerful new tools to signature protein conformational transitions within
living cells, monitor essential protein activity and sense Antigen-Antibody interactions

above high background noise level by:

1) Monitoring Fn conformational transitions with plasmonic resonance responsive
AUTSNP.

2) Validating AuTSNP as highly sensitive tools for protein conformational dynamics
detection in high noise cellular environments and in the presence of biomimetic

scaffolds.

3) Optimising on-scaffold loaded protein conformational monitoring method within the
presence of different cell lines.

4) Analysing the ability of AUTSNP to detect binding of Antigen-Antibody complexes.

5) Demonstrating the sensitivity of AUTSNP to detect Antigen-Antibody interactions

within dynamic environments.
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Introduction

In living systems, molecular species occupy a substantial part of the intracellular
medium around 40% of volume (Dtugosz & Trylska, 2011). This complex environment
not only contains water molecules, ions and metabolites, but also other macromolecules
such as proteins, nucleic acids and lipids (Ostrowska et al., 2019). In the last decades,
experimental methods have been developed to study macromolecules in real time and
under in vivo conditions (Dtugosz & Trylska, 2011). However, the high noise levels of
the crowded biological environment, such as fluctuations in biochemical reactions,
protein variability, molecular diffusion, cell-to-cell contact and pH, influence but also
obstruct cellular responses and internal dynamics (lwamoto et al., 2016). In this high
complex environment, experiments that are performed under cellular conditions face
significant challenges as cellular crowding increases the opportunities of weak but

undesired interactions (Feig et al., 2017).

Noble metal nanoparticles and their remarkable properties have been under intense
research for their use in the detection and monitoring of biomolecules. Their high
sensitivity has positioned them as a promising alternative for the study of molecules
and their interactions within different environments. Particularly, triangular silver
nanoparticles (TSNP) possess some of the highest reported sensitivities among metals
and have the potential to provide accurate and rapid detection and monitoring of critical
biomolecules (Y. Zhang et al., 2014). This to lead in the future to better treatments for
disease challenges as well as to enhance tissue repair by monitoring proteins or growth
factors loaded onto tissue regeneration scaffolds and their consequent release to
assisting the healing processes. Scaffolds provide a fibrous architecture that mimics the
native extracellular matrix supporting cell attachment, viability, growth and migration
(Abbasi et al., 2020). A promising approach for inducing bone formation includes the
delivery of a variety of osteoinductive and vasculogenic growth factors, which success
relies on the constant growth factor release (Kuttappan et al., 2018). The proposed
technology aims to assist in the monitoring of these released factors to benefit current
treatment practices. Moreover it intends to establish a guideline for the development of
detection platforms for medically significant molecules.
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Tissue Regeneration Scaffolds

Typically in the surgical field, the course of treatment of a damaged tissue (for wound
healing, bone and nerve regeneration, among others) consists of performing a tissue
transplant from one site to another in the same patient (autograft) or harvesting tissue
from a donor (allograft) (Baldwin et al., 2019). However, these techniques have some
limitations as they are expensive, painful and there is risk of immunogenic reaction by
the patient and bacterial infection (Dhillon et al., 2022; O’Brien, 2011). Alternatively,
regenerative medicine is a multidisciplinary science which aims to restore normal
function to damaged tissues or organs caused by disease, trauma or injury by
constructing biological substitutes that improve tissue function (Atala, 2004; Mao &
Mooney, 2015). This intense field includes tissue engineering and integrates self-
healing treatment techniques involving biocomposite fabrication using biomaterials
which exhibit beneficial biofunctionalities (NIH, 2018). Tissue engineering can assist
in the regeneration of impaired tissue integrity by the combination of cells from the
body and highly porous scaffold biomaterials, which act as templates for the growth of
new tissue (O’Brien, 2011).

The tissue-engineering field aims to use artificial scaffolds to mimic the native
extracellular matrix (ECM), which plays a critical role as a framework of tissue. There
are two key approaches in this field, first, on these scaffolds, cells can be seeded in vitro
to adhere and proliferate for the production of tissue foundations for transplantation.
Second, scaffolds can operate as vehicles for growth factors incorporation and release
as well as drug delivery devices, thus accelerating the recovery process (Howard et al.,
2008; Kurokawa et al., 2017). Among the most commonly used materials for tissue
regeneration scaffolds fabrication, ceramics, biomaterials, hydrogels, natural polymers
and synthetic polymers can be found. Poly-hydroxyl acids such as poly lactic c-co-
glycolic acid (PLGA) and PLA have been widely used for tissue regeneration
procedures as they are reported to degrade by hydrolysis providing well-regulated drug
delivery (Howard et al., 2008). Particularly, in the bone regeneration field, ceramics
such as hydroxyapatite and tri-calcium phosphate (TCP) are commonly employed, and
can be used in combination with biological materials such as chitosan, a promising
biomaterial (O’Brien, 2011; Sulaiman et al., 2013).
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Figure 1. Scaffold-based materials and strategies (Li et al., 2014)

In general terms, the desirable scaffold properties include excellent biocompatibility,
biodegradability, bioactivity, architecture (appropriate porosity) and mechanical
properties (Turnbull et al., 2018). Examples of tissue engineering of scaffold-based
materials to achieve desirable properties are illustrated in Figure 1. Moreover, a
biomimetic scaffold that degrades and releases loaded products within a restricted time
frame, is crucial for the successful uninterrupted regeneration of cellular architecture
(Qasim et al., 2017).

Chitosan and Hydroxyapatite Regeneration Scaffolds

Chitosan (Cs), an aminated polysaccharide, is a promising crustacean derivative
biomaterial prepared by the deacetylation of chitin and highly abundant in nature
(Jiménez-Gbémez et al., 2020). It is considered as one of the constituents with the highest
rate of production and degradation on the planet (Lizardi-Mendoza et al., 2016). This
biomaterial exhibits excellent biodegradability, biomimetic, biocompatibility and
antimicrobial properties for tissue engineering applications and the simulation of self-
healing matrices and mimetic tissue repair scaffolds (Abdel-Fattah et al., 2007; Adrian
Martau et al., 2019). Additionally, it is a hydrophilic material, which stimulates cell
adhesion and proliferation, and its degradation remains are non-toxic (Levengood &
Zhang, 2014). Cs can be easily managed and manufactured in diverse forms such as
fibres, sponges, hydrogels, among others, which makes it attractive for regenerative

medicine and tissue repair. In these fields, the manufacturing of porous structures is
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highly demanded for the production of epithelial and soft tissues (Rodriguez-Vazquez
etal., 2015).

Hydroxyapatite (HAp) is an inorganic mineral, a bioactive ceramic present in human
bones and teeth representing around 65% to 70% of the bone (Ummul & Salisbury,
2020). This bioceramic is biocompatible, bioactive and thermodynamically stable in
biofluids making it a desirable material for a range of applications in biomedicine,
where calcium phosphate-based bone replacement constituents are widely used (Gomes
etal., 2019; Irsen et al., 2005).

In bone tissue engineering, composites containing natural biopolymers and calcium
phosphates, such as chitosan-hydroxyapatite (Cs-HAp), with highly porous
microscopic structure for the penetration of cells and the transfer of nutrients and
oxygen have been studied, focusing to mimic the fibrous structure of the ECM. These
studies have confirmed the osteoconductivity, biodegradation, biocompatibility and the
promising mechanical strength of the scaffolds for their orthopaedic use (Escobar-sierra
et al., 2015; Gomes et al., 2019).

As an illustration, Qasim et al. (2017) performed in-vivo studies in chinchilla rabbits to
monitor the cellular response as well as the degradation profile of porous freeze gelated
Cs and Cs-HAp scaffolds after implantation in bone defects (Qasim et al., 2017). In this
study, the importance of HAp addition into porous Cs scaffolds is highlighted as results
showed greater cellular migration within scaffold as well as their delayed degradation.
This emphasised the importance of bone regeneration scaffolds composites that include
calcium phosphates, HAp in the reported case, as they improve osteoblast response and
biological response to Cs scaffolds, demonstrating the potential of composite scaffolds

in tissue-engineering applications in the clinical setting (Levengood & Zhang, 2014).

Tissue regeneration hydrogels

In the last years, hydrogels have received increasing attention as outstanding options
for tissue engineering as a result of their similarity to the natural extracellular matrix’s
structure and composition. Moreover, the capacity to tune the hydrogels surface
morphology, shape, size and porosity has facilitated their use for simultaneous seeding

of various cells, tissue architecture and vascularization (EI-Sherbiny & Yacoub, 2013).
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Hydrogels can be constructed to assist in cell migration, proliferation and
differentiation. Additionally, these supports allow oxygen and nutrients transport in a
vastly hydrated 3D environment that simulates native tissue (Spicer, 2020). Commonly,
these 3D structures are composed of hydrophilic polymers held together through
covalent bonds or physical intra/inter molecular attractions. They absorb significant
amounts of water swelling without dissolving, which results in soft and rubbery
consistencies mimicking living tissue (EI-Sherbiny & Yacoub, 2013). The primary
structural component of hydrogels is based on two parameters including the method of
binding the polymer chains within the gel network, and the amount of water expected
to be absorbed by the hydrogel (Mantha et al., 2019). A range of natural and synthetic
polymers have been used for the development of hydrogels for tissue engineering
applications such as development of connective tissue, skin, bone, cartilage, among
others (El-Sherbiny & Yacoub, 2013). Hydrogels from natural origins can be classified
in protein-based materials (ie. collagen, elastin, fibrin), polysaccharide-based materials
(ie. alginate, chitosan, glycosaminoglycans) and those derived from decellularized
tissue (Catoira et al., 2019). They are usually formed of ECM components, which
presents an advantage since it makes them intrinsically biocompatible, among other
advantages such as biodegradability and safety, all of which provide a favourable
environment for cell growth, adhesion, regeneration and proliferation (G. Tang et al.,
2020). Depending on the desired application, hydrogels can be fabricated through
several cross-linking methods including physical, chemical, enzymatic and radiation
cross-linking (Z. Ahmad et al., 2022).

Extracellular Matrix and the Extracellular Matrix Protein Fibronectin (Fn)

The extracellular matrix is a non-cellular element present in all tissues and organs
composed of around 300 proteins responsible for the provision of structural support to
cells as well as the control of critical cellular functions such as cell differentiation,
migration and proliferation (Kular et al., 2014; Yue, 2014). The principal elements of
the extracellular matrix include collagen, proteoglycans, laminins and fibronectin
(Figure 2). These have subtypes that play different roles in the ECM structure and
properties which dictate their functions in the body (Walker & Mojares, 2018).
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Figure 2. Representation of ECM composition indicating cellular engagement with ECM biomolecules and
primary components of ECM (Aamodt & Grainger, 2017).

Collagen is the principal component of the ECM and the most abundant structural
protein in the human body (Walker & Mojares, 2018), it provides stability and strength
for body tissues building nets along cellular structures (Avila Rodriguez et al., 2017).
Proteoglycans are glycosylated proteins present in all ECM of connective tissues with
the function of providing hydration and swelling pressure of the tissue allowing it to
resist compressional forces (Yanagishita, 1993). Other key constituents of the
extracellular matrix are laminins, structural components of basement membranes that
separate parenchymal cells from the connective tissue. These proteins carry out critical
cellular functions by regulating tissue architecture, cell migration, cell adhesion and
matrix-mediated signalling (Hamill et al., 2009). Finally, Fibronectin (Fn), which is
another critical protein of the extracellular matrix whose functions are controlled by its

conformational activity.

Fn is a high molecular weight multidomain glycoprotein of around 250 kDa encoded
by FN1 gene that can be found in a fibrous or insoluble form usually in the pericellular
space of fibroblasts, and can be synthesized by other cell types such as macrophages
and endothelial cells (Conde-Agudelo et al., 2014; National Institutes of Health,
2020a). Fn also exists in a plasmatic or soluble form circulating in the blood stream
which is mainly secreted by hepatocytes in the liver (Feist & Hiepe, 2013; Hormann,
1995; Proctor, 1987).

26



This protein is a heterodimer consisting of two protein chains of around 230-270 kDa
linked by disulphide bonds at the C-terminal end (Henderson et al., 2011) (Figure 3).
Fn monomers are composed by subunits called domains or modules; there are 12 FN
type | domains, 2 FN type Il domains and 15-18 FN type 11l domains, each of which
control different cellular processes (Ohashi et al., 2017). These processes take place in
the embryonic development, wound repair, blood clotting and maintenance of normal
tissue architecture during adult life (Gee et al., 2008). Fn production is known to
increase with age with no associated pathologies, and when in homeostasis, it plays
important roles in cell adhesion, growth, migration and differentiation. However, if this
ubiquitous protein is under altered conditions, it can promote the activation of signalling
pathways that control tumorigenesis, metastasis, fibrosis, among other diseases (Feist
& Hiepe, 2013; J. P. Wang & Hielscher, 2017).

As an illustration, it has been reported that Fn has a role in human infective diseases,
as it is a target for a variety of microorganisms, mainly bacteria. These microorganisms
have binding receptors to Fn, which stimulate attachment to, and infection to host cells
(Speziale et al., 2019). Moreover, this glycoprotein plays important roles in the
mesangial matrix expansion, associated with diabetic nephropathy and deterioration of

renal function (Klemis et al., 2017).
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Figure 3. Schematic diagram of the multidomain structure of Fn. Adapted from Henderson et al., 2011.

2.3.1 Protein conformational changes and disease

Proteins consist of a specific amino acid sequence which results in the protein being
assembled in a certain three-dimensional conformation. This structure possesses
moving parts whose mechanical actions are correlated with chemical reactions (Alberts
et al., 2002).This correlation between protein conformation and function has been
widely analysed for the understanding of biological processes. As proteins are dynamic
molecules, they are capable of changing their structure modifying their function and

modulating other molecules functions (Moree et al., 2015). Numerous clinical
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diagnoses rely on the accurate detection and quantification of proteins or peptides
(Bennionn & Daggett, 2002). Variations in protein folding and structure play a critical
role in the control of regulatory mechanisms in cells (Brennan-Fournet et al., 2015).
When proteins fail to fold into their native 3D structure, several human disorders could
develop posing significant challenges to human health (Peng & Alexov, 2017). Some
of these diseases have been grouped together under the term Protein Conformational
Disorders (PCDs) which include Alzheimer’s, transmissible spongiform
encephalopathies, type 2 Diabetes mellitus, Huntington disease, Parkinson, among
others (Ashraf et al., 2014; Soto, 2001).

Furthermore, among studied pathologies associated with Fn, Glomerulopathy with Fn
Deposits (GFND) or Fn glomerulopathy, can be found. This hereditary kidney disease,
which usually begins in adulthood, is related to mutations in the FN1 gene causing
kidney failure (National Institutes of Health, 2020). These studies have reported an
alteration in protein folding caused by the mutation Y973C (replacement of amino acid
tyrosine for cysteine in position 973 of FN1 gene). This mutation interposes an
additional cysteine in FN domain Ill4 altering protein folding due to an abnormal Cys-
Cys bond formation, enhancing nonfibrillar aggregation in the renal mesangium and
subendothelial space as shown in Figure 4 (Castelletti et al., 2008; Ohashi et al., 2017).

Wild-type

Figure 4. GFND mutants in vitro study. Mutant Y973C formed more matrix than wild-type FN upon incubation
with HEK293 cells (human embryonic kidney). Adapted from Ohashi et al., 2017.

There are existing techniques for protein characterization able to detect conformations
and structural variations in proteins. These techniques include spectroscopic methods

such as Raman Spectroscopy, Nuclear Magnetic Resonance, and fluorescent methods
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such as Fluorescence Resonance Energy Transfer (FRET) (Brennan-Fournet et al.,
2015).

Overview of conventional technological processes and methodologies for

molecular activity monitoring and detection within biological environments.

Spectroscopy is known as the study of the interaction between matter and
electromagnetic radiation. Spectroscopic methods are commonly used for the
characterization of samples and their qualitative and quantitative analysis (Bumbrah &
Sharma, 2016). As mentioned before these methods include Raman Spectroscopy,
Fluorescence Resonance Energy Transfer (FRET) and Nuclear Magnetic Radiation
(NMR), among others.

Raman Spectroscopy

Raman Spectroscopy has become a useful tool for the qualitative and quantitative
analysis and characterization of proteins and their secondary structures, as well as the
analysis of other complex structures like enzymes, bacteria and viruses, among others
(Bunaciu et al., 2015). It uses variations in the frequencies of scattered monochromatic
radiations to obtain the information concerning molecular vibrations for elucidating

molecule compositions and structures (Ram et al., 2013).

In the past decades, Raman Spectroscopy has been a useful tool in molecular
diagnostics due to its ability to characterize a unique signature of a sample at a
biochemical level, which can lead to improved tratments and diagnosis of several
diseases caused by biochemical changes in tissues and cells (Kong et al., 2015; Martins
Ramos et al., 2015). As an example, Liberal de Almeida et al (2016), developed a model
by use of Raman spectroscopy to approximate urea and creatinine concentration in
human serum (biomarkers of renal function) (de Almeida et al., 2016). Studies where
Raman spectroscopy is applied for the differentiation between LDL and HDL
cholesterol are also reported, as well as for the differentiation between healthy patients
serum and serum of hepatitis C virus infected patients (Rohleder et al., 2004; Saade et
al., 2008). A variant of Raman called “Surface-Enhanced Raman spectroscopy” (SERS)
technique has also been described where hexagonal silver nanoparticles are used in the
sera of patients in a study for the rapid monitoring of gastrointestinal cancer and other

benign diseases (Ito et al., 2014).
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Moreover, in the last couple of years Raman Spectroscopy was reported as a useful tool
in the differentiation of Amyloid B-protein isoforms and conformations. These proteins
are known to be involved in the development of Alzheimer’s disease. In the study of
Yu et al. (2018), they develop a system using SERS coupled with principal component
analysis (PCA) which readily distinguishes AB40 and AB42 (Figure 5). Their results
showed that the method is able to reveal assembly dependent changes in protein
conformation and self-binding. This can assist in the discovery of target sites for drug
development and for testing its effects on protein assembly processes (Yu et al., 2018).
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Figure 5. Illustration of a Raman spectrum. SERS spectra of Amyloid -protein 40 (red) and Amyloid f-protein 42
(turquoise). Adapted from (Yu et al., 2018).

Modifications in molecular conformation and geometry of a sample can produce
significant changes in Raman band positions, usually called frequency shifts, which can
then be compared to a molecular vibrational frequencies table where sample molecules
can be identified as each molecule has a unique frequency (Benevides et al., 2003).
Raman Spectroscopy is based on the Raman effect, which is produced through the
exchange of energy between incident photons and the vibrational energy levels of the

molecule. Raman scattering involves the scattering of laser light onto a sample, with
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energy exchanged between the incoming light and the sample. The light scattered by
the molecules contains frequencies distinct from the original monochromatic light,
representing the molecular vibrational frequencies. When a molecule absorbs radiation,
its energy increases proportionally to the photons. This increased energy can manifest
in various forms, such as electronic, vibrational, or rotational energy within the
molecule. The Raman spectrum is then generated based on the vibrational movements
resulting from the change in the molecular dipole moment induced by the light source
(Goh et al., 2017) (Figure 6).

Detector

Light source

Rayleigh Raman
scattering scattering

Figure 6. Adapted illustration of Raman Spectroscopy mechanism (Kim, 2015).

Raman is a promising technique for protein characterization, however, there are some
limitations in its use including the need of expensive instrumentation and sophisticated
data analysis (Eberhardt et al., 2015; Segtnan et al., 2009). Moreover, analyzing
samples in complex environments represents a challenge as biomolecules are

ubiquitously in all biological systems in different concentrations (Kuhar et al., 2018).
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2.4.2 Fluorescence Resonance Energy Transfer

Fluorescence Resonance Energy Transfer (FRET) is a fluorescent method for studying
molecular interactions inside of cells (Sekar & Periasamy, 2003). This technique allows
the calculation of the distance between two fluorochromes (donor and acceptor) when
they are between 10-100 A when FRET occurs after the overlapping of the donor’s
emission spectrum over the excitation spectrum of the acceptor (Held, 2012; Sekar &
Periasamy, 2003; T. Heyduk, 2002).

FRET is usually used to study interactions between molecules (intermolecular) and
single molecule FRET (smFRET) technique is used for intramolecular studies. The
latter can be used for the study of folding and unfolding of macromolecules as well as
their fluctuations and stability (Ha et al., 1999; T. Heyduk, 2002).

FRET has been reported as a clinically relevant tool for diagnostic assays such as
immunoassays for the detection of protein cancer biomarkers (i.e. alpha-fetoprotein in
testicular cancer, prostate specific antigen, estrogen receptor in breast cancer, etc),
protein-protein interactions (i.e. methicillin resistant S. aureus, vancomycin resistant
Enterococci), DNA dynamics among others. It has also been integrated with real-time
PCR and other molecular diagnostics techniques for prenatal screening and infectious
disease diagnostics (Qiu & Hildebrandt, 2019).

1334 ybiy
1334 Mo

Quartz Slide
4E T v T - v . 1 ———

0.8 4 0.8} 4
wost 1 T ¢ {
Loafr E @04 WMN\___

0.2 R 0.2} ;

of 2 2 2 2 n O & & 4 g 3 e
0 10 20 _30 40 50 60 0 10 20 30 40 50 60 70 80
Time (s) Time (s)

33



Figure 7. Single-molecule FRET system for proliferating cell nuclear antigen (PCNA) conformational dynamics.
Cy3 fluorescent dye as the donor and Cy5 fluorescent dye as the acceptor were added at the interface of PCNA.
This was done to investigate structural modifications linked to the opening and closing of the PCNA ring. A) Ring
closed, high FRET signal. B) Ring open, low FRET signal (Gadkari et al., 2018).

As an illustration, Gadkari et al. (2018) studied the dynamics of a sliding DNA clamp
(proliferating cell nuclear antigen, PCNA) by single-molecule FRET as it is involved
in DNA replication and repair (crucial mechanisms for cell functioning and
proliferation). The results showed high FRET signals when PCNA ring was closed and
low signal when the ring opened due to conformational changes as shown in Figure 7.
This research presents FRET as a promising technique for studying protein dynamics
and DNA interactions (Gadkari et al., 2018).

FRET has also been employed for the study of molecular conformational changes of
extracellular matrix proteins which are known to be involved in critical cellular
processes. Antia et al. (2009) developed a model using FRET where aging of the
extracellular matrix was detected over 72 hours through the formation and stretching of
Fn fibrils (Antia et al., 2009).

Moreover, Mizutani et al. (2010) developed a FRET based biosensor to measure BCR-
ABL (gene associated with chronic myeloid leukaemia) activity and its reaction to
drugs within living cells. This was carried out to develop an efficient method for the
assessment of Imatinib drug efficiency in chronic myeloid leukaemia (CML). The
technique was carried out by analysing the increased FRET efficiency upon
intramolecular binding of CrkL (Crk-like proto-oncogene, adaptor protein), which is a
typical substrate of BCR-ABL, to phosphorylated tyrosine. Phosphorylation levels of
CrkL have been used as markers of BCR-ABL activity and drug responses This was
accomplished by designing a protein in which CrkL was sandwiched between two
fluorochromes, Venus (a variant of the yellow fluorescent protein) and enhanced cyan
fluorescent protein. In this study, it was necessary to modify the designed protein
several times in order to avoid false positives and enhance the FRET signals (Mizutani
etal., 2010).

Fluorescent methods for the detection and study of a range of molecules have been
widely used over the years. In the last decade they were considered standard for
biological assays in both industry and academia. However, when studies are carried out
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in the presence of cells and other biological environments, the preparation of samples
is extensive in order to minimise non-specific binding of undesired molecules.
Nanoparticle-based methods such as local refractive index changes, nanoparticle
aggregation, charge transfer interactions, among others, were introduced as promising

alternative methods for the sensitive analysis of biomolecules (Stuart et al., 2004).
Nanotechnology properties and applications

Nanotechnology is an extensive field, which refers to the synthesis and utilization of
particles of up to 100 nm in size (Kammakakam, 2021). It is considered to “improve
and even revolutionize” technology and industry sectors where progress in the creation
of innovative materials with unique properties have been reported (Mobasser & Firoozi,
2016). Nano-research is globally active and the use of the technology has been in
increasing demand as it is being used in a variety of products such as cosmetics,
sunscreen, fabrics, among other applications as illustrated in Figure 8 (Jordan et al.,
2014; Lyddy, 2009). The physical and chemical properties of nanoparticles differ
considerably in comparison to their bulk counterparts, as properties are highly
dependent on size. For example, magnetization per atom and magnetic anisotropy of
nanoparticles could be higher than those of bulk species (Gubin et al., 2005). The
surface area of a nanosized material is higher in comparison to the bulk material since

their surface-to-volume ratio is higher when the size is smaller (Biener et al., 2009).
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Figure 8. Applications in Nanotechnology (Jordan et al., 2014)

Nanotechnology studies optical, electrical and magnetic properties of materials at a
molecular level (Hasan, 2014). Nanoparticles can be synthetized by chemical (thermal
decomposition, chemical reduction, coprecipitation, etc), physical (grinding, vapor
deposition, and laser ablation), or biological methods (biosynthesis with
microorganisms or plant extracts). Nanoparticles can be also engineered with different
sizes, shapes and compositions to fulfil desired functions (Z. Cai et al., 2019;
Nayantara, 2018; E. C. Wang & Wang, 2014). Recently, nanoparticles have been under
intense research for biomedical applications such as targeted drug delivery, bio imaging
and biosensing (McNamara & Tofail, 2017). Particularly, the development of highly
sensitive nanobiosensors is in increasing demand to detect a range of molecules which

are similar in size to those of nanostructures (Malekzad et al., 2017).

Biosensing applications are mostly developed based on noble metal nanoparticles due
to their physiochemical properties, and their unique optical properties within the visible
wavelength (Doria et al., 2012) (eg. Local surface plasmon resonance, surface-

enhanced Raman scattering, etc). Moreover, noble metal nanoparticles such as gold and
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silver offer high stability, easy chemical synthesis and tuneable surface
functionalisation (Vinci & Rapa, 2019).

Shaped Silver Nanoparticles

Metal nanoparticles are in rising demand due to their remarkable optical, catalytic,
electronic and magnetic properties and possible applications (Jia et al., 2006;
Kammakakam, 2021). Silver has been widely used throughout history in numerous
applications including metalcraft, photography and medicine and is now considered a
focal point in nanotechnology (Raza et al., 2016). In modern times, nano-sized silver
structures have captured most of the attention due to their properties for the
development of novel antimicrobial agents, platforms for detection and diagnosis,
coating of medical devices, among others (Burdusel et al., 2018). Numerous aqueous
and non-aqueous methods have been reported in the past years for the production of
silver nanoparticles with tuneable shape and size (Etacheri et al., 2010). These methods
include electron irradiation, laser ablation, biological artificial methods, photochemical
methods and microwave processing (Glzel & Gulbahar, 2016). These techniques can
be time consuming and they need strict and accurate preparation conditions in order to
have homogeneous silver nanoparticles (Z. Zhang et al., 2018).

However, straightforward chemical methods for production of silver nanoparticles have
also been reported. Within these methods for synthesis, chemical reduction (as
proposed in this thesis) with organic and inorganic agents is the most common
approach. Some of the agents used for the reduction of silver ions (Ag®) are sodium
citrate, ascorbate, sodium borohydride, hydrogen, Tollens reagent, N, N-
dimethylformamide (DMF), and poly (ethylene glycol)-block copolymers, among
others. This reduction results in the formation of metallic silver (Ag®), which
agglomerates and then forms metallic colloidal silver particles, which need to be
stabilized with polymeric compounds (poly (vinyl alcohol), poly (vinylpyrrolidone),
poly (ethylene glycol), etc) to prevent nanoparticle coalescence (lravani et al., 2014;
Kelly et al., 2012). In this work, triangular silver nanoparticles (TSNP) are synthesized
through a seed mediated approach. In the seed silver nanoparticle synthesis, silver
nitrate (AgNO:s) is reduced by sodium borohydride (NaBH.) in the presence of poly
(sodium styrenesulphonate) salt as stabilizer. Moreover, the latter has a critical role in

the formation of the triangular nanostructures as previous studies reported that its
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absence in the process caused inhomogeneous samples with varying shapes and sizes
(Aherne et al., 2008).

The reduction of silver in the seed production can be illustrated with the following

chemical reaction (Solomon et al., 2007):
AgNos + NaBHs 2> Ag + %2 Ha + %2 BoHs + NaNO3

It has also been reported that citrate (CeHsNazO-) and ascorbic acid (CsHsOg) have some
influence in the formation of triangular silver nanoparticles as they react with unreacted
Ag" ions from the spherical seeds (Etacheri et al., 2010) (Figure 9). After the formation
of seed silver nanoparticles, these are then used to mediate the reduction of unreacted
silver by ascorbic acid and finally citrate is added to the reaction to stabilize the sample
(Figure 10) (Etacheri et al., 2010; Kelly et al., 2012).

+ Ag++ CeHeO6 CeHsNaz Oy

Seed silver Triangular silver
nanoparticles nanoparticles

Figure 9. lllustration of TSNP formation. Adapted from (Etacheri et al., 2010).

In biosensing applications, the local surface plasmon resonance (LSPR) of the
nanoparticles is used where changes in the position of the LSPR bands are observed.
This position depends on the nanoparticles shape, size, uniformity and composition,
hence the importance in the homogeneity of nanoparticles in biosensing studies
(Loiseau et al., 2019). A varied range of nanostructures with high refractive index

sensitivities have been reported to date such as triangular silver nanoplates (TSNP),
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edge gold coated silver nanoprisms, nanorice, nanobipyramids, and nanorings (Y.
Zhang et al., 2014).

a) b)

Figure 10. a) Silver seed solution, b) Triangular Silver Nanoplates solution, c) TEM image of TSNP from (Aherne
etal, 2008).

Among these diverse nanostructures, TSNP exhibit attractive tunable plasmonic
properties due to their sharp corners (J. Ahmad et al., 2019). Their optical profile
displays the strongest and sharpest bands among all metals (Petryayeva & Krull, 2011).
However, they have been found to be highly unstable in physiological environments
(Munechika et al., 2007; Wijaya et al., 2017). Generally, silver nanostructures have
been observed to be unstable under physiological conditions due to chloride ions and
other anions causing catalytic oxidation (etching) of the surface of the nanoplates.
Etching of TSNP can result in corroding of the triangular structure to disc shaped or
small spherical nanoparticles, thereby compromising their plasmonic resonance
properties (Aherne et al., 2009; Y. Zhang et al., 2014). One approach by Aherne et al.
(2009) that has proven to be effective in protecting the silver nanoplates from etching

is the presence of a thin gold coating at silver nanostructure edges which also enhances
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their LSPR sensitivity (Aherne et al., 2009). In this study, the epitaxial deposition of a
thin layer of gold in the triangular nanoplates edges was accomplished demonstrating
that at low Ag:Au ratios the nanoplates are successfully edge-coated without any
structural damage associated with galvanic replacement and with no major changes in
the nanoplates optical properties. This approach not only provides protection against
etching by chloride ions but also demonstrates that etching is face-selective and it does
not affect the flat {111} faces of the nanoplates. The study also reported the enhanced
sensitivity of the gold-edge coated triangular silver nanoplates to changes in the local
refractive index which makes them promising tools for the development of refractive-

index based biosensors.

Surface Plasmon Resonance (SPR) and Local Surface Plasmon Resonance (LSPR)
Surface plasmons are electromagnetic waves confined on the surface between a metal-
dielectric medium. The excitation of these plasmons by electromagnetic radiation (EM)
is known as Surface Plasmon Resonance (SPR). Moreover, Local Surface Plasmon
Resonance (LSPR) is an optical phenomenon, which has emerged as a sensitive label-
free biosensing technique, which makes use of the sensitivity of these plasmons
frequency to changes in local index of refraction at the nanoparticle surface (Unser et
al., 2015).

Refractive index is known as the ratio of the speed of light of a specified wavelength in
air to its speed in the studied environment medium (Silla et al., 2014). Thus, changes in
the environment can be sensed through LSPR wavelength shift measurements as LSPR
is sensitive to local dielectric environment variations, hence, LSPR bands exhibit
redshifts as the medium refractive index increases (Long & Jing, 2014; Willets & Van
Duyne, 2007). This is a powerful tool for optical biosensing applications in a range of
areas including biology, biochemistry and medical sciences (Y. Tang et al., 2010). SPR
and LSPR based techniques have the potential to be used as portable devices for

diagnosis, easy to use point-of-care (POC) device platforms (Mauriz et al., 2019).

For instance, in a study of Vu Nu et al., (2018), tau and phosphorylated tau proteins
(neuronal proteins) are detected through an immunoassay in human blood sera by use
of a SPR fibre sensor for the early diagnosis of Alzheimer’s disease (AD). The study
consisted in the immobilization of Tau antibody onto a thiol Self-assembled Monolayer
(SAM) followed by the detection of total Tau proteins. The results showed a higher
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concentration of phosphorylated tau protein in the blood of AD patients in comparison
to the control group patient-samples. Truong and co-workers demonstrated with this
study the potential application of SPR devices for POC testing of tau proteins present
in human blood (Vu Nu et al., 2018).

Another study by Liyanage et al. (2017) achieved the biosensing of attomolar (108
moles per litre) concentrations of a cardiac biomarker, Troponin T (cTnT), in human
plasma, serum and urine. This biomarker is of clinical importance as it is involved in
the diagnosis of myocardial infarction. In this study they measured the LSPR
wavelength shift of anti-cTnT functionalised gold triangular nanoplates (AuTNPS)
which is caused by the change in the local refractive index upon cTnT binding. This
study demonstrated the potential of LSPR-based nanobiosensors with excellent limit of

detection (LOD) for attomolar concentrations (Liyanage et al., 2017).

Furthermore, in a study of K. Wang et al. (2017), an LSPR biosensor that combines
Rayleigh scattering spectroscopy with Dark-field Microscopy (DFM) is described for
the in situ detection and monitoring of telomerase activity in the presence of cancer
cells (positive for telomerase) and normal cells. In this study single chain DNA was
functionalised on gold nanoparticles and gold satellites which were assembled through
DNA specific hybridization. Telomerase activity triggered the coupled nanoparticles
disassembly which was observed as an LSPR spectral blueshift along with colour
changes in the scattering colour from green (in cancer cells) to orange (in normal cells).
Results showed higher activity of telomerase in cancer cells than in normal cells which
proposes this method for its application in the monitoring of intracellular telomerase
activity and distinction between cancer cells and healthy cells (K. Wang et al., 2017).

LSPR-based nanosensors were also employed in a comprehensive study by Endo et al.
(2006) where they developed a multiarray optical nanochip constructed by a core-shell
structured nanoparticle layer for screening biomolecular interactions between
immunoglobulins (IgA, IgD, IgG,IgM) by antigen-antibody reaction. In this study,
antibodies were immobilized onto a multiarray LSPR-based nanochip, and after that,
different concentrations of antigen solutions were added to the array. Optical evaluation
was carried out by UV-Vis spectroscopy measurements where results showed that the
absorbance strength was proportional to the concentration of the applied antigen on the

array spot. This highlights the possibility of this method for its application in point-of-
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2.7.1

care diagnosis in a label-free, low cost and convenient manner as well as its applications
in biomarker research, cancer diagnosis and detection of infectious microorganisms
(Endo et al., 2006).

Triangular Silver Nanoplates applications

As previously mentioned, noble metal nanoparticles have been significantly studied due
to their remarkable properties and potential applications based on the LSPR of the
nanoparticles. Earlier studies have shown that plasmon frequency is particularly
sensitive to nanoparticle properties such as shape, size and dielectric environment.
Among the diverse nanostructures with high refractive index sensitivities, TSNP
exhibit attractive tunable plasmonic properties due to their sharp corners. These
nanoparticle sensors have been employed in two main detection modalities, solution-

phase nanoparticle sensing and surface-bound nanoparticle arrays.

Solution-phase nanoparticle sensing

Solution-phase nanoparticle sensing is a straight forward and powerful modality that
can efficiently detect molecules of interest. Particularly, it is a useful tool to study
biological molecules in aqueous phase as they are homogeneously in phase with the
sensitive nanoparticles where their total surface area is exposed to the target molecule.
This decreases the need for further sample preparation (Haes et al., 2004; Y. Zhang et
al., 2014).

As an illustration, in a previous comprehensive study by Y. Zhang et al. (2014), TSNP
were used for the highly sensitive detection of C-reactive protein (hs-CRP). This is an
acute phase indicator for infection and inflammation that has been investigated as a
diagnostic accessory (Clyne & Olshaker, 1999). In Zhang’s studies, TSNP and
AuTSNP were functionalised with cytidine 5’-diphosphocholine (PC), which has high
affinity for CRP (PC-CRP binding was facilitated by using CaCl. as it is Ca?*
dependent), and it was used as a receptor agent in a one-step rapid detection of this
protein. Human CRP in different concentrations was incubated with TSNP and
AUTSNP and UV-Vis measurements were taken after 3 minutes at each concentration.
Results showed blue shifts for PC-TSNP due to etching by the chloride ions from CaCl»
in comparison to increasing red shifts for AUTSNP for increasing concentrations of

CRP. This research presents nanostructure biosensors that are not attached to a substrate
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as advantageous tools, as they are homogeneously in phase with the analyte and their
total surface area is exposed to the target molecule. It also highlights the potential of
the gold edge-coating procedure which not only serves as nanoplates protection but
enhances the limit of detection of these TSNP biosensors (Y. Zhang et al., 2014).

Another study by Brennan-Fournet et al. (2015) also used TSNP in a straightforward
assay for the detection of CTSB (cathepsin B) in serum, as it is an important disease
biomarker which increased levels are known to be involved in cancer. In this study,
protein conformational changes of Fn, which was functionalised on TSNP, were
analysed to understand its folding/unfolding behaviour when exposed to different pH
solutions. This protein was observed to change from compact (at pH 7) to extended
formats when exposed to a buffer solution at pH 4. For CTSB studies, cleavage of Fn
protein functionalised on TSNP was used as indicator of CTSB presence in human
serum. Fn functionalised nanoplates were incubated overnight in serum at pH 4 to
guarantee a spectral response to serum proteins, non-specific binding and protein
corona formation. Results showed a clear blue shift in the spectra, which indicated the
reduced extension of Fn and no significant non-specific binding which showed Fn as a
strong inhibitor to non-specific binding and allowing the detection of CTSB activity
(Brennan-Fournet et al., 2015).

Moreover, in a study of Q. Cai et al (2022) the development of a colorimetric assay for
the detection of chemotherapeutic drug 6-mercaptopurine (6-MP) based on the LSPR
of triangular silver nanoplates (TSNP) is reported. TSNP are etched in the presence of
chloride ions (Cl-) resulting in a change of shape, which is observed as a blueshift on
the LSPR spectrum. In the presence of 6-MP there is a protective effect on the
nanoplates, hence, there is a reversed shift of the spectrum. In this study there is a linear
relationship between the concentration of the drug and the LSPR wavelength shifts,
establishing a fast and selective detection method (Q. Cai et al., 2022).

Surface-bound nanoparticle arrays

In contrast to solution-phase nanoparticle biosensing, nanostructuring techniques such
as nanoparticle arrays are attractive options due to their low cost and straightforward

tunability. The nanoarray behavior can be considerably controlled by varying
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nanoparticle size, matrix material and distance between particles (Aliofkhazraei, 2015;
Brady et al., 2018).

For instance, the Van Duyne group developed an LSPR biosensor by using
nanoparticle-antibody conjugates in a silver nanoprism array (Hall et al., 2011). The
method consisted in the enhancement of the LSPR wavelength shift for sensitive
detection of low concentration analytes by using gold nanoparticle-labeled antibodies.
The Van Duyne group used the biotin-antibiotin pair and demonstrated a nearly 400%
enhancement shift of the antibody-analyte binding. The biotin-specific antibodies were
incubated with a gold colloidal solution for functionalization and UV-Vis
measurements were carried out before and after incubation to verify correct attachment
of the anti-biotin to the particles. Silver nanoprism arrays (nanosphere lithography,
NSL) functionalized with biotin-terminated ligands were fabricated to facilitate amine-
conjugated biotin to attach. Extinction spectrum measurements were carried out prior
and after incubation with either nanoparticle-anti-biotin and native anti-biotin to
observe the shift difference when nanoparticle plasmonic coupling (silver nanoprisms-
gold colloids) occurred. Results showed a 400% enhanced shift of the anti-biotin-
nanoparticle conjugate in comparison to the native anti-biotin. This indicates the
coupling of the local surface plasmons of the nanoparticle label with the nanoparticle
substrate plasmons, which results in LSPR spectrum shifts that add to the refractive
index induced shifts. This study demonstrates LSPR sensors as powerful tools for
antibody-antigen studies and the versatility of the method to be enhanced when taking

advantage of the nanoparticles coupling properties.

LSPR properties of noble metal nanoparticles have been extensively used over the past
decades in biological and chemical sensing areas. Selective biosensing of molecules
using labeled nanoparticles has been under intense research where outstanding tunable
and unique plasmonic properties of silver and gold nanoparticles have been
demonstrated (Loiseau et al., 2019). Moreover, LSPR-based techniques can be used
together with other methods (dual plasmonic sensing) to enhance optical signals, which

makes them an attractive tool for molecule biosensing studies.
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Immunoassays

Immunoassays are bioanalytical methods that play important roles in areas such as
clinical diagnostics, biopharmaceutical analysis, food testing, and environmental
monitoring, among others (Vashist & Luong, 2018). They are based on the quantitation
of an analyte through the reaction of an antigen (analyte) and an antibody which is
specific to the analyte (Darwish, 2006). The assay reagent antibodies capture the
antigen selectively or emit a detection signal. = The assays can employ
electrochemiluminescent, colorimetric and fluorescent detection methods, among
others (Marian & Seghezzi, 2013). The high selectivity of antibodies towards their
matching antigens facilitates the recognition of the antigen-antibody system even in

complex environments (Rizzo, 2022).

Immunoassays can be classified as homogeneous or heterogeneous depending on the
experimental technique followed to perform the assay. Heterogeneous immunoassays
(ie. Enzyme-linked Immunosorbent Assay, ELISA), which are most commonly known
as sandwich immunoassays or immunometric immunoassays consist in an immobilized
antibody onto a solid support which binds to the sample analyte, then a second labelled
antibody which recognises another part of the analyte generates the signal (Figure 11)
(Rizzo, 2022). An important feature of heterogeneous assays is the need of a washing
step before the final analysis; the labelled antibody must be detached from the free label

prior to measuring the signal (Dinis-Oliveira, 2014).
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Figure 11. Heterogeneous sandwich immunoassay, (Rizzo, 2022).
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In the case of homogeneous immunoassays (ie. Kinetic Interaction of
Microparticulates in Solution, KIMS) (Figure 12), the process is simplified when the
detection signals are generated without the need of a separation step of the antibody-
bound label, however, the use of solvents for extraction of the analytes before the
immunoassay is convenient to increase selectivity (Dinis-Oliveira, 2014; Liu et al.,
2016).
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Figure 12. KIMS homogeneous immunoassay example. a) Negative analysis, b) Positive analysis. (Dinis-Oliveira,
2014).

A recent example of the application of immunoassays is in the recent pandemic named
by the World Health Organization (WHO) as “COVID-19” which is caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)(Cascella et al., 2022;
Rizzo, 2022). Its rapid and accurate detection is extremely important to prevent the
spread of the infection. The gold standard for the detection of the virus has been the
reverse transcription polymerase chain reaction (RT-PCR) which consists in the
analysis of the virus RNA present in patient samples (Carter et al., 2020). This has
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motivated researchers to find other alternatives for the detection, diagnosis and
treatment of this viral threat. Currently, chemiluminescence immunoassays and
traditional ELISAs have been approved by the United States Food and Drug
Administration (FDA), but some other methods have shown promising results for the
detection of COVID-19 and are currently under research (Rizzo, 2022).

Immunoassays are selective and sensitive, however, labelling agents are commonly
used to increase sensitivity and catalyse the reaction (Ahmed et al., 2020). Moreover,
these methods involve laborious protocols and, in some cases, several days to complete
a reaction (Cox et al., 2019). Other limitations could include poor signal stability, and
the need for large sample volumes since tests are usually carried out in 96-well format,
which requires between 100 pL and 200 pL of sample, limiting ability to add replicates
(PerkinElmer & Inc, n.d.).

Coronavirus Disease 2019 (COVID-19)

Since the influenza pandemic of 1918, coronavirus disease 2019 (COVID-19) has
emerged as the most consequential global health crisis taking more than 6 million lives
worldwide (Cascella et al., 2022). It is transmitted through viral particles encapsulated
in droplets from saliva or mucus from an infected individual to a healthy individual
(Jayaweera et al., 2020). SARS-Cov-2 belongs to the Coronaviridae family (subdivided
in two subfamilies Coronavirinae and Torovirinae) and Nidovirales order. Within the
Coronavirinae subfamily there are 4 main subgenera: Alphacoronavirus,
Betacoronavirus, Gammacoronavirus and Deltacoronavirus (Harapan et al., 2020).
SARS-Cov-2 is a member of the Betacoronavirus genera with two highly infectious
viruses, SARS-Cov and MERS-Cov (Middle Eastern respiratory syndrome
coronavirus) (Burrell et al., 2017; Harapan et al., 2020).

The positive-stranded RNA (+ssRNA) coronaviruses have a crown-like aspect as
shown by electron microscopes (Figure 13). This is due to the spike glycoproteins

present in the virus envelope.
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Figure 13. Transmission Electron Microscopy (TEM) of novel coronavirus SARS-COv-2 (National Institutes of
Health, 2020).

The coronavirus encodes four proteins in its structure, Nucleocapsid (N) protein (covers
viral RNA critical for replication and transcription), Membrane (M) protein (vital role
in the coronavirus assembly), Spike (S) protein with S1/S2 subunits (mediates virus-
host cell attachment), Envelope (E) protein (virus-host cell interactions) and other
several non-structural proteins (nsp) (Boopathi et al., 2020). The mechanism of
infection of SARS-Cov-2 consists in the interaction between a cell surface receptor
ACE-2 (angiotensin-converting enzyme-2) and the receptor binding domain (RBD) of
the S protein. The virus entry into the host human cell takes place after the fusion of the
S protein to the cell membrane mediated by its cleavage by host cell proteases (serine
proteases, transmembrane serine protease 2, cathepsin B or L), and furin present in the

cell membrane (Figure 14) (Kumar et al., 2021).
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Figure 14. lllustration of SARS-COv-2 mechanism of infection (Kumar et al., 2021).

To date, the gold standard for the detection of the virus has been the reverse
transcription polymerase chain reaction (RT-PCR) which consists in the analysis of the
virus RNA present in patient samples (Carter et al., 2020). Nonetheless, this technique
is complex, time-consuming and labour intensive, thus, improved techniques for faster
and easier detection must be sought after (Iravani, 2020; Teymouri et al., 2021). In
recent research, the potential of metallic nanoparticles for the detection of COVID-19
has been presented, for instance, colourimetric assays with gold nanoparticles and
LSPR based techniques with gold nanospikes for the detection of nucleic acids and

antibodies, respectively (Iravani, 2020).

In a study developed by Moitra et al. (2020), naked-eye detection of SARS-CoV-2 is
achieved through a colorimetric assay using gold nanoparticles (AuNPs) functionalised
with thiol-modified antisense oligonucleotides (ASOs), which are specific for the N-
gene, the nucleocapsid phosphoprotein of SARS-CoV-2. Upon collection of a COVID
positive sample, the thiolated ASO-functionalised AuNPs agglomerate as a
consequence of the target RNA sequence present in the sample. This causes an
alteration in its SPR which is further enhanced by the addition of Ribonuclease H
(RNaseH) responsible for RNA cleavage, leading to visible precipitation of AuNPs
(Moitra et al., 2020).

49



Moreover, metallic nanoparticles have also been used for the detection of COVID-19
through an optofluidic platform with gold nanospikes constructed by electrodeposition.
Funari et al. (2020) detected the presence of SARS-CoV-2 antibodies specific to the
spike protein in human plasma. Results are interpreted through changes in the LSPR of
the gold nanospikes upon antigen-antibody (Ag-Ab) binding. In this study low LOD
was achieved which falls under the clinical relevant concentration range (Funari et al.,
2020) .

In recent years, several other nanoparticle-based biosensors for the detection of
coronavirus have been developed such as gold NPs, Lanthanide doped polystyrene NPs,
graphene, quantum dots, among others. These biosensors use LSPR principles and
plasmonic effect-based colorimetry. This presents the nanobiosensors as advantageous
options for the detection of viral infections in contrast to conventional testing methods.
(Naikoo et al., 2022).
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CHAPTER 3.
INSTRUMENTATION

AND METHODOLOGY



3.1

3.1.1

Materials for TSNP production, protection and functionalisation

Silver nitrate >99.9% (204390-1G), trisodium citrate >99.0% (S4641-25G), poly (4-
styrene sulfonate sodium salt) (434574-5G), L-Ascorbic acid >99.0% (A92902-100G),
chloroauric acid >99.9% (520918-1G), sodium borohydride >99.0% (213462-25G),
disodium phosphate buffer (30414-500G) >99.9-101%, sodium phosphate monobasic
monohydrate (71507-1KG). fibronectin bovine plasma (F4759-1G), polyethylene
glycol 20000 (8.17018), sucrose (84097-1KG) were obtained from Sigma Aldrich. The
pump used in the nanoplates’ synthesis was Syrris FRX pump, and the UV plate reader

used was Biotek Synergy HT Microplate Reader from Biotek Instruments.

Materials for scaffold preparation, protein monitoring and detection

Chitosan high MW (419419-50G), hydroxyapatite (04238-1KG), water for HPLC
(270733-2.5L), C2C12 myoblast cell line (91031101-1VL), Dulbecco’s Modified
Eagle’s Medium (D1145-500ML), trypsin-EDTA Solution 1X (59428C-500ML), Fetal
Bovine Serum (F7524-500ML), Horse Serum donor herd (H1270-500ML), penicillin-
streptomycin (P4333-20ML) and L-glutamine solution (G7513-20ML), Anti-FN
antibody (AV41490-100UL), were obtained from Sigma Aldrich. MC3T3-E1 pre-
osteoblast cell line (CRL-2593) was obtained from ATCC, Gibco Alpha Minimum
Essential Medium (41061029), Invitrogen SARS-CoV-2 Spike Protein (RBD)
Polyclonal Antibody (PA5-114451, 0.5-1 mg/mL) and Invitrogen SARS-CoV-2
Nucleocapsid/Spike Protein (RBD) Recombinant Protein (RP87706) were obtained
from ThermoFisher. Sodium bicarbonate 99.5% was obtained from Acros Organics
(Fisher Scientific UK Ltd., Loughborough, United Kingdom), poly(ethylene glycol)
600 dimethacrylate (02364-100) was obtained from Polysciences Inc, benzophenone,
99% (A10739.30) was obtained from Alfa Aesar. Human TJP1 recombinant protein
(APreST83050, 0.5-1 mg/mL) and human-specific AntiTJP1 antibody (HPA001636,
0.5-1 mg/mL) were obtained from AtlasAntibodies. The UV curing system used was
Dr. Grobel UV-Electronik GmbH; cellular images were captured with an inverted light-
microscope Olympus CKX41 from Olympus Life Science with a 3.0 MP camera
attachment. Pulsed UV equipment used for scaffold sterilization was Samtech Pulsed
UV system (Samtech Model PUV-01). Zetasizer Pro was obtained from Malvern
Panalytical Ltd.
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3.2

Ultraviolet-visible spectroscopy (UV-Vis)

The main tool used for the study of noble metal nanoparticles and their optical
properties is the ultraviolet-visible spectroscopy. These nanoparticles both absorb and
scatter light, which results in an extinction spectrum, known as the sum of absorption
and scattering. In this project, the spectrometer used for the study of TSNP is Biotek
Synergy HT Microplate Reader from Biotek Instruments. This equipment offers
different detection technologies such as absorbance measurement, fluorescence and
luminescence. For the purpose of this study, absorbance will be described.

UV-Vis spectroscopy is based on absorption spectroscopy where UV visible light is
absorbed by a sample as it passes through the well (Pentassuglia et al., 2018). The
molecule of interest will have an influence in the quantity of light absorbed (Jones et
al., 2004). Absorbance (A) or optical density (OD) follows the Lambert-Beer Law
(Rafferty, 2019),

A = ecl
Where,

e: Molar extinction coefficient (constant for a given chemical under particular

conditions)
c: Concentration of the solution

[: Path length in cm

This establishes that the optical density of a sample is proportional to the constant path
length and the concentration of the absorbing species (Ball, 2006) (Figure 15).
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Figure 15. Schematic diagram of Lambert-Beer Law

Surface Plasmon Resonance (SPR)

Surface plasmons are electromagnetic waves confined on the surface between a metal-
dielectric medium. The excitation of these plasmons by electromagnetic radiation (EM)
is known as Surface Plasmon Resonance (SPR). These plasmons propagate on x and y
directions between the metal and the dielectric medium for distances on the order of
tens to hundreds of microns with decay lengths in the z direction on the order of 200
nm (Willets & Van Duyne, 2007; Zamarrefio et al., 2014) (Figure 16). Commonly,
plasmon-resonance condition shifts can be detected through three approaches: SPR
imaging, SPR wavelength shift and SPR angle shift. The first method involves light at
constant wavelength and constant incident angle mapping the reflectivity of the studied
surface as a function of position, the second and third approaches analyse the
reflectivity of light as a function of either wavelength/angle of incidence at constant
angle of incidence/wavelength respectively (Brockman et al., 2000; Willets & Van
Duyne, 2007).
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Figure 16. Adaptation of a schematic diagram of SP propagation (Willets & Van Duyne, 2007).

Local Surface Plasmon Resonance

Optical properties of noble metal nanostructures are ruled by their unique Local Surface
Plasmon Resonance (LSPR), which refers to the collective oscillation of electrons
around nanoparticles and their interaction with incident light of a certain wavelength
(Ding & Chen, 2016; Kelly et al., 2012). These nanoparticles are much smaller than the
incident light (Willets & Van Duyne, 2007). The plasmon resonance takes place when
the oscillation frequency of photons and electrons is matched (Long & Jing, 2014). This
collective oscillation is maximized at the resonance wavelength, which takes place at
the visible light spectrum for noble metal nanoparticles (Hong et al., 2012) (Figure 17).
Silver and gold are commonly used noble metals for nanoparticle production due to
their energy levels of d-d transitions, which exhibit LSPR in the visible range of the

spectrum (Petryayeva & Krull, 2011).
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Figure 17. Local Surface Plasmon Resonance phenomenon (Hong et al., 2012).

Optical properties of nanoparticles can be illustrated through Gustav Mie’s solution to
Maxwell’s equations (Modified Long Wavelength Approximation MLWA)(Unser et
al., 2015; Willets & Van Duyne, 2007) which is used to describe the extinction spectra

(Coxt) OF a given nanoparticle:

3
_ 24m°R3eiN &
LT An(10) (g + Xep)? + €7

Where,

R: Radius of the nanoparticle.

A: Wavelength of the incident light.

&n. Dielectric constant of the surrounding environment.

&- and ¢; : Real and imaginary dielectric constants of the bulk metal, respectively.
N: Electron density (number of nanoparticles).

X: Shape of the particle (X =2 for the case of a sphere).

As shown above, LSPR oscillations are intensely dependent upon particle properties
like shape, size, and dielectric constant as well as the dielectric constant of the

surrounding environment (Kelly et al., 2012). However, Mie’s theory only offers
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solution for spherical and shell geometries, hence, approximation for all other shapes
must be carried out. Researchers have developed supplementary methods for these
calculations including discrete dipole approximation (DDA) and the finite difference
time domain method (FDTD); in both of these numerical methods the analysed particle
is represented as N polarizable components which can interact with the electric field
delivered (Wiley et al., 2006; Willets & Van Duyne, 2007). There is a range of
nanoparticles including nanodiscs, nanoprisms, nanospheres, among others, which
exhibit sensitive detection of LSPR signals, nevertheless, among these variants, non-
spherical low-symmetry nanoparticles offer a higher sensitivity to refractive index
changes (Hong et al., 2012).

In a comprehensive study by Wiley and co-workers, DDA calculations for different
silver nanostructures were carried out to illustrate how geometry is related to
nanostructure optical properties. In this study, it was demonstrated that nanostructures
with sharp corners show greater red-shift peaks that of spherical nanoparticles due to
the accumulation of charges at the corners. The increase in the separation of charges
(surface polarization) when segregated into the corners results in the reduction of the
restoring force for electron oscillation, which can then be observed as a red shift of the
resonance peak (Aizpurua et al., 2005). The researchers also compared different
anisotropic 2D nanostructures which showed increased surface polarization along their
long axis displaying more red-shifted peaks in comparison to isotropic nanostructures
(Wiley et al., 2006).
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Figure 18. Adapted scheme of DDA calculated extinction (black line), absorption (red line) and scattering (blue
line) of different silver nanoparticle geometries (Wiley et al., 2006).

Figure 18 illustrates the difference in the UV-Vis spectra of different anisotropic and
isotropic nanostructures where it can be observed that the less symmetrical
nanostructures show more red-shifted peaks than that of the mirror symmetry
structures. However, in figures 18B and 18D, the resonance peaks are more intense,
which is due to the increased dipole moment when the circular symmetry absorbs and
scatters light more intensely (Aizpurua et al., 2005; Wiley et al., 2006)

In this project, triangular silver nanoplates were prepared and their remarkable optical
properties studied and described, as less symmetrical nanostructures have shown to
have increased sensitivity to changes in the local refractive index. All LSPR recordings
were carried out using 96-well plates with the Biotek Synergy HT microplate reader.
The microplate reader was adjusted for absorbance measurements from wavelengths

300-900 nm in 1 nm increments.

Local Surface Plasmon Resonance Challenges

As mentioned in the previous sections, Local Surface Plasmon Resonance has

developed as a strong alternative for label-free biosensing applications. This technique
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employs the sensitivity of metal nanoparticles’ surface plasmons to the changes in the
refractive index of the medium in which they are immersed. Noble metal nanoparticles
have been under intense research due to their remarkable properties and their growing
advantages in biosensing methods, however, several challenges have been experienced
through research when using LSPR technique (Unser et al., 2015). These challenges
include improving the limit of detection and selectivity in a complex solution, among

others.

LSPR technique is highly sensitive, however, when it comes to the study of small
molecules, large amounts of sample are required to cover the particles surface to
enhance detection. The first strategy to deal with the limit of detection challenge
involves the “sandwich” detection of samples consisting of primary antibody-antigen-
secondary antibody conjugate. In this method the primary antibody captures the target
sample while the secondary antibody increases the molecular mass of the target
improving the limit of detection (Guo et al., 2015). Another strategy is by enzymatic
amplification where there is an enhanced response caused by by-products of chemical
reactions. This method utilizes the primary antibody-antigen-secondary antibody
format where the secondary antibody has a molecule attached that reacts with the target
molecule, resulting in the precipitation of a by-product that amplifies the LSPR signal
(Lee et al., 2011; Unser et al., 2015).

LSPR sensing method is excellent when employed without interfering elements,
however, when analyzing a sample in complex solutions (e.g. blood), results could
present false significant red shifts. These due to non-specific bindings as a result of
other proteins an macromolecules in the media surrounding the analyte which may bind
to the nanoparticles causing inaccurate results (Chen et al., 2010; Unser et al., 2015).
One of the reported approaches to improving the selectivity is through functionalization
layers, in this case, the selectivity will be determined from the functionalization layer
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on the surface of the nanoparticles (Unser et al., 2015).
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Figure 19. UV-Vis spectra of AuNPs (A) without D-glucose (B) AuNPs with 25 nM D-glucose concentration.
Presence of D-glucose in the sample caused a colour change which resulted in a redshift of the spectrum. Adapted
from (Pandya et al., 2013)

As an illustration, in a previous study of (Pandya et al., 2013), colorimetric detection
of glucose in human blood serum is carried out through a non-enzymatic approach
where receptor calix[4]arene/phenyl boronic acid (CX-PBA) functionalized AuNPs
recognized glucose. This sensitive colorimetric detection assay involved the
aggregation of AuUNPs when there was presence of D-glucose, and a colour change from
wine red to blue was reported resulting in a red shift of the LSPR spectra as illustrated
in Figure 19 (Pandya et al., 2013).

Triangular Silver Nanoplate Seeds production

Triangular Silver Nanoplates were prepared by a seed mediated approach where silver
nitrate is reduced by sodium borohydride, and a further reduction of silver ions is
mediated by ascorbic acid (Aherne et al., 2009). Seeds were prepared in a beaker on a
magnetic stirrer continuously at 700 rpm. 4.5 mL of ultrapure water were added to the
beaker followed by the addition of 500 pL of trisodium citrate (TSC) 25 mM as particle
stabilizer, 250 L of poly (4-styrene sulfonate sodium salt) (PSSS) 500 mgL? as a
shape-directing agent and 300 uL of sodium borohydride (NaBH4) 10mM (Aherne et
al., 2008). Subsequently, 5 mL of silver nitrate (AgNOz) 0.5 mM were added with a

60



3.5.1

3.5.2

pump at a rate of 2 mL min! close to the centre of the vortex. Seeds were then left to

grow on the bench for at least 4 h before starting with the TSNP synthesis.

Optimization of Triangular Silver Nanoplates preparation

In first experiments Aherne’s protocol was followed by adding 5 mL of ultrapure water
to a beaker in continuous stirring at 700 rpm, followed by the addition of 75 uL of
ascorbic acid (L-AA) 10mM as reducing agent, 200 pL of the seeds solution, 3 mL of
AgNOs3 0.5 mM at a pump rate of 1 mL mint, and finally 500 uL of TSC 25 mM (Kelly
etal., 2012). The final volume was then brought to 10 mL with ultrapure water leaving
a concentration of silver of 16.692 ppm in the solution. This protocol showed results of

broad localised surface plasmon resonances (LSPR).

In the modified method, 4 ml of ultrapure water were added to a beaker in continuous
stirring at 700 rpm, 75 pL of L-AA were added subsequently, followed by the addition
of 350 uL of seeds solution, 3 ml of AgNO3 at a pump rate of 1 mL min* (Syrris FRX
pump) and finally 350 pL of TSC. No further solutions were added in this method
leaving a final total volume of 7.775 mL leaving a higher concentration of silver of

21.962 ppm in the solution.

The size of the TSNP can be changed by adjusting the volume of the seeds added to the
reaction (D. Charles et al., 2010). A small amount of seeds results in bigger TSNP and

big amount of seeds results in smaller TSNP (Y. Zhang et al., 2014).

TSNP gold edge-coating method for protection and functionalisation

Upon TSNP preparation, the gold coating procedure was executed where different
amounts of Chloroauric acid (HAuCls) were added to 1 ml TSNP solution aliquots
(0.4071 ml of silver in the aliquot) together with 18.9 ul of L-AA. The respective
amounts of gold, in this case, 0 puL, 3.8 puL, 7.6 uL, 18.9 uL, 20 uL, 26.5 uL. and 37.8
uL were slowly added dropwise with a micropipette to the TSNP aliquot following
Table 1 where silver:gold ratios per aliquot are indicated. Then, stability test was carried
out to verify the least amount of gold needed for a successful gold flashing of the

nanoplates.
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Table 1. Ag:Au ratio volumes per TSNP aliquot

Ratio Ag:Au Au volume ()
1:0 0
1:0.009 3.8
1:0.019 7.6
1:0.046 18.9
1:0.049 20
1:0.060 26.5
1:0.928 37.8

3.5.3 Stability and sensitivity test

To test the success of the gold coating procedure, 100 uL of AUTSNP solution were
exposed to 100 puL of 20 mM sodium chloride (NaCl) solution (1:1 ratio) in an
Eppendorf tube. This was measured using the Biotek Synergy HT microplate reader to
observe any changes in the LSPR spectra. The microplate reader was adjusted for

absorbance measurements from wavelengths 300-900 nm in 1 nm increments.

Following the gold coating of the nanoplates, their LSPR sensitivity to variation in the
refractive index was carried out by the sucrose method. AUTSNPs were suspended in a
1:1 ratio to different concentrations of sucrose solutions (10%-50% (w/v)) prepared as
illustrated in Table 2, and measured using a microplate reader. The corresponding
refractive index for each sucrose solution according to the Brix scale is stated in Table
2 (Featherstone, 2015).

Table 2. Sucrose solutions and concentrations

Sucrose (g) Water (mL) Concentration Refractive index
Brix Scale (RIU)

1 9 10% 1.3333

2 8 20% 1.3478

3 7 30% 1.3638

4 6 40% 1.3811

5 5 50% 1.4200
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3.5.4 Polyethylene glycol coating of AUTSNP

3.6

Before carrying out the protein monitoring assays, TSNPs were coated with
polyethylene glycol (PEG) to provide a protective layer. This helped minimise the
direct contact between the protein and the AUTSNPs, minimising the influence in the

protein conformational behaviour.

The AUTSNP solution was centrifuged at 16000 rpm at 4°C for 40 minutes and then,
the clear supernatant was discarded. The blue pellet of nanoplates was resuspended with
a 0.01% solution of PEG 20,000 in a 1:1 AuTSNP-PEG ratio in an Eppendorf tube.

Fn functionalisation of PEGAUTSNP and pH monitoring

Phosphate buffer Na;HPO4, 0.2 M was prepared by dissolving 2.84 g of NazHPO4 in
100 mL of NaCl 0.2 M.

Phosphate buffer NaH2PO4, 0.2 M at pH 4.16 was prepared by dissolving 3.12 g of
NaH2PO4in 100 mL of NaCl 0.2 M.

To prepare the buffer at pH 7.23, 40.5 mL Na2HPO4 0.2 M, 9.5 mL NaH2PO4 0.2 M
and 50 mL of ultrapure water were mixed. Before starting the experiments, buffers were
diluted to 0.01 M.

PEGAUTSNPs were functionalised with the protein by incubating 25 uL of Fn with 50
uL of PEG-NP in an Eppendorf tube. After that, 37.5 uL of the Fn functionalised PEG-
NP were incubated with 200 pL of phosphate buffer pH 7.2 and pH 4.1 respectively in
two new Eppendorf tubes. A 100 uL sample of each Eppendorf tube were placed in a
96-well plate and UV-Vis measurements were performed in a microplate reader to
record the protein structural changes. The microplate reader was adjusted for

absorbance measurements from wavelengths 300-900 nm in 1 nm increments.
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3.8

3.9

Bone tissue regeneration scaffolds preparation

Chistosan (Cs) scaffolds were prepared using a previously reported novel one-step
photocrosslinking reaction under the presence of UV light (Devine et al., 2019). For the
preparation, 1.5 g of high molecular weight Cs was dissolved by using 12.5 mL of 1%
acetic acid and left on the bench for 1 h. Subsequently, the protonated Cs paste was
neutralized by immersing it in a sodium bicarbonate solution 0.1 M for 10 minutes.
Then, excess liquid was removed by absorbing it from the paste with filter papers. 100
uL of PEG 600 DMA and 500 uL of 0.1% (w/v) benzophenone were added to the now
dried paste and mixed. Following that, 1.5 g of HAp powder was added into the paste
and mixed well. Cs-HAp scaffold paste was pressed in a silicon mould to have small
circular samples, subsequently, the mould was placed in the UV curing system (Dr.
Grobel UV-Electronik GmbH, spectral range 315-400 nm, high intensity 10-13.5 mW

cm?) for 10 minutes. All of the samples were flipped over mid-curing.

Fn functionalisation on PEGAUTSNP and pH monitoring in the presence of Cs-
HAp scaffolds

The Fn functionalisation of PEGAUTSNP procedure was carried out as previously
described. After that, two small circular scaffolds were placed in two Eppendorf tubes
followed by the addition of 200 uL of phosphate buffer (pH 7.2 or pH 4.1) and the Fn
PEGAUTSNP. The Eppendorf tubes were incubated at room temperature for
approximately 30 minutes. UV-Vis measurements in a microplate reader were
performed to record the protein behavioural changes. The microplate reader was
adjusted for absorbance measurements from wavelengths 300-900 nm in 1 nm

increments.

Cell culture with C2C12 myoblast cells

C2C12 is a myoblast cell line from mice muscles which exhibits rapid growth and
differentiation from myoblasts to myotubes. It has been demonstrated that there can be
a shift in the differentiation pathway from myoblastic cells to osteoblast lineage if cells
are treated with bone morphogenic protein 2 (BMP-2) (Katagiri et al., 1994). For this

cell line, cell passages were carried out every 3-4 days when cell confluence was around
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80-85% in a 1:10 split. First batch of C2C12 cells was obtained from a previously
cultured flask starting in passage number 3. Typical C2C12 morphology is displayed in
Figure 20.

Figure 20. C2C12 culture at ~70% confluence.

3.9.1 Cell culture with MC3T3-EL1 pre-osteoblast cells

MC3T3-E1 is an immortalized murine calvarial cell line (pre-osteoblastic) widely used
as model for osteoblast biology (Hwang & Horton, 2019). This subclone is reported to
exhibit high levels of osteoblast differentiation when grown in the presence of ascorbic
acid and inorganic phosphate (D. Wang et al., 1999). This cell line was passaged every
2-3 days when cell confluence was around 80-85% in a 1:10 split. MC3T3-E1 cells
were obtained fresh from the American Type Culture Collection in passage humber 17.

Typical MC3T3 morphology is shown in Figure 21.
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Figure 21. MC3T3-E1 cells at ~50% confluence.

3.9.1.1 Medium Preparation

C2C12 cells were cultured in phenol red-free supplemented Dulbecco’s Modified Eagle
Medium (DMEM). MC3T3-E1 cells were cultured in phenol red-free supplemented

Minimum Essential Medium a ( o —MEM).

Both mediums were previously prepared with 50 mL Fetal Bovine Serum (FBS), 5 mL
of L-Glutamine if needed, and 5 mL of Penicillin-Streptomycin for a 500 ml bottle of
medium, this was carried out to have the desired concentrations of 10% of FBS, 1%
Penicillin-Streptomycin and 1% L- Glutamine. 60 mL of the pure medium were taken

out of each bottle to add the complements.

3.9.1.2 MC3T3-E1 cells resuscitation

The cryovial containing 1 mL MC3T3-EL1 cells was taken out of the nitrogen tank and
was immediately placed in a water bath at 37°C to thaw for a couple of minutes. After
that, the thawed cells were poured into a 15 mL Eppendorf tube containing 9 mL of
fresh complete oo —~MEM media. The tube was then centrifuged at 130 RCF for 5

minutes to get a pellet of cells.
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3.9.2

3.9.3

Following the centrifugation, the supernatant was carefully discarded without
disturbing the cell pellet. This pellet was then resuspended in 1 mL of fresh media and
poured in a T-25 flask for culturing. Consequently, 4 mL of fresh media were added to
the T-25 flask and closed tightly.

The flask was properly labelled with cell name, passage number (P18), date and name,
and it was placed into an incubator with 5% CO: flow at 37 C for 3 days until 80-85%

confluence was reached.

Cell passage

Before starting the passage, trypsin, culture medium (DMEM or o —MEM) and sterile
PBS for cell culture (pH 7.4) were thawed for at least half an hour in the incubator at
37°C. Medium contained in the previously cultured T-flask was discarded. Following
that, 5 mL of sterile PBS were added to the flask to clean the remaining medium and
avoid deactivation of trypsin. The PBS was discarded and 2 mL of trypsin were added
to the flask in direction to the growth area. The flask was left in the incubator at 37°C

for 5 minutes to help the trypsin detach the cells.

After the incubation, cells were observed in the microscope to verify if they were
properly detached before continuing with the procedure. Consequently, 6 mL of
medium were added to the flask to deactivate trypsin and, all the liquid contained in the
T-flask was poured in a 15 mL Eppendorf tube for centrifugation at 150 rcf for 5
minutes. Immediately after centrifugation, supernatant was discarded and the pellet of

cells was resuspended with 1 mL of culture medium.

For the cell passage, 100 uL of the resuspended pellet were taken and poured in a new
T-flask and 10-12 mL of cell medium were added (1:10 split). The new T-flask with
the cells was incubated for 3-4 days at 37°C and 5% CO- flow for growth. This protocol
was followed for both cell lines, however, for MC3T3-E1 the centrifugation step is

performed at 130 rcf for 5 minutes and passages were carried out every 2-3 days.

Cell counting

Cell counting procedure was executed to perform the monitoring experiments where an

initial density of 25 x 10* cells per mL (200 uL per well; 5x 10* cells per well) were
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seeded in flat bottom 96-well plates. For this, cell culture passage procedure was
followed as stated in section 3.10.2, where a previously cultured T-flask was taken from
the incubator and media was discarded. Then, 5 mL of sterile PBS were added to the
flask to clean the remaining medium. Following that, PBS was discarded and 2 mL of
trypsin were slowly added to the flask over the growth area. The flask was left in the

incubator at 37°C for 5 minutes for trypsin to detach the cells.

Consequently, 6 mL of medium were added to the flask and all the liquid in the T-flask
was poured in a 15 mL Eppendorf tube for centrifugation at 150 rcf for C2C12 cells or
130 rcf for MC3T3-EL1 cells, for 5 minutes. Subsequently, cells were resuspended in 2
mL of culture medium and 20 uL of cells were transferred to a microcentrifuge tube.
Then, 80 uL of trypan blue were added to the microcentrifuge tube (cells: trypan ratio

1:4) and cells were counted using a haemocytometer.
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Figure 22. Haemocytometer grid.(Arnal Barbedo, 2013)

The haemocytometer was previously cleaned with 70% Isopropyl alcohol (IPA) to get
rid of any remains of previously counted cells that could interfere with the current cell-
count. After cleaning, a glass slide was placed on top of the haemocytometer grid and
a drop of the previously trypan stained cells was placed on the edge of the slide until
the drop dispersed underneath. Finally, the haemocytometer was placed under the
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microscope and only the white cells (blue stained cells indicate cell death) observed on

the haemocytometer quadrants (outer 4 as shown in Figure 22) were counted.
Cell density was calculated as follows:
Equation 1:

X1+ X2+ X3+ X4
4

=Y x10* cells/mL

(Y x10%*) x 5 trypan blue dilution factor = Z x10* cells/mL (i.e. Total cells)

Equation 2:

CiVi= GV, =—> V= (G C%Vlsz)

Where:

Ci: Total cells (i.e. Z x10* cells/mlL)

Co: Desired cell density

V>: Desired total volume of fresh media + cells (in mL) to be added to the wells (this
volume is dependent on the number of wells; 200 ul of cells is added per well)

V1: Volume of cells to be added to V> fresh media

After determination of V1,
Equation 3:
Fresh media needed =V, —V;

Finally, the mL of V1 calculated in equation 2 is added to the calculated V> in

equation 3, to obtain the desired cell density.
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3.9.4 Protein effective-denaturing time determination

Prior to the cell treatments for active Fn monitoring, protein effective-denaturing time
was determined in order to treat the cells with denatured Fn functionalised

PEGAUTSNP to act as a negative control for protein extension overtime.

C2C12 cells were counted and then plated with an initial density of 25 x 10* cells per

mL in a flat bottom 96-well plate and incubated for 24 h until confluence was reached.
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Figure 23. Fn PEGAUTSNP treatments layout in a 96 well-plate for effective-denaturing time testing.

After that, 3 Eppendorf tubes containing 20 ul of 1 mg mL™ Fn were placed in a water
bath at 95°C for 5 minutes, 10 minutes and 15 minutes respectively. Following that,
600uL of PEGAUTSNP were placed in 3 Eppendorf tubes and 20 pL of the recently

denatured Fn samples were added to each tube correspondingly for preincubation.
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Additionally, 600 uL of PEGAuTSNP and 20 pL of active 1 mg mL-1 Fn were also

preincubated.

All Fn-functionalised nanoplates were incubated with the cells in a PEGAUTSNP:
MEDIA ratio of 1:1.167, following the template in Figure 23. Prior to adding the
nanoplates to the cells, culture media was changed to fresh media. UV-Vis readings
were taken at 5 different time points (0 h, 3 h, 8 h, 24 h, and 32 h) in a microplate reader.
The microplate reader was adjusted for absorbance measurements from wavelengths
300-900 nm in 1 nm increments. Results were plotted and compared afterwards to

determine the most effective denaturing time.

Cell incubation with Fn functionalised PEGAUTSNP for protein monitoring

overtime

For Fn monitoring overtime, C2C12 cells were plated with an initial density of 25 x
10* cells per mL in a flat bottom 96-well plate and incubated for 24 h until confluence
was reached. After reaching confluence, PEGAUTSNP, active Fn functionalised
PEGAUTSNP and denatured Fn-functionalised PEGAUTSNP were incubated with the
cells in a PEGAUTSNP: MEDIA ratio of 1:1.167, following the template in Figure 24.
Culture media was changed to fresh media before adding the treatments to the
corresponding wells. UV-Vis readings were taken at 5 different time points (0 h, 3 h, 8
h, 24 h, and 32 h) in a microplate reader. The microplate reader was adjusted for

absorbance measurements from wavelengths 300-900 nm in 1 nm increments.
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Figure 24. Fn PEGAUTSNP treatments layout in a 96 well-plate for protein monitoring overtime.

3.10.1 Cell plating and incubation with Fn functionalised PEGAUTSNP and Cs-HAp

scaffolds for protein monitoring overtime

For Fn monitoring within cells and in the presence of Cs-HAp scaffolds, cells were
plated with an initial density of 25 x 10* cells per mL in a flat bottom 96-well plate and
incubated for 24 h until confluence was reached. Bone tissue regeneration scaffolds
were placed in the wells before adding the cells. Pulse UV sterilization of the scaffolds
was carried out prior to incubation with cells where 90 pulses of 800 watts frequencies
were administered on the scaffolds at a rate of 1 pulse per second. This was carried out
to prevent any contamination in the cell culture. After reaching confluence,
PEGAUTSNP and active Fn functionalised PEGAUTSNP were incubated with the cells
in a PEGAUTSNP: MEDIA ratio of 1:1.167, following the template in Figure 25.
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Culture media was changed to fresh culture media before adding the treatments to the
corresponding wells. UV-Vis readings were taken at 5 different time points (0 h, 3 h, 8
h, 24 h, and 32 h) in a microplate reader. The experiment was repeated three times
under the same conditions with three technical replicates per treatment in each

experiment.

The microplate reader was adjusted for absorbance measurements from wavelengths
300-900 nm in 1 nm increments.

1 2 3 4 5 6 7 8 9 10 11 12
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Figure 25. Fn PEGAUTSNP treatments layout in a 96 well-plate for protein monitoring overtime.

3.10.2 MC3T3-EL1 cells plating and incubation with Fn functionalised PEGAUTSNP
and Cs-HAp scaffolds for protein monitoring overtime

MC3T3-E1 cells were plated with an initial density of 76 x 10* cells per mL in a flat
bottom 24-well plate and incubated for 24 h until confluence was reached. After
reaching confluence, PEGAUTSNP, active Fn functionalised PEGAUTSNP and

denatured Fn-functionalised PEGAUTSNP were incubated with the cells in a
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PEGAUTSNP: MEDIA ratio of 1:1.167, following the template in Figure 26. Culture
media was changed to fresh media before adding the treatments to the corresponding

wells.

Cs-HAp scaffolds were placed in transwell inserts and placed in the wells. UV-Vis
readings were taken at 5 different time points (0 h, 3h, 8 h, 24 h, and 32 h) ina
microplate reader. Transwell inserts were taken out of the wells prior to the UV-Vis
measurements. The microplate reader was adjusted for absorbance measurements

from wavelengths 300-900 nm in 1 nm increments.

. PEGNP . BSA PEGNP

. ACTIVE FnPEGNP O ACTIVE FnPEGNP SCAFFOLD
. DENATURED FNPEGNP . DENATURED FRPEGNP

Figure 26. Fn PEGAUTSNP treatments layout in a 24 well-plate for protein monitoring overtime.

Assay was repeated three times under the same conditions with four technical replicates

per treatment in each experiment.
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3.11

Bone tissue regeneration hydrogel scaffolds preparation

Cs hydrogel scaffolds were prepared as previously described under this chapter in
section 3.7 with high molecular weight Cs, PEG 600 DMA, benzophenone and HAp.
The used volume of 1% acetic acid was modified to 30 mL to change the texture of the
scaffold into a viscous material. Cs-HAp scaffold paste was then pressed in a silicon
mould which was placed afterwards in the UV curing. All samples were flipped over

mid-curing.

After curing, all samples were placed in a 24 well-plate and injected with 200 pL of
ultrapure water to make them transparent and modify its consistency into a hydrogel.
Samples were left on the bench until the injected water was absorbed and consistency
was as desired, resulting in an aqueous hydrogel for pipette handling (Figure 27).

Figure 27. Cs-HAp hydrogels

3.11.1 Monitoring of on-scaffold loaded Fn in MC3T3-EL1 cells

MC3T3-E1 cells were plated at an initial density of 25x10* cells/mL in a flat bottom
96-well plate and incubated for 24 h until confluence was reached. Ten hydrogels were

prepared and 5 uL of Fn in its active and denatured forms were injected into each
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hydrogel. Furthermore, 1 mL of PEGAUTSNPs were synthesized and coated with Fn
in its active and denatured forms. After reaching cellular confluence, cell culture media
was changed to fresh media (50 uL), and 75 pL of hydrogel + 75 puL of PEGAUTSNP

were added to each well following the template in Figure 28.

Active and denatured Fn-PEGAUTSNP + unloaded hydrogel were used as a positive
and negative control respectively for protein extension overtime. The 96-well plate was
analysed in the microplate reader adjusted for absorbance measurements from

wavelengths 300-900 nm in 1 nm increments
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Figure 28. Fn-hydrogels and Fn-PEGAUTSNP treatments layout in a 24 well-plate for protein monitoring
overtime

The experiment was repeated two times under the same conditions with four technical

replicates per treatment in each experiment.
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3.12

3.12.1

3.12.2

Nanoplate-based direct immunoassay with Fibronectin and Anti-fibronectin
antibody.

The sensitivity and suitability of the nanoplates LSPR system for antibody (Ab)-
antigen (Ag) binding testing was assessed in a nanoplate-based direct immunoassay

by using purified Fn and its corresponding antibody.

Nanoplate-based immunoassay system testing with active and denatured Fn

PEGAUTSNP were prepared as per previous sections and several concentrations of Fn
were added to 1 mL of PEGAUTSNP (5 pug, 8 ug, 10 ug, 15 ug) to observe the minimum
required to perceive a difference in the spectrum and use the minimum possible to
successfully coat the nanoplates. Samples were placed in a 96-well plate and analysed
in the microplate reader adjusted for absorbance measurements from wavelengths 300-

900 nm in 1 nm increments.

Following the first reading, 1 ug of Anti-Fn was added to each of the wells and the plate
was analysed in the microplate reader once more to observe shift differences upon Ab-
Ag binding and determine the least amount to successfully cover the nanoplates’

surface.

Denatured FNnPEGAUTSNP was used as negative control for binding.

Nanoplate-based immunoassay system testing with spun-down Fn functionalised
PEGAUTSNP

Experiment in section 3.12.1 was replicated with a different approach. Several
concentrations of Fn were added to 1 mL of PEGAUTSNP (5 ug, 8 ug, 10 ug, 15 ug)
and analysed before and after the addition of 1 ug of AntiFn. Samples of Fn-
PEGAUTSNP were centrifuged at 16000 rpm at 4°C for 40 minutes to discard free non-
attached Fn from the supernatant and observe differences in the LSPR spectra related

to Anti-Fn and Fn binding in the supernatant instead of in the nanoplates surface.
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Similar to the previous experiment, samples were placed in a 96-well plate and analysed
in the microplate reader. Following the first reading, 1 ug of Anti-Fn was added to each
of the wells. The microplate reader was adjusted for absorbance measurements from

wavelengths 300-900 nm in 1 nm increments.

3.12.3 Nanoplate-based immunoassay with changing concentration of Anti-Fn antibody

3.13

3.13.1

The limit of detection (LOD) of the Ag-Ab system was determined by using different
concentrations of antibody in a sample of Fn-PEGAUTSNP. PEGAUTSNP were
prepared as previously stated and 5 pg of Fn were incubated with 1 mL of
PEGAUTSNP. Subsequently, 99 uL of Fn-PEGAUTSNP were placed in a well of a 96-
well plate and 1 pg of Anti-Fn was added and analysed in the plate reader. Following
that, 2 ug, 4 ug, 6 ng, 8 nug, 10 ug, 12 pug and 14 ug of Anti-Fn were added to the same
well and readings were performed between each quantity. At the end of the experiment
the sum of Anti-Fn in the well was 57 ng. All the experiment was performed in the
same well to avoid variations in the readings and keep uniformity. For absorbance
measurements the microplate reader was adjusted from wavelengths 300-900 nm in 1

nm increments.
Nanoplate-based indirect immunoassay with Fn and Anti-Fn antibody.

The nanoplates LSPR system for Ab-Ag binding within a complex environment was
assessed in a nanoplate-based indirect immunoassay by using Anti-Fn and ECM

isolated from cell culture containing native Fn.

Extracellular Matrix isolation protocol

ECM isolation from cell culture was performed based on the protocol developed by
Hellewell et al. (2017) to study the interaction between native Fn from live cells and
Anti-Fn antibody. MC3T3-E1 cells were cultured and plated in a 6 well-plate at high
density and placed in the incubator for 24h until 95% confluent. Ammonium Hydroxide
(NH4OH, 20 mM) was prepared with de-ionized water in an extractor hood. After that,
the culturing plate was removed from the incubator and culture medium was removed

from each well with a micropipette. Wells were gently rinsed with 1 mL of PBS without
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3.13.2

Ca?"/Mg?* and the liquid containing PBS and remaining media was removed from the
wells. Consequently, 300 uL of Ammonium Hydroxide were added to each well with
rocking for a few seconds before washing each well with 1 mL of distilled water. The
ammonium hydroxide solubilized material containing water, ammonium hydroxide,
and lysed cells was immediately removed with a micropipette. After that, the 6-well
plate was tilted at an angle and remaining ECM was collected from the bottom of the
well by using a cell scrapper (Hellewell et al., 2017). The collected ECM was placed in
Eppendorf tubes and analysed in a microliter UV/VIS spectrophotometer (Picodrop,
model PICOPETO01) to test suitability of the collected samples containing overall

proteins.

Detection of native fibronectin with AntiFn-PEGAUTSNP

Three concentrations of cell-isolated ECM (100%, 50% and 15%) were prepared with
distilled water. After that, the ECM samples were exposed to a concentration of 0.21
mg/mL AntiFn-PEGAUTSNP (functionalised-NP before saturation point as per LOD
curve) in a 1:1.5 ECM: AntiFn-PEGAUTSNP ratio and placed on a 96-well plate
(Figure 29) to analyse interactions between native Fn and the antibody. Purified Fn
samples in concentrations of 100% and 15% were used as positive controls for binding
of Anti-Fn with Fn (1:1.5 Fn: AntiFn-PEGAUTSNP ratio). The 96-well plate was

analysed in the microplate reader.
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100% Fn

Figure 29. Nanoplate-based immunoassay 96-well plate layout.

A second experiment was carried out with Anti-TJP1 (TJP1= Tight Junction Protein 1)
antibody as negative control for binding since it is human tight junction protein 1 (TJP1)
targeted antibody non-specific to Fn (Figure 30). The antibodies were used in similar
concentration as the previous experiment with AntiFn-PEGAUTSNP. The antibody

conjugate TJP1 was used as positive control for binding (1:1.5 TJP1: AntiFn-
PEGAUTSNP ratio).
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3.14

3.14.1

‘ + AntiTIP1 Np

Figure 30. Nanoplate-based immunoassay layout with non-ECM proteins.

Absorbance measurements were performed in a microplate reader adjusted from
wavelengths 300-900 nm in 1 nm increments. All experiments were repeated twice

under the same conditions.

Nanoplate-based immunoassay for COVID-19 detection

Spike protein optimal functionalisation volume determination

PEGAUTSNP were prepared as per previous protocol and different amounts of spike
protein were added to the nanoplates. 1 mL of PEGAUTSNP were placed in five
Eppendorf tubes (5 mL total) and 1 pug, 3 ug, 5 ug, 7 ug, and 10 pg of Spike protein
was added to each tube respectively. A sample of 100 uL was taken from each tube and

placed on a 96-well plate. The plate was analysed in the plate reader.

After the first reading, 1 png of Anti-Spike antibody was added to each well and the plate

was analysed again to observe changes on the LSPR.

Plate reader measurements were adjusted from wavelengths 300-900 nm in 1 nm

increments.
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3.14.2 Nanoplate-based immunoassay with changing concentration of Anti-Spike
antibody

After suitable concentration of spike PEGAUTSNP was determined, 4 ug spike/mL
PEGAUTSNP were used with different amounts of Anti-Spike to determine nanoplate

saturation point.

A sample of 100 pL of Spike PEGAUTSNP was placed on a 96-well plate and analysed
in the plate reader. After that 1 ug of Anti-Spike was added to the well and the plate
was analysed again in a microplate reader with adjusted wavelengths from 300-900 nm
in 1 nm increments. Following that, 2 ug, 4 ug, 6 ug, 8 ug and 10 pg were added to the
same well and the plate was analysed between every addition. The final sum of Anti-

Spike in the well at the end of the experiment was 31 png.

All the experiment was performed in the same well to avoid variations in the readings

and keep uniformity.

3.14.3 Spike-AntiSpike binding PEGAUTSNP-based immunoassay

Spike-PEGAUTSNP was exposed to AntiSpike to test the nanoplate-based
immunoassay platform. 100 pL Spike-PEGAUTSNP in the previously stated
concentration, and 100 uL TJP1-PEGAUTSNP (5 puL TJP1/mL PEGAUTSNP) were
placed in a 96-well plate and analysed on the plate reader. After the first reading 4 ug
Anti-Spike were added to both wells and the plate was analysed again. TJP1-
PEGAUTSNP was used as negative control for binding.

The microplate reader was adjusted from wavelengths 300-900 nm in 1 nm increments

for absorbance measurements.

3.14.4 Spike-AntiSpike binding PEGAUTSNP-based immunoassay within horse serum

Binding of the Spike-AntiSpike complex within horse serum as a high noise
environment was monitored using PEGAUTSNP. Spike-PEGAUTSNP was prepared
with 4 pg of Spike in 1 mL of PEGAUTSNP and TJP1-PEGAUTSNP was prepared in
a similar concentration of 5 ug of TJP1 in 1 mL of PEGAUTSNP. The latter was used

as a negative control for binding with the Spike antibody.
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Three different concentrations of horse serum (100%, 50% and 10%) were prepared
with distilled water to observe differences in the LSPR as a result of the high

concentration of proteins within the serum.

Samples were placed in a 96-well plate (Figure 31) in a ratio of 1:1.67 horse serum:
functionalised PEGAUTSNP, similar to previous experiments within cell culture. The
plate was analysed in the plate reader where measurements were adjusted from
wavelengths 300-900 nm in 1 nm increments. After the first analysis, 4 ug of Anti-

Spike was added to all wells and plate was analysed again.

TPL-Np J\ TIPLNP

Figure 31. COVID-19 detection experiment layout

3.14.5 Dynamic Light Scattering (DLS) measurements

Dynamic Light Scattering (DLS) also known as photon correlation spectroscopy (PCS)
is extensively used in research for the study of proteins, colloidal particles, and
nanoparticles (Schintke & Frau, 2020). It studies the diffusion of molecules in solution
through the diffusion coefficient and hydrodynamic radius, which are dependent on the
analysed molecules size and shape (Stetefeld et al., 2016). DLS measurements consist
in scattered laser light from the simultaneous Brownian motion of particles in a
solution. Particles size can be obtained when their movement is monitored over a time
range. When the laser light comes across the sample molecules, the incident light is
scattered in all directions, and the scattering intensity is recorded by the instrument
detector. The intensity fluctuations of scattered light are correlated in relation to time
to define the speed of intensity fluctuations, which relates to the diffusion of molecules
(Sandhu et al., 2018).
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Zetasizer Pro from Malvern Panalytical Ltd was used for particle size measurements
with DTS0012 polystyrene disposable cuvettes. All samples from section 3.14.4 were
diluted with ultrapure water in a 1:10 dilution. One mL of the newly diluted sample was
placed in the disposable cuvette and the cuvette lid was placed on top. Size
measurements were repeated 3 times per sample at 25 °C and results were analysed in
ZS XPLORER software.
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CHAPTER 4.
TRIANGULAR SILVER

NANOPLATES
PREPARATION AND
FUNCTIONALIZATION



4.1

4.2

Preface

In this chapter, the preparation and optimization of triangular silver nanoplates (TSNP)
is presented as well as their functionalization with the extracellular matrix protein Fn.
A previously reported preparation method by Aherne et al. (2008) consisting on the
reduction of silver nitrate by sodium borohydride and followed by further reduction of
silver ions by ascorbic acid was optimised in order to enhance the nanoplates optical
properties. Stability and sensitivity studies were performed to ensure these powerful
TSNP properties were maintained for protein monitoring studies within different

environments (Aherne et al., 2008).

Optimization of Triangular Silver Nanoplates preparation
The triangular silver nanoplates preparation was optimized from the Aherne et al (2008)
original protocol by concentrating the silver in the TSNP solution.
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Figure 32. LSPR spectra of (a) original TSNP preparation method with <130 nm FWHM and (b) optimized TSNP
preparation method with ~115 nm FWHM. Narrower LSPR peak of ~115 FWHM indicates homogeneity of TSNP

which improves sensitivity.

In the original protocol of (Aherne et al., 2008), after the Triangular Silver Nanoplates
synthesis, the final volume of the solution was brought up to 10 mL, leaving a
concentration of silver of 16.692 ppm in the solution. This protocol showed results of
broad localised surface plasmon resonances (LSPR) of more than 130 nm full width at
half maximum (FWHM) as shown in Figure 32a. The broad FWHM of the TSNP peak
can be attributed to the inhomogeneity of sizes and nanoparticle shapes in the solution.
This can diminish the nanoplates sensitivity which is a critical property in TSNP when

used in nanosensing applications (D. Charles et al., 2008).

When the TSNP preparation was optimized, the concentration of silver in the
nanoplates solution was brought up to 21.962 ppm, resulting in a narrower LSPR peak
of ~115 FWHM indicating homogeneity of TSNP with edge lengths of around 20-25
nm (Aherne et al., 2008; Y. Zhang et al., 2014) (Figure 32b). This can also be attributed
to the low water volume in the solution which led to higher absorbance spectra. It has
been reported that the high percentage of triangular geometries and the platelet structure
of the nanoplates, is partly responsible for the high sensitivities of the TSNP LSPR.
Moreover, this sensitivity is enhanced in highly structured silver nanoparticle

aggregates (in solution) than in single silver nanoparticles (D. Charles et al., 2008).
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According to Aherne et al. (2008), line widths of the LSPR decrease as nanoplate
volume increases which results in the decrease in plasmon damping and improved

sensitivity of the nanoplates (Aherne et al., 2008).

Gold edge-coating of TSNP and stability test

Silver nanostructures are advantageous compared to other metal nanostructures due to
their strong surface plasmon resonance, however, their signals could be reduced when
used in biological environments due to their low stability in detrimental conditions (i.e.
physiological environments) (Murshid et al., 2013). In previous studies, it is mentioned
that the addition of gold at silver nanoparticles surface provoked its dissolution due to
galvanic replacement as it causes hollow gold nanoparticles (Xia & Xia, 2014).
Nonetheless, an approach proven to be successful by maintaining the silver nanoplates
plasmonic resonance properties, was the addition of gold to the nanoplate edges by slow
addition of a gold precursor, in this work, HAuCls (Aherne et al., 2009; Murshid et al.,
2013).

Following the TSNP synthesis, a thin coat of gold was added to the solution in order to
protect the nanoplates against etching by chloride ions. Several amounts of HAuUClI.,
were added to the TSNP sol after growth, and stability test was performed to determine
the least amount of gold needed for the nanoplates to be protected within saline
solutions. LSPR amax 0f TSNP was measured at 579 nm; after gold coating, the LSPR
showed a red shift measured at 599 nm. The least amount of gold to edge-coat and
successfully protect the TSNP was found to be 20 puL (1:0.049 AgAu ratio) as no
blueshift in the LSPR peak is observed upon exposure to NaCl 20 mM as shown in

Figure 33.
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Figure 33. Gold coating and stability test of Triangular Silver Nanoplates. A 20 nm redshift was recorded upon
gold coating of the nanoplates, moreover, no change in the spectrum was recorded upon exposure to NaCl 20 mM
indicating successful protection of AUTSNP.

As demonstrated by Aherne et al. (2009), deposition of a thin layer of gold in the
triangular nanoplates edges at low Ag:Au ratios successfully protects the nanoplates
without causing any structural damages associated with galvanic replacement.
Moreover, no major changes in the nanoplates optical properties occur besides

enhancement of its optical sensitivity (Aherne et al., 2009).

LSPR sensitivity analysis

Upon TSNP gold edge-coating procedure, the refractive index sensitivity of the
nanoplates was analysed by the previously reported sucrose method by D. Charles et al
(2010). AUTSNP were exposed to different concentrations of water-sucrose solutions
(10%, 20%, 30%, 40%, 50% (w/v)) in a 1:1 ratio. This test varies the medium refractive
index within which the AUTSNP are suspended, and can provide a measure of the
nanoplate sensitivity without interfering with the nanoplates stability. This method is a

useful approach for the assessment of AUTSNP performance as hanobiosensors.
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Figure 34. UV-Vis spectra of AUTSNP suspended in a range of water-sucrose solutions. The LSPR Amax of the

spectra increases as the sucrose concentration increases

There are other several approaches to test nanoparticle sensitivity by using solvents,
however, they have been found to modify the structure of the nanoparticles which is
not ideal for the purpose of this project as TSNP plasmonic properties could be
compromised. In the sucrose method studies, TSNP solution is exposed to increasing
concentrations of sucrose solutions to evaluate the potential of the nanoplates for their
use in sensing applications when there is a change in the refractive index surrounding
the TSNP. This method was followed and the results (Figure 34) are in agreement with
the previously reported outcomes by D. Charles et al, where the LSPR amax Of the spectra
increases as the sucrose concentration increases (D. Charles et al., 2008; D. Charles et
al., 2010).

Fn functionalisation on PEGAUTSNP and pH dependent conformation

Before the protein monitoring experiments, AUTSNP were coated with Polyethylene
Glycol (PEG) to minimise contact between the particles and the Fn protein, and to offer
particle extra protection against the physiological environment. The biocompatible and
non-immunogenic nature of PEG makes it an attractive polymer to be bonded to other
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components for its use in therapeutic methods, drug delivery and wound healing,
minimising any immune responses of the cellular environment (Sikka & Midha, 2019;
Zarrintaj et al., 2020). PEG is also soluble in water and other organic solvents which
facilitates its assembly to the nanoparticles surface (Saifullah et al., 2020). Fn
conformational changes were monitored by suspending the Fn functionalised PEG
coated AUTSNP in two phosphate buffers at different pH (pH 7.2 and pH 4.1) as Fn is
known to change its configuration upon pH adjustment.
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Figure 35. UV-Vis spectra of Fn functionalised PEGAUTSNP at pH 4 and pH 7. Upon pH adjustment from pH 7 to
pH 4 a 12 nm redshift was recorded due to Fn extension.

It can be found in literature that Fn has an extended conformation when in acidic or
high salt conditions, whereas within low salt conditions it shows a “coiled compact”
conformation (Maurer et al., 2015). In previous studies where Fn conformational
changes are analysed within different pH environments, Fn is reported to have a
hydrodynamic radius of 23 nm when compacted, and when it extends the radius
increases up to 130 nm for single Fn strands (Brennan-Fournet et al., 2015; Tooney et
al., 1983). Fn can form much larger strands as networks and fibrils can develop and be
mediated within the ECM (Tooney et al., 1983). The experiment was carried out by
incubating the Fn functionalised PEGAUTSNP in two phosphate buffers and followed
by UV-Vis measurements after pH modification. In Figure 35, LSPR imax Of Fn
PEGAUTSNP at pH 7 was measured at 633 nm; upon pH adjustment from pH 7 to pH
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4, the LSPR xmax was measured to be 645 nm. The LSPR spectrum at pH 4 was
redshifted by 12 nm upon Fn extension due to a higher refractive index surrounding the
nanoplates. The presence of the compact protein strand on top of the nanoplate surface
occupies a larger surface area; however, it does not bulge from the surface than an
elongated Fn strand, which can explain the shift in the spectrum. As shown in Figure
35, the LSPR peak was slightly broadened in comparison to unfunctionalised AUTSNP
(AUTSNP spectrum in Figure 33), this can be attributed to the PEG layer coating the
nanoplates surface (Brennan-Fournet et al., 2015).

Fn functionalised PEGAUTSNP monitoring in presence of Cs-HAp regeneration

scaffolds

Fn functionalised PEGAUTSNP were incubated with Cs-HAp regeneration scaffolds
and conformational changes of the protein were monitored upon incubation in two
phosphate buffers at different pH (pH 7.2 and pH 4.1).
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Figure 36. UV-Vis spectra of (a) Fn PEGAUTSNP with and without the presence of Cs-HAp regeneration scaffold,
(b) Fn PEGAUTSNP in its compact (pH 7) and extended conformations (pH 4).

Before any pH adjustments, the Fn functionalised PEGAUTSNP were incubated with
and without the presence of the scaffold to observe any interactions that could interfere
with the next steps. As shown in Figure 36a, the LSPR spectrum of the Fn
functionalised nanoplates with and without the presence of the Cs-HAp scaffold was
highly similar when no pH adjustment was induced which can indicate strong
attachment of the protein to the nanoplate. A minimal interaction can be observed with
the presence of the scaffold resulting in the band broadening.
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Upon Fn functionalised PEGAUTSNP incubation at different pH values in the presence
of the scaffold, the behaviour of the LSPR spectra was very similar as the last
experiments (Figure 35) where a red shift of around 25 nm was recorded upon Fn
unfolding when adjusting the pH (Figure 36b). This experiment was carried out to
demonstrate the capacity of PEGAUTSNP to readily monitor protein transitions in

presence of biomimetic tissue scaffolds.

Summary

The work described in this chapter details the preparation of Triangular Silver
Nanoplates by a previously reported method where silver nitrate is reduced by ascorbic
acid catalysed by seed silver nanoparticles. The previous method showed results of
broad LSPR resonance peaks indicating inhomogeneity of the nanoplates solution
which could result in decreased sensitivity. The preparation method was optimized by

concentrating the silver in the solution to enhance the triangular nanoplate properties.

This chapter also described the nanoplate protection method where several amounts of
gold were added to different TSNP samples and were exposed to sodium chloride
solutions. Obtained results determined the least amount of gold needed to successfully
coat the nanoplates to prevent the loss of their triangular shape, as well as to maintain
the needed LSPR sensitivity to changes in the refractive index. The sucrose method to
assess the sensitivity of the nanoplates was also described in this chapter where results

are in agreement with those in literature.

The functionalization of ECM protein, Fn, on PEGAuTSNP was also outlined in this
chapter where its conformational changes after pH adjustments are analysed. The
protein unfolds when pH is adjusted to 4 which can be observed as redshift in the LSPR
when compared to its compact format at pH 7. Same experiment was carried out in the
presence of Cs-HAp bone tissue regeneration scaffolds to demonstrate the ability of

AUTSNP to monitor protein dynamics in presence of biomimetic scaffolds.

After optimisation on the TSNP preparation and the enhancement of their properties,
the next task is the monitoring of Fn in the presence of two different cell lines and in
the presence of the scaffold. This to assess the potential of TSNP to readily sense and

monitor target biomolecules when analysed in high noise cellular environments.
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CHAPTER 5.

FIBRONECTIN
MONITORING IN
CELLULAR AND
BIOMIMETIC TISSUE
SCAFFOLD
ENVIRONMENTS



5.1

5.2

Preface

In this chapter, results on Fn unfolding activity monitoring are presented. These
extracellular matrix (ECM) protein conformational changes were observed and
analysed overtime upon incubation with gold-edge coated TSNP (AuTSNP) in the
cellular environment. Two cell lines were used for these experiments to highlight the
high sensitivity of AUTSNP to detect and monitor protein behaviour within different
high background noise cellular environments as well as in the presence of biomimetic

bone tissue regeneration scaffolds which mimic the native extracellular matrix.

Fn activity monitoring within C2C12 cells

Fn unfolding activity was monitored overtime within cell culture in C2C12 myoblast
cells. Active and denatured Fn functionalised PEGAUTSNP were incubated with
C2C12 myoblast cells and the protein behaviour was compared over 32 hours in time
points of 0 h, 3 h, 8 h, 24 h, and 32 h. This was carried out to guarantee that the LSPR
redshifts overtime corresponded to active Fn extension activity and fibril formation,
and discard non-specific binding of other elements present in the cell culture media
such as hormones, growth factors, among others (Arora, 2013). Three different
denaturing times were tested to determine the most effective time required to
adequately degrade the Fn and impede its response to the ECM biological cues which

mediate its formation into fibrils.
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Figure 37. LSPR spectra of active (red) and denatured (black) Fn functionalised PEG- AuTSNP at different
denaturing times where longer shifts for active Fn can be observed.

As shown in Figure 37, LSPR measurements showed considerable red shifts for the
active protein compared to the denatured protein regardless of the denaturing time. The
active protein showed shifts of approximately ~30 nm between 0 h and 8 h of
incubation, while longer shifts of approximately 80 nm were measured at 24 h. The
denatured Fn (15 minutes) incubated with C2C12 cells followed a similar LSPRmax
profile up to the 24 h time point. Beyond this time point, further red shifts were shown
for the active Fn (~46 nm) compared with minimal shifts for the denatured protein (~6

nm).

This can be can be attributed to the expected unfolding and extension activity, and
progressive fibrillar organization of the active protein overtime, compared to the
denatured Fn within the cellular environment (Rozario et al., 2010). These results
correlate with the most recent studies by Antia et al (2009) on Fn unfolding behaviour
within the extracellular matrix, where fluorescence studies were carried out to detect

major changes in the conformation of this ECM protein providing evidence of increased
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extension of Fn fibrils indicating matrix maturation and extracellular matrix ageing
(Antia et al., 2008; Gourdon et al., 2015).
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Figure 38. (a) LSPR spectral shift measurements of active and denatured Fn functionalised PEG- AUTSNP at
different denaturing times (b) LSPR spectral shift measurements of active and denatured Fn functionalised PEG-

AUTSNP at the most effective denaturing time.
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As observed in Figure 38, the most effective protein-denaturation time was determined
to be 15 minutes in a water bath at 95 °C. The clear higher shift of active Fn has been
demonstrated to progressively rise as the degree of degradation of the denatured Fn
increases. These results highlight the effectiveness of PEGAUTSNP to detect active

protein conformational transitions over high noise cellular environments.

Fn activity monitoring within C2C12 cells in the presence of bone tissue

regeneration scaffolds

Active Fn functionalised PEGAUTSNP were incubated with C2C12 myoblast cells and
Cs-HAp scaffolds, and monitored over 32 hours in time points of 0 h, 3 h, 8 h, 24 h,
and 32h. Fn behaviour overtime was detected using LSPR shifts to record fibril
formation of the protein and interaction with the nanoplates in the presence of Cs-HAp

regeneration scaffolds.
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Figure 39. (a) LSPR spectral peaks and (b) AAmax shift measurements of active Fn PEGAUTSNP incubated with

C2C12 myoblasts and Cs-HAp regeneration scaffolds overtime.

Similar behaviour to active Fn without the presence of the tissue regeneration scaffolds
was observed in this experiment. Redshifts of approximately ~20 nm between Oh and
8h were measured, and longer shifts were observed from the 24 h of incubation time
point onwards (~80 nm). After 24 h the scaffolds showed an interaction with the
nanoplates and the cells, as can be observed in Figure 39a, however, clear strong LSPR
spectrum can be perceived. Nevertheless, in future experiments, PEGAUTSNP: culture

media ratio could be modified in order to enhance the LSPR signal.
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5.3

Figure 40. Images of C2C12 cells taken after 32 hours of incubation with (a) Fn, (b) Fn and scaffold, (c) Fn
PEGAUTSNP, (d) Fn PEGAUTSNP and scaffold, (€) PEGAUTSNP, f) PEGAUTSNP and scaffold. Cells confluence
and growth was maintained overtime upon incubation with all treatments.

In both experiments, cells were observed under the inverted light-microscope Olympus
CKX4 after 32 h and normal C2C12 myoblast cell morphology was observed in all
treatments as shown in Figure 40. There was no observable detrimental effect from the
nanoplates nor the scaffold on the cells as confluence and growth was maintained
overtime upon incubation with Fn functionalised PEGAUTSNP, unfunctionalised
PEGAUTSNP and Cs-HAp regeneration scaffolds.

Fn activity monitoring within MC3T3-EL1 cells

After successful results on Fn activity tracking within C2C12 myoblasts, similar
experiments were carried out in the presence of MC3T3-E1 preosteoblast cells. Active
Fn functionalised PEGAUTSNP, Bovine Serum Albumin (BSA) functionalised
PEGAUTSNP and unfunctionalised PEGAUTSNP were incubated with MC3T3-E1 pre-
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osteoblast cells, and monitored over 32 hours in time points of 0 h, 3 h, 8 h, 24 h, and
32 h. Considerable redshifts can be observed for active Fibronectin where shifts over
100 nm are reached after 32 hours, while limited shifting is observed for the denatured
protein (~60 nm) as shown in Figure 41.
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Figure 41. (a) LSPR spectral peaks and (b) Cumulative shift measurements of active and denatured Fn
PEGAUTSNP incubated with MC3T3-E1 pre-osteoblasts. Significant redshifts were observed for active Fn with
shifts over 100 nm reached after 32 h. Limited shifting was observed for the denatured protein.

BSA functionalised PEGAUTSNP were incubated in this experiment as a second
negative control on protein extension activity. BSA has been used in similar protein
monitoring experiments to provide controls to track nanoplate protein corona formation
and non-specific binding (Brennan-Fournet et al., 2015). Moreover, previous studies

have shown that BSA PEGAUTSNP are degraded overtime due to cellular conditions.
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Figure 42. LSPR spectra of active Fn PEGAUTSNP (red) and BSA PEGAUTSNP (black) incubated with MC3T3-
E1 pre-osteoblasts overtime. No spectral recordings were obtained for BSA PEGAUTSNP after 8 h due to
degradation within the cellular environment.
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Figure 43. Un-smoothed and un-normalised LSPR spectra of active Fn PEGAUTSNP and BSA PEGAUTSNP
incubated with MC3T3-EL1 cells at 8h and 32h time points showing BSA degradation.

As observed in Figure 42, BSA behaviour overtime was similar than that of Fn with
critical differences in the LSPR spectra which can be attributed to BSA PEGAUTSNP
degradation due to cellular conditions resulting in a reduced spectral intensity in
comparison to Fn PEGAUTSNP. LSPR recordings for the last time points, 24 h and 32
h, were unclear. This is illustrated in Figure 43 with un-smoothed and un-normalised
LSPR spectra where evident degradation of BSA within the cellular environment can
be perceived, nonetheless, spectral shifts for Fn overtime were recorded. This
degradation of BSA PEGAUTSNP within the cellular environment occurred after only
8 h of incubation within MC3T3-EL1 cells and spectra is weaker and nearly unreadable
in the 32 h time point. Broadness of the spectrum can be observed and credited to non-
specific binding of other cellular proteins and constituents (Brennan-Fournet et al.,
2015).

In future experiments, both BSA and denatured Fn functionalised nanoplates will be
analysed in the same assays to compare as non-specific binding is expected from the
results, nonetheless, the extinction LSPR of Fn PEGAUTSNP and denatured Fn
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PEGAUTSNP is expected to retain as there is strong attachment and insulating effect of

the Fn on the AUTSNP from cellular degradation.

Fn activity monitoring within MC3T3-EL1 cells in the presence of bone tissue
regeneration scaffolds

Active and denatured Fn functionalised PEGAUTSNP were incubated with MC3T3-
E1 pre-osteoblast cells and Cs-HAp scaffolds, and monitored over 32 hours in time
points of 0 h, 3 h, 8 h, 24 h, and 32 h. Fn behaviour overtime was detected using
LSPR shifts to record Fn extension and fibrillar organization activity, as well as

interaction with the nanoplates when in presence of bone regeneration scaffolds.
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Figure 44.Cumulative shift measurements of active and denatured Fn PEGAUTSNP incubated with MC3T3-E1
pre-osteoblasts in the presence of Cs-HAp bone tissue regeneration scaffolds. Considerable redshifts were
observed for active Fn while limited shifting was observed for the denatured protein.

Similar to previous experiments, longer shifts can be observed for the active protein,
and limited shifting is observed for the denatured protein. Shifts as long as 44 nm are
recorded for the active protein around the 24 h time point and total shifting of 103 nm
is observed by the end of the experiment at 32 h. For the denatured protein, shorter
shifts of 18 nm can be observed with total shifting of 78 nm by the 32h time point
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(Figure 44). These results are in keeping with the expected behaviour of Fn extension

activity within the ECM of the cellular environment.

Figure 45. Images of MC3T3-EL1 cells taken after 32h of incubation with (i) Active Fn-PEG-Np,(ii) Denatured
Fn-PEG-NP, (iii) Active Fn-PEG-Np and scaffold, (iv) Denatured Fn-PEG-Np and scaffold, (v) BSA-PEG-NP.
Typical morphology was observed regardless of the treatment.

At the end of the experiment cells were observed under inverted light-microscope.
Typical MC3T3 pre-osteoblast cell morphology was observed in all treatments as
shown in Figure 45. No detrimental effect was observed from the nanoplates or the
scaffold on the cells with growth and optimal confluence maintained overtime upon
incubation with active and denatured Fn functionalised PEGAUTSNP, and Cs-HAp

regeneration scaffolds.

On-scaffold loaded Fn activity monitoring within MC3T3-E1 cells

On-scaffold loaded Fibronectin was monitored in its active and denatured forms within
the presence of MC3T3-E1 cells. The scaffolds used were in a hydrogel format in a
clear transparent colour to avoid interferences with the dark blue colour of the AUTSNP.
Fn was monitored over 32 hours at 5 different time points (0 h, 3 h, 8 h, 24 h, and 32 h)
to observe conformational changes of the protein within the ECM of the cells over time.
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Active Fn showed increasing extension activity after every time point resulting in
longer shifts. Contrastingly, denatured Fn showed smaller shifts overtime, similar
performance to previous experiments where the non-significant shifts correspond to
non-specific binding of other media constituents but not the fibrillar formation activity
of Fn.
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Figure 46. Cumulative shift measurements of active and denatured Fn on-scaffold incubated with MC3T3-E1 pre-
osteoblasts. Similar shifting behaviour was observed with longer shifts for active Fn and limited shifting for
denatured Fn.

Fn fibrils from the functionalised AUTSNP, and Fn-hydrogel fibrils were expected to
merge together with the cells ECM, resulting in protein extension and fibrillar
organization leading to longer shifts overtime. It has been reported that Fn is assembled
into fibrils of the ECM and it has been studied mainly in cell culture, where the protein
binds to molecules on the cells surface (including integrins and syndecans) and

additionally recruits other Fn molecules to form fibrils (Maurer et al., 2015).

Summary

The work outlined in this chapter describes the monitoring of the ECM protein Fn

activity within the cellular environment. Protein functionalised nanoplates were
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incubated with C2C12 cells and monitored overtime expecting redshifts in the LSPR
spectra as a result of Fn unfolding overtime and fibril formation within the extracellular
matrix. Results correlated with previous studies on Fn activity. These results were
validated by monitoring denatured Fn functionalised nanoplates where shorter shifts

were expected as the protein’s degradation impedes its fibril formation activity.

In this chapter, experiments on Fn conformational activity in the presence of bone tissue
regeneration scaffolds are also described. Similar results to previous experiments
without the presence of scaffolds were observed which indicates the effectiveness of
the PEGAUTSNP to detect protein dynamics within complex cellular environments.
After every experiment the cells were observed under the microscope to verify there

was no detrimental effect of the nanoplates on the cells.

Fn monitoring experiments within a different cell line, MC3T3-E1 pre-osteoblasts,
were further outlined in this chapter. LSPR recordings were expected to redshift
overtime as observed with the previous cell line. The results were validated by
monitoring BSA functionalised nanoplates where degradation of BSA was expected as

it is known to be broken down in high salinity environments.

Additionally, on-scaffold loaded Fn was monitored overtime. Fabrication of the bone
tissue regeneration scaffolds was modified to achieve a hydrogel consistency to readily
monitor the loaded protein onto the scaffold over time within the presence of cells.
Results were in agreement with previous experiments with the traditional scaffolds
where longer shifts were observed for the active protein and limited shifting was

recorded for denatured Fn.

After demonstrating the high sensitivity of the PEGAUTSNP to study protein dynamics,
the next step is to test the ability of PEGAuTSNP to detect binding of an antibody-

antigen complex within dynamic environments.
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CHAPTER 6.

NANOPLATE-BASED
IMMUNOASSAYS WITH
FIBRONECTIN AND
ANTI-FIBRONECTIN
ANTIBODY



Preface

In this chapter a nanoplate-based platform for immunological testing is outlined. The
sensitivity and suitability of the nanoplates LSPR system for antibody (Ab)-antigen
(Ag) binding testing was assessed. Fibronectin and its corresponding antibody were
used as model proteins for the Ab-Ag system testing where the protein concentrations
to successfully cover the nanoplates was determined to avoid non-specific binding in
future testing within high noise environments. Moreover, the limit of the detection of
the antibody-antigen system was analysed by exposing Fn functionalised nanoplates to

different concentrations of the antibody.

The high sensitivity of the AUTSNP as tools for immunoassays is demonstrated through
Ab-Ag binding analysis within isolated extracellular matrix as a complex environment.
The Anti-Fn functionalised nanoplates bind to the corresponding antigen Fn in its native

environment.

Nanoplate-based immunoassay system testing with active and denatured Fn

Several concentrations of Fn were added to 1 mL PEGAUTSNP aliquots to determine
the minimum amount of the protein to successfully cover the nanoplates and observe
differences in the spectrum and a pg of Anti-Fn was added afterwards to analyse

binding. After that, denatured Fn was used as a negative control for Fn- AntiFn binding.
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Figure 47. LSPR spectra of FNPEGAUTSNP before (left) and after (right) addition of Anti-Fn antibody.
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Table 3. Amax of Fn-PEGAUTSNP before and after addition of Anti-Fn

Fn Concentration | ( ug (bare NP) 5ug  8pg 10ug  15ug

Jmax Before | 550 556 557 564 567
Amax With Abs | 571 567 565 572 572
A7 | 21 11 8 8 5

As reflected in Figure 47, changes in the spectra were observed with low concentrations
of Fn. Results show that when higher concentrations of the protein were added to
PEGAUTSNP, longer red shifts were recorded as expected (Figure 47 left). For all
added amounts of Fn, a red shift in the Amax was observed upon addition of Anti-Fn
(Figure 47 right). In table 3, expanded results show that shorter red shifts are recorded
in higher Fn concentration samples once the Anti-Fn is added. This could be attributed
to the Anti-Fn binding to free-unattached Fn within the nanoplates solution which
would lead to no detection from the nanoplates, and only minimal binding of AntiFn to
Fn-PEGAUTSNP recorded.

To validate the binding of Fn to its antibody AntiFn, a second analysis was carried out
with denatured Fn-PEGAUTSNP (1 ug Denat Fn) followed by the addition of 1 ug Anti
Fn upon the first analysis. As shown in Figure 48, there was no significant change in
the Amax of the PEGAUTSNP (~597 nm) and the denatured Fn-PEGAUTSNP (~595
nm), nevertheless, once the Anti-Fn was added, a shift of 15 nm (610 nm) was
registered.
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6.2.1
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Figure 48. LSPR spectra of denatured Fn-PEGAUTSNP before and after addition of Anti-Fn antibody. No
significant change was observed in Amax for PEGAUTSNP and denatured Fn PEGAUTSNP. A 15 nm shift was
recorded upon addition of AntiFn.

The 15 nm redshift observed for the denatured protein could be a result of the antibody
binding directly to the PEGAUTSNP surface since fibronectin is denatured and
potentially disintegrated upon high heat inactivation. According to T. Li et al. (2021),
heat treatment causes changes in protein structure which could inhibit its binding

capacity of the epitopes to antibodies (T. Li et al., 2021).

Nanoplate-based immunoassay system testing with spun-down Fn functionalised
PEGAUTSNP

To evaluate the previously stated hypothesis about the antibody binding to free Fn at
higher concentrations, a different approach was tested where the Fn-PEGAUTSNP
samples were centrifuged and analysed before and after the addition of 1 ug of Anti-Fn

and compared to the previous non-centrifuged samples.
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Figure 49. LSPR spectra of centrifuged Fn-PEGAUTSNP s (a) before and (b) after AntiFn antibody

Table 4. Amax for increasing Fn volumes before and after addition of Anti-Fn for centrifuged samples

Fn concentration 0 ug (bare 5u9 819 109 1519
NP)
Amax Before 550 562 565 570 572
AntiFn (nm)
Amax After 571 570 571 o574 576
AntiFn (nm)
A4 (nm) 21 8 6 4 4

As presented in Table 4, the Amaxes of centrifuged Fn-PEGAUTSNP before exposure
to Anti-Fn compared to previous non-centrifuged nanoplates (Table 3) was between 4
nm and 8 nm more redshifted potentially due to the higher concentration of Fn coated
nanoplates after centrifugation. Upon addition of AntiFn, shorter shifts are recorded for
the higher concentrations of Fn in Fn-PEGAUTSNP similar to earlier experiments,

suggesting minor differences between centrifuged and non-centrifuged samples.

Results from sections 6.2 and 6.2.1 have shown constant decrease in shifting after
higher Fn concentration Fn-PEGAUTSNP are exposed to the antibody. It can be
observed that Fn concentrations of 8 ug, 10 ug and 15 ug show limited shifts upon
Anti-Fn binding suggesting saturation of the nanoplates surface. In next experiments
the concentration of 5pug Fn/mL of PEGAUTSNP will be used as the starting

concentration for Ag-Ab binding testing.
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6.3  Nanoplate-based immunoassay with changing concentration of AntiFn antibody

The limit of detection of the Ag-Ab system was determined by exposing a sample of

Fn-PEGAUTSNP to increasing concentrations of Anti-Fn antibody.
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Figure 50. LSPR spectra of Fn-PEGAUTSNP upon addition of increasing concentrations of AntiFn. Redshifts were
observed as the concentration of AntiFn increased indicating intensifying binding of the antibody to the Fn
functionalised nanoplates.
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Figure 51. LSPR peak shift as a function of AntiFn concentration for Fn PEGAUTSNP. There was detection of Fn-
AntiFn binding with AntiFn concentrations of 0.01 mg/mL, and system saturation was observed from 0.212 mg/mL
of AntiFn.

As observed in Figure 50, there is evident redshifting as the concentration of AntiFn
increases, which indicates intensifying binding of the antibody to the Fn functionalised
nanoplates. There is detection of Fn-AntiFn binding with AntiFn concentrations of 0.01
mg/mL, and that shorter redshifts are recorded for the highest concentrations of
antibody, indicating system saturation from 0.212 mg/mL of AntiFn (Figure 51). This
correlates with the studies by Y. Zhang et al. (2014) where cytidine 50-
diphosphocholine (PC)-coated AUTSNP detect C-reactive protein (CRP) in
concentrations as low as 0.0000033 mg/mL showing the remarkable features of the
AUTSNP and their wide-ranging limits of detection (Y. Zhang et al., 2014).

Detection of native Fn using Anti-Fn antibody-functionalised PEGAUTSNP

The sensitivity of Fn antibody functionalised nanoplates to detect its corresponding
antigen within its native environment was tested. AntiFn-PEGAUTSNP were exposed
to different concentrations of cell-extracted ECM as a complex and native environment
of Fn.
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Figure 52. LSPR spectra of AntiFn-Native Fn binding experiment
Table 5. Amax of AntiFn-PEGAUTSNP within different concentrations of ECM
Treatment Amax
PEGAUTSNP 638 nm
AntiFn-PEGAUTSNP 703 nm
100% ECM + AntiFn- 707 nm
PEGAUTSNP
50% ECM + AntiFn-PEGAUTSNP 711 nm
15% ECM + AntiFn-PEGAUTSNP 715 nm
100% Fn + AntiFn-PEGAUTSNP 723 nm
15% Fn + AntiFn-PEGAUTSNP 714 nm

According to Table 5 PEGAUTSNP Amax was recorded at 638 nm and upon
functionalisation with Anti-Fn, a shift of 65 nm was observed indicating successful

coating of the nanoplates with the antibody. Following this, the functionalised

116



nanoplates were exposed to different concentrations of cell-isolated ECM and analysed,
showing a shifting profile different than expected with longer shifts recorded for the
less concentrated ECM samples. One of the reasons could be attributed to the clumping
of ECM proteins as a result of the cell scraping performed in the isolation protocol,
impeding Fn binding sites to be sufficiently exposed to bind to its corresponding
antibody; once the sample is diluted, the proteins disaggregate and Fn is exposed.
According to Sediq et al. (2016), one of the reasons for protein aggregation is the
induced mechanical stress during friction of two solid surfaces, in this case, the cell
scraper and the flask containing the cell culture. In future testing, ECM samples can be
briefly homogenised to make the proteins scatter and aid in binding site recognition for
the antigen of interest (Sediq et al., 2016).

Nonetheless, for all concentrations of ECM the shift recorded is positive from 4 nm to
12 nm shifts indicating binding of AntiFn-PEGAUTSNP to native Fn. This was
validated with the addition of 100% and 15% purified Fn (non-native) as positive

controls, where expected redshifts of 20 nm and 11 nm, respectively, were recorded.

Further testing was carried out with the use of AntiTIP1-PEGAUTSNP as negative
control for binding since it is a human -tight junction protein 1 (TJP1) targeted antibody

non-specific to Fn.
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Figure 53. LSPR spectra of AntiTJP1-AntiFn binding experiment
Table 6. Amax of AntiTIP1-PEGAUTSNP within different concentrations of ECM
Treatment Amax
PEGAUTSNP 638 nm
AntiTIP1-PEGAUTSNP 675 nm
100% ECM + AntiTJP1- 677 nm
PEGAUTSNP
50% ECM + AntiTIJP1-PEGAUTSNP 677 nm
15% ECM + AntiTJP1-PEGAUTSNP 671 nm
100% Fn + AntiTIJP1-PEGAUTSNP 678 nm

As shown in Table 6 a shift of 37 nm was recorded for PEGAUTSNP upon addition of
AntiTJP1, indicating functionalisation of the nanoplates with the antibody. When the

nanoplates were exposed to the different concentrations of ECM extract, limited shifts
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between 1-2 nm were observed. These results show the TJP1 antibody did not recognise
epitopes from proteins in the MC3T3-E1 isolated ECM. Similar behaviour was
observed when the TJP1 antibody-functionalised nanoplates were exposed to purified
Fn with a 3 nm shift compared to ~20 nm shifts when Fn is exposed to AntiFn-
PEGAUTSNP.

Summary

Along this chapter, the ability of PEGAUTSNP for their use as platforms for
immunnoassays was successfully demonstrated. The effective protein concentrations to
functionalise the nanoplates and avoid potential non-specific binding were determined.
The Ab-Ag binding was detected within a complex environment where native Fn from
the extracellular matrix was successfully detected by using Anti-Fn antibody-coated
nanoplates.

The results were validated with the use of PEGAUTSNP functionalised with human-
specific Anti-TJP1, which showed limited shifting when exposed to the isolated
extracellular matrix in comparison to Anti-Fn which displayed strong redshifts as a

result of their specificity to detect native Fn.

In the next chapter, a potential platform for the detection of COVID-19 will be
presented by using PEGAUTSNP functionalised with SARS-CoV-2 Spike protein and
its corresponding antibody.
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7.1

7.2

Preface

In this chapter, the development of a potential platform for SARS-CoV-2 Spike protein
detection is presented. The adequate working-concentrations to effectively cover the
nanoplates surface and act as a starting point for the optimization of the immunoassay
are described. The detection platform is tested in a direct assay with Spike-
PEGAUTSNP, its antibody conjugate Anti-Spike, and TIP1-PEGAUTSNP as a negative
control. This is in addition to a more complex experiment performed within horse serum
(HS) acting as a dynamic environment to analyse the interaction between the Spike
functionalised nanoplates and Anti-Spike antibody, and determine the suitability of the
proposed system as well as the sensitivity of the nanoplates for its further development

and future use in clinical settings.

Spike protein optimal functionalisation volume determination

To determine the Spike protein concentration to successfully cover the nanoplates’
surface, a range of protein quantities were added to 1 mL PEGAUTSNP (Amax: 576
nm) samples and analysed. One ug of the Spike’s corresponding antibody was added

afterwards to analyse changes in the LSPR recordings.

Table 7. Amax recordings before and after addition of AntiSpike

Spike concentration lug 3 ug 5u9 7 1 10 19

Amax before AntiSpike (nm) | 603 647 641 632 632
Amax after AntiSpike (nm) \ 615 651 647 639 638
AA(nm) | 12 4 6 7 6

As shown in table 7, the recorded Amax for the Spike-functionalised PEGAUTSNP was
higher as the concentrations of Spike protein increased. Nonetheless, between 5 pg and
10 ng of Spike functionalised nanoplates, the recorded Amax started to decrease and
stabilized around 632 nm presumably indicating saturation of the nanoplates surface.
This was tested by adding one ug of the Anti-Spike antibody, where a short increase in
the Amax was predicted as a result of the further coverage of uncoated sections of the

nanoplates, and the binding of the Ab-Ag complex.

121



7.3

Upon exposure to the antibody, results demonstrated higher Amax recordings for all
samples as expected, however, the Amax for the samples with higher protein-
concentrations between 5-10 ug showed decreasing values, similar to the recordings
prior to Anti-Spike addition. This could indicate the binding of the antibody only to the
Spike protein available on the now fully functionalised nanoplates surface. The latter
can be confirmed through the analysis of the AA, where it can be observed that between
the concentrations of 5 ug and 10 ug of Spike in PEGAUTSNP, the shift difference is
constant between 6 nm and 7 nm indicating the maximum possible binding of the Anti-

Spike to spike was reached.

The aforementioned results suggest that the protein volume that successfully covers the
nanoplates surface before the saturation point is between 3 pug and 5 pg. Considering

this, a concentration of 4 ug per mL of PEGAUTSNP was used for further testing.

Spike-PEGAUTSNP Detection Limits determination

Spike functionalised PEGAUTSNP were used with different amounts of Anti-Spike as
described in section 3.14.2. As shown in Figure 54, expected redshifts were recorded
for increasing concentrations of Anti-Spike which suggests intensifying binding of the

antibody to the Spike functionalized nanoplates.
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Figure 54. LSPR spectra of Spike PEGAUTSNP with increasing amounts of AntiSpike. Redshifts were observed as
the concentration of AntiSpike increased indicating intensifying binding of the antibody to the Spike functionalised
nanoplates.

It can be analysed from Figure 55 that binding of the Spike-AntiSpike complex can be
detected with AntiSpike concentrations of 0.01 mg/mL. Moreover, shorter redshifts
were observed for the highest concentrations of antibody, indicating Ab-Ag system
saturation from 0.13 mg/mL of AntiFn. Hence, Spike-PEGAUTSNP detection limit was
determined in a range of AntiSpike concentration between 0.01- 0.1 mg/mL. In a
comparative study of (Dobrynin et al., 2022) detection limit ranges of rapid antigen
tests were recorded between 0.0000098-0.0000786 mg/mL. This opens an area of
opportunity to improve the proposed technique detection limits.
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Figure 55. LSPR peak shift as a function of Anti-Spike concentration for Spike PEGAUTSNP. Spike-PEGAUTSNP
detection limit was determined in a range of AntiSpike concentration between 0.01- 0.1 mg/mL.

Specificity analysis of the Spike-AntiSpike system
Specificity of the Spike-AntiSpike system was tested with the previously established

concentrations of Spike-PEGAUTSNP and AntiSpike as per detection limits curve

(Figure 55). The TJP1 protein was used as a negative control for binding since
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AntiSpike antibody is specific to Spike protein according to the manufacturer

information.

——PEG AuTSNP
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Figure 56. LSPR spectral shifts of PEGAUTSNP, Spike functionalised PEGAUTSNP, TJP1 functionalised
PEGAUTSNP before and after exposure to AntiSpike

Table 8. Amax for Spike-PEGAUTSNP and TJP1-PEGAUTSNP before and after addition of AntiSpike

Amax Spike- Amax TJP1-
PEGAUTSNP (nm) PEGAUTSNP (nm)
Before AntiSpike | 639 600
After AntiSpike | 646 601
AL | 7 1

As shown in Figure 56 the LSPR for bare PEGAUTSNP was recorded at 575 nm and
redshifts of 65nm (to 639nm) and 25nm (to 600 nm) were observed upon
functionalisation with Spike and TJP1 proteins respectively. According to Table 8, a
shift of 7 nm for the Spike PEGAUTSNP was measured after exposure to its
corresponding antibody, while a shift of only 1 nm was detected for the TJP1-
PEGAUTSNP.

It is worth noting that the concentration of both stock proteins is ~1mg/mL and they are
also similar in size, around 30 kDa for Spike and 33 kDa for TJP1(Maffei et al., 2021).
Hence, the reduced shift of the TJP1 nanoplates (25nm) compared to the Spike
nanoplates (65nm), suggesting weak attachment of the TJP1 protein to the
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PEGAUTSNP surface. This can also be inferred when evident binding between the
antibody and its Spike counterpart (7 nm) is observed, but there is almost no shifting (1
nm) with TIJP1 and AntiSpike. This behaviour could indicate no recognition of the
antibody, which would be expected, or a stronger affinity of the AntiSpike for the

nanoplates causing a replacement on the nanoplates’ surface.

DLS measurements will be carried out to further analyse the protein’s behaviour.
Additionally, Spike-AntiSpike binding interactions will be studied in the presence of
horse serum (HS) as a high background noise environment to analyse the sensitivity of
the nanoplates for the detection of protein interactions within complex mediums.

Spike protein detection-platform testing within horse serum

Binding of Spike to AntiSpike was analysed in the presence of HS as complex

environment to study the nanoplates sensitivity. TJIP1 was used as a control for binding.

Table 9. Amax for Spike-PEGAUTSNP and TIP1-PEGAUTSNP treatments within HS before and after exposure to
AntiSpike.

Spike  HS HS HS | TJP1 HS HS HS
NP  100% 50% 10% [ NP 100% 50% 10%
+ + + + + +
Spike Spike Spike TIJP1 TJP1 TJP1
NP NP NP

Amax before | 590 609 612 607 596 612 617 604

Antispike (nm)

Amax after | 603 617 619 609 | 597 620 620 606
Antispike (nm)
AA(nm) | 13 8 7 2 1 8 3 2

As shown in table 9, the Amax for the Spike functionalised PEGAUTSNP was initially
recorded at 590 nm. As predicted, upon binding of the antibody to the Spike, a shift of
13 nm was detected. There was a similar behaviour in the cases where the Spike-
PEGAUTSNP were in presence of HS at three different concentrations (100%, 50%,
10%), where positive shifts of 8 nm, 7 nm and 2 nm were recorded respectively. When

TJP1-PEGAUTSNP (initial Amax: 596 nm) were exposed to AntiSpike, a minimal shift
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(1 nm) was recorded similar to previous experiments. Nonetheless, shifts of 8 nm, 3nm
and 2 nm were recorded for TJIP1-NP upon addition of the AntiSpike in the presence of
HS. These unanticipated positive shifts in relation to TJP1 could be associated with
non-specific binding of the HS components to the added AntiSpike. According to Riond
et al. (2009), HS is a non-standardized component of blood with varying concentrations
of several proteins, albumins and globulins, among other components; this could
interrupt, obstruct or in this case, interfere with the predicted experiment behaviour
(Riond et al., 2009).

Additional experiments were carried out only analysing TJP1to confirm the previous
results and further investigate the behaviour patterns the protein when exposed to

AntiSpike within the presence of serum.

Table 10. Amax for TIP1-PEGAUTSNP treatments within HS before and after exposure to AntiSpike.

PEG Spike TJP1 HS100% HS50% HS 10%
AUTSNP NP NP +TJP1INP +TJP1 +TJP1

NP NP
Amax before 589 604 597 628 627 618
AntiSpike
(nm)
Amax after 614 619 614 633 632 620
AntiSpike (nm)
A4 25 15 17 5 5 2

In the latest experiments, PEGAUTSNP Amax was recorded at 589nm and shifts of 15
nm and 8 nm were recorded upon functionalisation with Spike and TJP1 respectively,
where similar to previous tests, there is weaker attachment of the TJP1 onto the
nanoplates. According to Table 10, registered Amaxes appear to be higher upon

exposure to AntiSpike in all treatments comparable to the previous experiment.

Moreover, shifts of 5 nm and 2 nm were recorded for TIP1-NP upon addition of the
AntiSpike in the presence of HS in concentrations of 100%, 50% and 10% respectively.
As mentioned earlier, a binding of AntiSpike to TJP1 protein is not expected and there
appears to be an interaction between the AntiSpike and the TJP1 nanoplates. For this
reason, further analysis was necessary to gain a better understanding of the possible
causes of binding, thus, DLS measurements were carried out for all treatments

following the addition of antibody.
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Table 11. Size measurements of PEGAUTSNP, Spike-PEGAUTSNP and TJP1-PEGAUTSNP treatments within HS before and after exposure to AntiSpike.

Size measurement before

Size measurement after AntiSpike

Superimposed graphs

Size peak 1: 35.37 nm
Size peak 2: 170.1 nm

Size: 119.7 nm
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Table 11 above shows the DLS size measurements for all treatments before and after
exposure of AntiSpike. In most cases it can be observed there was an increase in the
size of the particles after the apparent binding of the antibody, nonetheless, three peaks
can be observed in all samples containing horse serum even before exposure to
AntiSpike, possibly indicating the coexistence of nanoparticles of different sizes within
the same sample or agglomeration of horse serum proteins (Vasile et al., 2012). A
similar phenomenon is observed in the study of Schintke and Frau (2020) where the
interaction between nanoparticles and mouse serum was analysed through DLS
measurements showing several peaks where results indicated poor signal stability when
the serum sample was unfiltered, suggesting the presence of large agglomerates affects
particle size (Schintke & Frau, 2020).

As mentioned before, AntiSpike seemed to show stronger affinity for the nanoplates
causing the TJP1 to be replaced by the antibody on the nanoplates’ surface (Figure 57).
DLS measurements in Table 11c show a size measurement of around 395.9 nm for
TJP1-PEGAUTSNP which corresponds only to an 8 nm shift in the LSPR spectrum as
stated in Table 10 (from 589 nm to 597 nm), this could be attributed to TJP1causing
networking by itself. Since networking is not a close reaction to the PEGAUTSNP
surface, it does not reflect in a large shift (Brennan-Fournet et al., 2015). Upon
AntiSpike addition, there is a reduction in size to around 53.53 nm possibly indicating
the breakage of the TJP1 network on the nanoplates, nonetheless, there still is an LSPR
recording of 17 nm which could be attributed to the replacement of the TJP1 for the
Antispike.
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Figure 57. lllustration of protein replacement due to stronger attachment of AntiSpike to PEGAUTSNP.

For the system within horse serum, a more detailed analysis of the results revealed that
upon addition of AntiSpike there was an increase in size only for a small population of
particles. In the case of 100% HS with TJP1 nanoplates, a Polydispersity Index (PI) of
0.33 was recorded, after the sample interacted with the antibody there was an increase
in PIto 0.78 as shown in Table 11d. The higher Pl implies there is a polydisperse sample
as a result of all the components already present in the horse serum, and perhaps a small
population of nanoplates in the sample now bound to the added AntiSpike producing
different sized particles. In Figure 58, when results are compared to TJP1 NP +
AntiSpike (red plot, around 53.53 nm in size) a resemblance can be observed with the
HS100 + TJP1 NP plot (blue) where a size of 39.28 nm is recorded. This could be
related to the similarity in size between TJP1 NP interacting with the antibody and the
HS proteins interacting with the TIP1 NP. When all the system is analysed as a whole,
namely HS100 + TJP1 NP + AntiSpike, a peak of 163.1 nm (blue plot) can be related
to the 165.8 nm peak from the green-coloured plot suggesting the TJP1-coated

nanoplates did not bind to AntiSpike and kept their size, nonetheless, a fourth peak in
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the green plot above the 1000 nm region could be attributed to the AntiSpike binding

and networking with components from the HS.

-y ——TJP1 NP + AntiSpike
) ——HS 100 + TJP1 NP
16 ——— HS 100 + TJP1 NP + AntiSpike

Intensity

Size (nm)

Figure 58. DLS measurements for TIP1-NP + AntiSpike and TIP1-NP within 100% HS before and after addition
of AntiSpike

Fifty percent diluted horse serum behaved in a similar manner where an increase in the
size was observed with the presence of AntiSpike in the sample. The 50% HS with
TJP1 nanoplates sample (Table 11e) with a PI of 0.40 showed an increase to a Pl of
0.69 as a consequence of higher polydispersity. In Figure 59, similar to HS100, a
relation can be observed between the plots where TIP1 NP + AntiSpike (red), and HS50
+ TJP1 NP (blue) can be identified within the HS50 + TJP1 NP + AntiSpike sample
(green) where it can be observed that a fraction of the HS50 + TJP1 nanoplates

interacted with the antibody, resulting in a higher intensity peak of 470.7 nm.
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Figure 59. DLS measurements for TIP1-NP + AntiSpike and TIP1-NP within 50% HS before and after addition of
AntiSpike

In line with the previous HS concentrations, TIP1 NP + AntiSpike, and HS10 + TJP1
NP can be identified within the most diluted sample (Figure 60). Similar to the other
HS samples, the plot suggests the TJP1-coated nanoplates did not bind to AntiSpike,
but the antibody created networks with serum contents resulting in a peak in the highest
region among all samples. Moreover, it can be observed that comparable with above
results, the size of HS 10 + TJP1 NP sample is 133.1 nm (blue plot), and upon AntiSpike
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addition, a fraction of the sample reduces in size to 39.42 nm (green), validating the

hypotheses where the antibody breaks the TJP1 network causing the size reduction.
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Figure 60. DLS measurements for TIP1-NP + AntiSpike and TIP1-NP within 10% HS before and after addition of
AntiSpike

Summary

Throughout this chapter, the optimal functionalisation concentrations to successfully
cover the surface of the PEGAUTSNP were determined. Experiments revealed adequate
concentration of 4 ug per mL of PEGAUTSNP for both Spike and AntiSpike proteins.
Spike functionalised nanoplates were detected in an assay with the addition of
AntiSpike, where the versatility and specificity of the AuUTSNP to be used in the
detection of the Spike-AntiSpike binding system was demonstrated. When the
experiment was performed within horse serum as a complex environment, unforeseen
performance was observed with LSPR redshifts for the TIP1 protein treatments upon
addition of the AntiSpike antibody. These redshifts were unexpected considering that
AntiSpike should not have affinity for TIP1. DLS measurements were performed to
further analyse the outcomes where it was concluded that different-sized nanoparticle
populations were present in the samples. Moreover, results suggested the interaction of

the AntiSpike with horse serum components, explaining the size and Amax increments
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upon addition of this antibody. Additionally, it was concluded that TJP1 formed
networks which were broken up upon addition of AntiSpike as a result of its stronger
affinity to the PEGAUTSNP surface.
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CONCLUSION & FUTURE
PERSPECTIVES



In this work, the successful optimization of gold edge-coated triangular silver nanoplate’s
preparation protocol was carried out demonstrating strong and distinctive LSPR recordings.
Experiments were carried out to determine the best Ag:Au ratio (1:0.049) to successfully coat
the edge of the nanoplates for protection against etching by chloride and for the increase in
sensitivity for efficient protein functionalised PEGAUTSNP monitoring within high saline
environments. Sensitivity of the AUTSNP was studied with the sucrose test to ensure strong

LSPR results in future experiments.

Fn conformational changes were monitored with and without the presence of Cs-HAp bone
tissue regeneration scaffolds upon incubation at two different pH values (pH 4.1 and pH 7.2).
The results demonstrated the potential of PEGAUTSNP as powerful tools to signature protein
conformational transitions from compact to extended formats, and readily monitor critical

protein behaviour in presence of biomimetic tissue scaffolds.

Following that, Fn transitional behaviour was monitored in C2C12 myoblast cells environment
with and without the presence of the scaffolds over 32h at five different time points to analyse
the extension and fibril formation of the protein overtime. Redshifts over the 32 hours could
be observed indicating the active protein unfolding activity. Denatured Fn was functionalised
on the AUTSNP as a control where no redshifts were expected. Results correlate with recent
experiments on Fn unfolding activity and fibril formation within the extracellular matrix. In
addition, MC3T3-E1 pre-osteoblast cells were cultured to study and compare Fn
conformational behaviour overtime, where similar results to the previous experiments were
observed with and without the presence of the Cs-HAp bone tissue regeneration scaffolds.
Furthermore, bone tissue regeneration scaffolds in the form of hydrogels were further studied
to monitor the now-loaded protein onto the scaffold over time within the presence of cells.
Findings were consistent to previous experiments with the stiff scaffolds with longer shifts
observed for the active protein compared to those of denatured Fn. With both cell lines, cell
morphology was observed after 32 h showing normal cell structure and growth with no
observable adverse effects from the nanoplates or the scaffold on the cells.

After the high sensitivity of the PEGAuUTSNP to study protein dynamics was demonstrated,
their ability to detect binding of antibody-antigen complexes within dynamic environments was
evaluated. Purified Fn was detected through direct assays with the antibody, as well as through
indirect assays detecting native Fn present in cell-isolated ECM. In the direct experiments, the

possibility of the antibody recognising nanoplate-unattached Fn in the samples was presented.
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A centrifugation approach was used to remove unattached Fn and observe differences in the
spectra for centrifuged and non-centrifuged samples. Similar behaviour was observed in both
methods upon addition of the antibody suggesting minor differences when samples were

centrifuged.

Optimal protein concentration of 5 ug of Fn per mL of PEGAUTSNP to entirely coat the surface
of the nanoplates was determined and further used in the AntiFn-Fn LOD determination.
Detection of Fn-AntiFn binding was achieved with antibody concentrations of 0.01 mg/mL and
the nanoplates saturation point was determined. Following that, native Fn was detected by
using AntiFn-PEGAuTSNP within isolated ECM in different concentrations to observe
differences in the shifting profile caused by the variations in the concentration of biological
components in the ECM. Results were validated by comparing the shifting profile of native Fn
to that of purified Fn, and with AntiTIP1-PEGAuUTSNP used as a negative control for binding
to ECM proteins. Results showed native Fn from the ECM can be successfully detected by
using AntiFn antibody-coated nanoplates. AntiTJP1-coated nanoplates showed limited shifting
when exposed to isolated ECM in comparison to AntiFn-coated nanoplates which displayed

strong redshifts as a result of their specificity to detect the native Fn protein.

Considering the previous promising results, PEGAUTSNP were applied with SARS-CoV-2
Spike protein and its corresponding antibody to present their potential as a platform for the
detection of COVID-19. Adequate protein-functionalisation concentrations to successfully
cover the nanoplates’ surface were determined, where results revealed volumes of 4 ug per mL
of PEGAUTSNP for Spike and AntiSpike were efficient volumes for further experimentation.
The AbAg-complex binding was detected in a direct assay through the exposure of AntiSpike
to Spike-functionalised nanoplates. Results demonstrated the versatility and specificity of the
gold edge-coated triangular silver nanoplates for their use in the detection of the Spike-
AntiSpike system with longer shifts recorded for Spike-PEGAUTSNP upon addition of
AntiSpike in comparison to the negative control, TIP1-PEGAUTSNP.

Additional experiments were carried out in the presence of horse serum as a dynamic
environment to test the sensitivity of the AUTSNP-based immunoassay within a complex
environment, where interesting behaviour was observed with LSPR redshifts for the TJP1
treatments after exposure to AntiSpike antibody. These results were further analysed with DLS
measurements where several nanoparticle populations of varying sizes were identified in the

samples, providing insights into the outcomes of the experiments. The use of TJP1 as a control
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showed interesting performance within horse serum samples where it could be concluded that
protein-protein networks were formed which were then broken up by the added AntiSpike
antibody due to its stronger affinity to the nanoplates surface. In future research alternative
complex environments and controls to validate the results can be assessed, as well additional
steps taken such as the filtering of bigger molecules within the samples to minimize non-

specific binding and polydispersity of the samples under study.

Overall, this work has presented the gold edge-coated triangular silver nanoplates as powerful
new tools to signature protein conformational transitions within living cells, monitor essential
protein activity and detect antigen-antibody interactions above high background noise levels.
Furthermore, this project has presented the possibility of AUTSNP to be used in nanoplate-
based immunoassays for the detection of COVID-19 or potentially other diseases within
medical settings and on field. Nonetheless, there are challenges remain and limitations
associated with high noise environments suggesting further research is required for the

development of AUTSNP detection-platforms with enhanced sensitivity and performance.
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INTRODUCTION

Tisswoe scalfolds, which mimic the aative extracellular
matnix (ECM) are under intense development for a range
of regenerative medical applications. The specitic theee-
dimensional ultrastructure of ECM macromolecules is
esseatial for the provision of structural suppoct and
signalling ques for the modalation of diverse host
processes including cell migration and cell proliferation.

Here we preseat the in situ on scaflfold desection of
coaformatiosal tunsitions of the ubiquitous ECM
protein, fibrosectin.' This critical ECM protein was
meorporated o biocompatible  and  buiodegradable
chitosan composite bome tissue scaffolds, developed as
excellent alermatives to boae grafting  sechaiques.
Fibronectin - conformations  are moaitored  using
plasmonic gold-edge-coased tangalar silver aanoplates
(AUTSNP) which exhibit some of the highest reposted
spectral  shuft  responses o swface  biomolecular
interactions.'¥ Large spectral shifts distiaguish between
compact and extended fibronectia coafonnations in the
presence of the chisosan bone regencration scaffolds.

MATERIALS AND METHODS

High MW choosan, fibronectin and  chemicals  for
AuTSNP synthesis were obtained from Sigma Aldrich.
Chizosan scaffolds were porepared using a previously
reposted  crosslinking  process.”  AGTSNP  were
synthesised using a peeviously described seed mediated
appeoach.! The highly seusitive local surface plasmon
resoaance (LSPR) of the AuTSNE was wsed 10 recond the
fibronectin conformations. ' Zeta potential measurements
were wsed 1o verify the fibronectin conformational status.
Ine  conformational peofile  of fibroosectin  was
imvestigated at physiological pH with and without the
presence of the scaffold.

RESULTS

Fibronectin i a  compact conformaton  has 2
Bydrodysamic radas of the order of 23 nm as reconded
by zetasizer measuremeats. In the exteaded confoamation
the increases for up to 130 am for single fibronectin
strands, however, can become much langer as networks
and fibails are foomed. Figure 1 shows the AulSNP
LSPR sigature readings for compact and extended
fibronectin confonmations.
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DISCUSSION

The overall results demonstrase that  fidbronectin
coafoomations  within chitosan boune regencration
scaffolds can be readily detecsed using AuTSNP. This
highlights the potential 10 readily momstor ECM
macromolecular behaviour for the improvement of tisswe
wn saffold s using AuTSNP LSPR.
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INTRODUCTION

Tissue scaffolds mimic the native extracellular matrx
(ECM), which make: them atractive for the
development for a range of regeperative medicine
zpplications. The three-dimensionmal structure of the
macromolacules present in the ECM iz crucial for the
provision of structural support to swrrounding cells and
signalling ques for the modulatior of diverse processes
including cell migration and proliferation.

In this work we present the detection of conformational
transitions and behaviowr of the ubiguitous ECM
protein, fibropectin' iIn the presence of bome
regenerztion scaffolds and Living cells. Thiz critical
ECM protein wa: amacked to gold-edze-cozted
tniangular silver mapoplates (AuTSNP), which exhibit
some of the hizhest reported :pectral shift responses to
surface biomolecular interactions'~, and was later 2dded
to culrured cells. Large spectral shifts distinguish
betweern compact and extended fibronectin
conformation: mm the presence of the chito:an bone
regenerztion scaffolds.

MATERIALS AND METHODS

High MW chitosan, fibronectin and chemicals for
AuTSNP synthesis were obtzined from Sizmaz Aldnch.
Chitosan scaffolds were prepared using a2 previously
reported  crosslinking process’ AuTSNP  were
synthesised using 2 previously described seed mediated
2pproack.’ The highly sensitive local surface plasmon
resonance (LSPR) of the AuTSNP was used to record
the fibromectin conformatuons.” Zetz potential
measurements were ued to verify the fbronectin
conformational stamus. The conformational profile of
fibropectin w2s investizated in 2 cellular environment
with and without the presence of the scaffold over time
from 0 to 48h.

RESULTS

Fibropectin in 2 compact conformation ha: a
hydrodynamic radius of the order of 23 nm 23 recorded
by zetasizer measurements. In  the
conformation the increases for up to 130 am for single
fibronectin strands, however, can become much larger
23 petworks and fibnls 2re formed over time Figure 1
shows the AuTSNP LSPR siemature readines for
compact and extended fibronectin conformations.
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Fipurel The LSPR sigaature of compact vs extended
fibroanectin conformations.

DISCUSSION

The overall results demonstrate that fbronectin
conformations in the presemce of living cells znd
chitosan bone rereneration scaffolds can be readilvy
detected using AuTSNP. This higklizhts the potential to
readily monitor ECM macromolecular behaviour for the
improvement of tiszue regeperation scaffold properties
using AuTSNP LSPR.

REFERENCES

1. Breman-Foumet, M E. Huerta, M, Zhang Y,
Malliaras, G. & Owens, R. M Detection of fibronectin
conformational changes in the extracellular mamx of
live cells using plasmonic nanoplates. J \éxer, Chem
B3,2140-8147 (2015).

2. Chales, D. E Aherme, D. Gara M Ledwith DM

Gun'ko, Y K Kely, J M Blaw W. J Brewar

Fowrer M E Versatle Solution Phase Trangular

Silver Namoplate: for Highly Semsmme Plasmon

FResopance g, ACS Naio 4, 55-64 (2010).

Devine, D. M, Hoctor, E., Hayes, J. S, Shechan E &

C. E Extended of i

!.pl

169



Appendix 5: MSSM 2019 Conference paper in Advanced Materials Research

Iy Engineering Materials Submitted: 201 0-06-10
LN J662-87935, Fol. 863, pp 4347 Revized: 2019-11-13
doi ] 04025 vww scientfic. net EEW 565 43 Accepred: 2020-01-12
i 2020 Traves Teck Publications Lid, Switzerland Omifme: 2020-00-30
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Abstract. Tissue scaffelds can be designed fo mumic the native extracellular matrix (ECM), making
them attractive for the development for a range of regenerative medicine applications. The
macromolecules present in the ECM are enitical for the provision of stroctural support to surrsmding
cell: and signalling cues for the modulation of diverse processes including cell migration
proliferation and healing activation. Here, conformational and transitional behaviour of the
ubiquitous ECM protein, fibronectin (Fn), in the presence of bone tissue regeneration scaffolds and
living C2C12 nryoblast cells is reported. Spectral monitoring of Fn fimetionalised high plasmomie
resonance responsive gold-edge-coated tnangular silver nanoplates (AuTSNP) 15 used to distinguish
between compact and extended fibronectin conformations. Large spectral red shafts of ~20 to ~57 nm
indicate Fn unfolding and fibril formation on incubation with C2C12 cells. The label-free nature,
excellent sensitivity and straightforward application of the AuTSNP within cellular environments
presents them as a powerfil new tool to signature protein conformational activity in living cells and
monitor essential protein activity for the assisted development of mmproved tissue scaffolds
promoting enhanced tissue repair.

Introduction

Chitosan 15 a promising crustacean denvative biomatenial prepared by the deacetylation of
chitn and is abundant in npature. Chitosan has excellent bicdegradability, bionumetic and
biocompatibility properties for tissue engineering applications and the simulation of self-healing
matrices and mimetic tissue repair scaffolds [1]. Here chitosan (CS) is combined with the bone
ceramic hydroxyapatite (HAp) and photecresslinked to form an esteocondnetive and osteointegrative
C5-HAp bone tissue regeneration scaffold as previously reported [2].

Tissue scaffolds mimic the native extracellular matnx (ECM), this critical component
conirols fundamental cellular processes and provides structural support to swrounding cells. The
three-dimensional struchure of the macromolecules present in the ECM 15 essential for the delivery
of signalling cues for the modulation of diverse cell b)

behaviours meluding cell-cell commmication and
. 1‘

promoting tissue repair [3].
ECM proteins are implicated in cancer and have
active participation in tumeor progression [3]. In
particular, fibronectin (Fn), a entical ECM protein

articipation in various phases of tumor proliferation [ 1. (a) Transmission electron microscopy
%11 c£ exhibit a mmIEict zoluble fﬂl‘ﬂ;';zﬂ]l while (TEM) of AuTSNP, ':j C5-HAp bone fissue
circulating  wiflin the bloodstream [3]. Under Srnerstion scaffoldsample.
conditions where Fn expression is altered, it can

whose fimctions are govemned by its conformational
activity, 1s receiving Increasing attenfion due fo its

All nights reserved. Mo part of comients of Sis paper may b= reproduced o Fransmied in amy for or by any means wihout e witien pemmission of Trans
Tech Publications Lid, www.scenfic et (#543086533-0210720, 14051 5)
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promote tumor cell mvasion where upregulation and binding to cell-adhesion molecules and
mfegrns, causes an activation of signaling pathways that promote tumongenesis, mefastasis and
therapy resistance [3, 4]. Structurally Fn can experience conformational transitions induced by
changes in the pH or temperature. Under physiclogical conditions (pH 7-7.4). Fn presents a folded
compact shape, while at lower pH (pH 2.8- 4} it extends to enable fibnl formation [3].

The potential for versatile in-situ real-time monitoring of protein activity and conformational
behaviour is possible using high sensitivity localized surface plasmon resonance (LSPE) Triangular
Silver Nanoplates (TSNPs) [6]. LSPE. 15 an optical phenomenon where light mteracting with
nanoparticle surface electrons, observed as an extinction spectrum exhibits measurable spectral
shifts in response to surface interactions. These shifts are induced by local material and melecular
mnteractions which alter the refractive index m the immediate vicinity of the nanoparticles [6]. This
feature allows the TSNP to be used as a sensitive and straightforward tool to detect both the presence
and conformation of proteins, and has previcusly been reported for real-ime monitoring of
conformational changes in Fn in the presence of lve cells [7].

In flus work we present the detection of conformational fransitions and fibril formation
activity of Fn in the presence of CS5-HAp bone fissue regeneration scaffolds and C2C12 myoblast
cells. Fn fimetionalised on to gold-edge-coated triangular silver nanoplates (AnTSNF), which exhibit
some of the highest reported spectral shift responsas to surface biomolacular inferactions, are used to
record in situ real time progression of the Fn behaviour [7].

Materials and Methods

High MW chitosan. fibronectin and chemicals for AuTSNP synthesis were obtamed from
Sigma Aldrich C2C12 myoblast cell line was obtained from the Ewropean Collection of
Authenticated Cell Cultures (ECACC). Extinction measurements were camed out using a TTV-vis
spectrometer (Synergy HT BioTek microplate reader). Scaffold stenlization was camed out using
pulsed UV (Samtech Pulsed UV system).

Bone Tissue Regeneration Scaffold preparaton

Chitosan- hydroxyapatite scaffolds (C5-HAp) were prepared using a previcusly reported
novel one-step photocrosslinking reaction under the presence of UV light [2].

Gold-edge coated triangular silver nanoplates (AuTSNP) preparation

AuTSNP were synthesised using a previously described seed mediated approach [6]. TSNP
growth was carmed out by mixing 350 pl of seed selution with ascorbic acid (AA) (75 pl, 10mMd),
4 ml of water and adding AgNOs (3 mL, 0.5 M) at a rate of 1 mL min . After synthesis, TSC
(300 uL, 25 M) was added fo the selution. Gold coating for 1 mL of TSNP solution was carmed out
by adding and mixing Gold (T} chlonde tnhydrate 20 pL, 0.5 mM) and AA (18.9 ul, 10 mM).

Protein conformational changes monitoring

Before monitoring Fn conformational changes m the presence of C2C12 myoblast cells,
LSPE. sensing of fibronectin activity was carmied out at two different pH values (pH 7 and pH 4) to
moniter and record conformational transifions of the protein in the presence of bone tissue
regeneration scaffolds. After that. nanoplates were meubated with the C2C12 moyoblast cell line and
bone tissue regeneration scaffolds and monitored over 32 hours using UV-Vis spectrometry. Before
n:an}mg out the assays, namplates were coated with polyethylene glycol (PEG-INp) to provide a
protective layer and minimise the direct contact between fibronectin and the nanoplates surface
minimising the influence in the protein conformational behaviour [7]. PEG-Np and Fn PEG Np. were
incubated with the cells to momitor the conformational behaviour and interactions in the cellular and
scaffold environments and observe any changes in cell morphology.
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Cell culture

Cells were cultured with phenol red-free supplemented DMEM (Dulbecco’s Modified Eagle
Medium, 10% fetal bovine serum, 5% pemeillin—streptomycin, 5% L-glutanune) in a humidified
atmosphere of 5% CO: at 37 °C. Cells were plated at an initial density of 34 x 10%cells perml in a
96 well plate and incubated for 24 h untl confluence was reached. 600pL of PEG-Np were
premncubated with 20pl. of 1 mg/ml. Fn. Before addimg the nanoplates to the cells, media was
changed to fresh media. Manoplates and fibronectin-finctionalised nanoplates wers meubated with
the cells in a PEG-Np - DMEM 1:1 ratio.

Fesults and Discussion

In itz contracted conformation, Fn has a
hydrodynamic radius of the order of 23 nm
which 1s exhibited when the pH 1s adjusted to
7. In the extended conformation at pH 4, the
radius mcreases up to 130 mm for single Fn
strands, however, it can become much larger
as networks and fibnils are formed over time
c) [7]. The LSPE. exfinction spectrum for Fn
Compast Fa kaded b fimctionalised PEG-Np with and without the
ATSRpET) W — S1E aTsSNE@EY presence of C5-HAp bone tissue regeneration
Fig. 2. a) UWV-vis spectra of Fo functionalised PEG-Mp  scaffolds is very sinular indicating the strong
with and without the presence of C5-HAp bone tissue  attachment and insulating effect of the Fn on
regeneration scaffold b) Spectral signatures of extended  the AuTSNP surface from CS5-HAp scaffold
(black) and confracted (red) conformations of Fnat pH  imteractions. When no varation m pH is
4 and pH 7 respectively. ¢} Representation of Fn  jpduead the LSPR spectim  shows no
fimctionzlised PEG-Np in compact and exfended significant change with the LS5PRus
conformations. remaming constant, as shown m Fig. 2a. The
miner breadening in the spectrim can be
associated with minimal interactions between the CS-HAp scaffold and the Fn fimctionalised PEG-
Np. Upon pH adjustment from 7 to 4, the LSPE spectrum for Fn fimctionalised PEG-Np in the
presence of the CS-HAp scaffold is observed to red shift by 27 nm_ indicating the infoldng of the
protein and its increased density in the vicinty of the AuTSNP (Fig. 2b) [7]. These large LSPR
spectral differences distinguish between compact and extended Fn conformations due to induced
refractive index changes local to the surface of the Au-TSNP. A red shift in the AnTSNP LSPR
therefore provides a signature for Fn conformational transitiening from more compact to extended
formats (Fig. 2c).

In order to observe Fn protein conformational transitions in the presence of C5-HAp bone
tissue regeneration scaffolds and mryoblast cells, Fn fimetionalised AuTSNP were meubated with
C2C12 myoblast cells, C5-HAp scaffolds and monitored over time. Nommal C2C12 myoblast
morphology 1s shown for all treatments indicating that the AWTSNFE have no observable detrimental
effect on the cells (Fig 3).

]
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Fig. 3. Images of C2C12 cells taken after 32b of with 3) Fn, b) Fn and scaffold, ¢) Fu PEGNP,
d) Fn PEGNP and scaffold, ¢) PEGNP, f) PEGNP and scaffold.

Fn PEG-NP in the presence of C2C12 myoblasts without the presence of the CS-HAp
scaffolds, exhibit shifts of approximately ~20 nm between Oh and 8h of incubation, while longer
shifts of approximately ~57 and ~30 nm were measured from 24 h, as shown i figure 4 a). This can
be associated with the expected increased unfolding and extension activity and the progressive
fibnllar organization of the Fn within the cellular environment [8]. This is in keeping with reported
evolution of Fn fibnil formation at time points between 24h and 48h [9].

Fig. 4. LSPR spectra of a) Fn functionalised PEG-Np incubated with C2C12 over 32 hours, b) Fn PEG-Np
mcubated with C2C12 and tissue scaffolds over 32 howrs.

The on-scaffold cellular incubated Fn-PEG-NP exhibited a similar behaviour with strong red shufts
recorded overtime (Fig. 4b). These results comelate with the most recent models on Fn
conformational activity within the cellular environment demonstrating the potential of the
functionalised AuTSNP to detect dynamic protein conformational behaviour m living cells.
Furthermore, this capacity to readily menitor cnitical on-scaffold protein behaviour has the potential
to provide an essential tool for the development of advanced ECM muimetic tissue scaffolds for
regenerative medicine applications.
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Conclusion

High sensitive LSPE. Fn fimctionalised AuTSNP were used fo monitor the conformation
transiticns of the ubigquitous ECM protein, Fn, m the presence of C2C12 myoblast cells. The
conformational profile of Fnwas investizated in a cellular environment with and without the presence
of C5-HAp bone tissue regeneration scaffolds over ime from 0 to 32h. As Fnunfolds from a compact
conformation to form fibrils in which Fn displays a highly extended conformation ISPE. spectra
extibit large red shift shifts of ~20 nm generated over 32 hours. These results correlate directly with
the most recent models on Fn conformational activity within the cellular environment, demonstrating
the potential of the AwTSNP tfo provide cmtical detailed information on dynamic protein
conformational response and behaviour. This highlights the capacity of the AuTSNP LSPR technique
for straightforward, versatile non-labelling measurements of protein conformational dynanmues in the
high noise cellular environment and potential application in the development of advanced tissue
scaffolds with improved regenerative and repair performance.

References

[1] Abdel-Fattah W. L et al. (2007} “Synthesis, charactenization of chitosans and fabnication of
sintered chitosan microsphere matrices for bone tissue engineering’, Acta Biomaterialia, 3(4),
Pp- 303-514. doi: 10.10164.actbio. 2006.12.004.

[2] Devine, D. M., Hoctor, E., Hayes, I. 5., Sheehan, E. & Evans, C. H (2018) Extended release
of protemns followng encapsulation m hydroxyapatite/chitesan composite scaffolds for bone
tissue engineering applications. Mater. Sei. Eng. C 84, 281289,

[3] Wang, I, & Hielscher, A (2017). Fibronectin: How Its Aberrant Expression in Tumors May
Improve Therapeutic Targeting. Jowrnal OF Cancer, §(4), 674-682. doi: 10.7150/jca 16901

[4] Pankov, E.. & Yamada E. (2002). Fibronectin at a glance. Journal Of Cell Science, 113(20),
3861-3863. dou: 10.12424c5.00059

[3] Tooney,N. M., Mosesson M. W., Amrami, D). L., Hanfeld J.F., & Wall. I. 5. (1983). Sclution
and surface effects on plasma fibronectin structure. The Journal of cell biology, 97(6), 1686—
1692. doi:10.1083/jcb.97.6.1686

[6] Zhang Y. Charles, D. E. Ledwith D. M., Aheme D, Cunningham. 5., Voisin, M., Blaw, W.
I. Gun'ko, Y. K. Eelly, . M. & Brennan-Foumet, M. E. (2014) Wash-free lhighly senzitive
detection of C-reacfive protein using gold denvatized mangular silver nanoplates. Royal
Society of Chemistry, 4, 29022-29031. Dot: 10.103%/c4ra4958f

[7] Bremman-Foumnet M. E. Huerta M., Zhang, Y., Malliaras, G. & Owens, B M. (2013)
Detection of fibronectin conformational changes in the extracellular matnix of live cells using
plasmonic nanoplates. J. Mater. Chem B 3, 9140-2147.

[8] Rozano, T., Dzamba, B., Weber, G. F., Davidson, L. A, & DeSimone, D. W. (2009). The
phiysical state of fibronectin matrix differentially regulates morphogenetic movements in vivo.
Developmenial biclogy, 327(2), 386-398. doi:10.1016/.ydbie.2008.12.025

[9] Antia, M. Baneyx, G., Kubow, K. and Vogel, V. (2008). Fibronectin in aging extracellular
matrix fibrils 15 progressively unfolded by cells and elicits an enhanced nmdity response.
Faraday Discussions, 139, p 229

174



Appendix 6: MSSM 2019 Certificate of participation

175



Appendix 7: AIT Research Day poster, November 2019

TV A TIME S

THE SNDADY TV

oo AIT Research A'T

MONITORING OF EXTRACELLULAR MATRIX PROTEIN CONFORMATIONS IN

THE PRESENCE OF BIOMIMETIC BONE TISSUE REGENERATION SCAFFOLDS
Rodriguez Barroso, L.}, Lanzagorta Gardle, L', Azaman, F.A.Y, Devine, D.M.Y, Lynch M.}, Huerta, M.2
Journet, M.B!

1 Moteriols Reseorch Institute, Athlone Institute of Technology, Athlone, Irelond
2 Department of Science and Technology, Link3ping University, Norrkdping, Sweden

Introduction

Tissue scoffolds, which mimic the notive r“’"""""“
extrocellvlor motrix (ECM) ore under contormetion
dimensional  structuwre  of EOM

munolc:‘lu is essentiol for ::

cell proliferation. ECM proteins ore

E
3
:
{
}

Active F'n PEC-Np incebeted with C2C12 ard
TEM voge of ALTINP COhtosen bare wwallebd Nonsplete UV-Vis gpecium tas e scefiods

Materials & Methods e B LS

tronsitions of Fa in the prasence of C2012
myoblost cells over time from O to I2h. As Fn
undolds from o compact confarmatson to form
fibrils in which Fn duploys o highly extended
conformotion, LSPR spectro exhibit lorge red
shifts. These results corvelote with the most

'x-m-.d-ﬁnhmwm
wﬁ-‘uc“-wmd-m

the potemticl of the AUTSNP to provide

detaded mformaotion om dynocmmx pvo‘—
confarmotioncl response and behoviour.

Rafor ancon

LhverssnFoumnet, ML Hoarta, M., Dharg, Y., Mulloras, 6. & Owens, B M. Detaction of Shesnectin conlorma tiosad changes s the aatrocsliier matris of Bve als
walng plasmacis rasaghutes. L Moter. Ohovn, 8, PHOPMY (2008),. 2. Ohartee DL Adarme, B Gove, M Lo DM Gunda, Y. K. Kby, L M Bow W. L Breonen
Foswmat, M £ Verwths Scltion Mhsas Trianguier Sheer Naneglieton far Nighly Senuitive Musmen Ressrarcs Seruing. ACS Nasco 4, 5564 (2000, 3. Devirw, D. M,
Mocter, £, Meyes, L 5 Sheddan, L A Beara, C N Disended relssss of protsies hlloning srcapaidetion in hydvaspopeti /tesen composie saelds for beorw
Sasse sngiseering spplications. Madww. Sd Eng. CBA, 200209 (200} A Abwre, D, Ohvariee, O, £ Brovsan-Fowmet, ML, Kally, L M A Cuae, Y. K. Dding
Reciomnt SDver Nacogrianu by lphta el Dapositan of o Protactiag Laywr of Culd ot Be Ldges langmud T4 W0WUS-017) (2009

176



Appendix 8: Abstract for Bioengineering in Ireland Conference 2020, January 2020

Farly Stage Rescarcher (PhD Year 1) X Post-Doctoral Rescarcher/Senior Resesrcher/Pl

Entry for the Engineers Ireland Biomedical
Rescarch Modal

Corresponding author has completed PhD and woald
like to review Bial abstract submissions

Please place an X in any appropriste categories
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INTRODUCTION

Crowded cellular environmenss with comples  and
mircate molecular  interactions  underpin biolowcal
processes. High bwlogical nowse is intrinsic within these
biological syssems, and this poses crtical challenges o
the in situ detection aad measwrement of bomolecular
and protein activities important to advancing approaches
%0 disease and ingury treatment. Currently the techaiques
available to characterize protein behaviows in liviag
biological sysiems are highly elabocate and are gencrally
sreatly hindered by the high background noise”,

Here we present a wenatile and straight  forwand
sech foe itormg  Fibronectin, & critical
extracellular matnix (ECM) protein and s interactions
within cells, based oo a novel nano-bio-technology
method. High sensitive gold edge coated truagular silver
sasostructares (AuTSNP)L which are highly responsive
w0 molecular inseractions oo their surfaces, are used to
probe protein behaviowrs within complex cellular and
TIASUE TEEENCTAtion SOV ITOnmNeats.

MATERIALS AND METHODS

High MW choosan, fibronectin and  chemicals for
AuTSNP synthesis were obtained from Sigma Aldrich.
Chitosan scaffolds were prepared using a previously
repocted  crosslinking  peocess’  AWTSNP  were
synthesised using a previosly described seed mediated
appecach.® The highly sensitive local surface plasmon
resoaance (LSPR) of the AuTSNP was wsed 10 recond the
fibronectin  coaformatioas.! o functionalised PEG-
AUTSNP were incubated with C2C 12 myoblast cells and
chatosan scaffolds, and monitared over 32 houns.

RESULTS

LSPR measwrements showed significant red shifts
associated with the expected increased unfolding and
exweasion activity and the progressive  fibnllacy
organization of the active Fn within the cellalar
environment. Figure | shows the AGTSNP LSPR
readings for fibronectin wpon incwbation with C2C12
myoblasts and scaffold.
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Figure 1 LSPR spoctes of sctive Fu PEG-AUTSNP mcubated
wilh C2C 12 myoblons and Co-HAp reacecrton saflolds

DISCUSSION

The coafoemational profile of Fa was investigated @ 2
cellular envirvament with and withowt the preseace of
CS-HAp bone tissue regencration scaffolds over time
from 0 50 312h. The results correlase directly with the most
recent models on Fa conformational activity within the
celbular environment, demonstrating the potential of the
AulSNP 1o provide crtal detaded information on
dynamic proccin conformational response aad behaviour
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Functionalissd AUTSMPs performance 35 Fibronectin (Fn] biosensors in the
presence of ECM-mimicking bone regeneration scaffolds was demonstrated.
The specificity of the Fn monitoring was confirmed through spectral
monitoring denatursd and  active protein where it was  successfully
demonstrated that gold edge-costed trizngular siver nanoparticles are
powerful tools for non-labelling measurements for biomalecule dynamics in
high background noise environments such as MC3T3 and C2C12 cell lines. The
remarkable sensitivity of AUTSMNPs enzbles their capability to interact with and
sense tissue molecular signalling and hence can provide extreordinary
possibilitias for the dewelopment and progression of regenerative medicine.

TUS Research
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Abstract In the @ llular environment, high noise levels, such as fluchuations in biochemical reactions,
F'n:!bei:n vu'i.:bi]il}l:. molecular diffusion, cell-to-ae il comtact, and PH, can both mediate and interfers
with celhular functions. In this work, gold edge-coated triangular sibver nanoparticles (Ao TSNF)
wene validated as a promising new tool to indicate profein conformational transitions in caltuned
cells and o monitor essential protein activity in the presence of an optimized bone biomimetic
chitosan-based scaffold w hose rational design mimics the BCM as a natural scaffold A chitosan-
based soaffold formulation with hydroayapatite (C5/HA plwas selected due to its promising featumes
tor orthopedic spplications, including combined high mechanical steength biccompatibility and
biodegradability. Functioralized AuTSNFP-based tests with the model ECM protein, fibronectin
{Fn). illustrate that the protein interacions can be cleadly sensed over time through the local surface
plasmon resonanice (LSPR) technique. This demonstrates that AuTNSE ane a powerful tool to detect
probein conformational activity in the presence of biomimetic bone tissue regeneration scaffolds
within a cellular env ironment that comprises a diversity of molesculsr cuss.

K-eywnr\d.l: 1:1.“1.3__1:1.1: sibrer nm'.upm'licba_: fibronecting LSPE; extracellular matrix; mﬁen.cral'im
scatfold

1. Introduction

The crowded extracellular matrix (ECM) controls protein dynamics and trajectories,
which underpin important biolegical processes thal can activate response chaines for the
development of numerous human disorders as well as healing processes. Fluone scenos
Resonance Energy Transfer (FRET) and Raman Speciroscopy are convenbional kechniques
used to characterize and analyze these protein activities and interactions; however, they
ame elaborated, and their signals are hindered or obstructed by the high background
noise of physiclogical environments. As an altemative, noble metal nanoparticles ane
known to have remarkable optical properties and have been intensely researched for
the development of highly sensitive nano bicsensors to investigate a range of molecules
and detect their interactions in the extracellular matric. Proteins are the most abundant
macromclecules in all organisms, with defined amine acid geometries and stmuchires.
Three-dimensional protein structunes are diverse, ranging from fibrous to globular, and
ane integral to protein function [1,2]. These structunes may possess oy ing parts whene
mechanical actions ane correlated with biochemical reactions [3]. This cormelation between
probein conformation and function is being widely analyzed to progress our understanding

Namomaterials M3, 13, 57 hitpe / / doborgy’ 103350,/ manc] 300057
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of biclogical processes ranging from proteinopathy (protein conformational disorders)
development to healing promases [4].

Several techniques exist for the detection of conformational changes and structural
varations in proteins, though each has associated limitations of requines compromise for
thedr implementation. These techniques include spectroscopic methods such as Raman
apectroscopy, fuoresent methods such as fusrescence resohance energy transfer (FRET),
and muclear magnetic resonance (MME) [5]. While sensitive when used for protein analysis,
they are however remarkably complex, requiring specialized equipment, and their signals
ane generally greatly hindened by the high background noise of the cellular envirenment.
This complex environment contains water molecules, ions, and metabolites, as well as
macromolecules, including proteins, catbohydrates, nucleic acids, and lipids [6]. This
mepresents a challenge when measuremenits are performed under cellular conditions and
Tequited for adv anced real-time detection in applications such as persenalized medicine [7].
In this context, noble metal nanoparticles present exceptional optical properties which are
highly lecalized at the nancscale and exhibit important katunes for the development of
highly sensitive nano bicsensors to study a variety of molecules and their intetactions [5].
Several nanostructures with high refractive index sensitivities have been reported, such as
triamgular silver nanoparticles (TSNP, sibver nanoprisms, nancTice, amaong others. [9). The
strong localization of the detection exhibited by high refractive index sensitive nanestrsc-
ture prowides a critical adv antage when operating within high noise environments. For
biosensing applications, the local surface plasmon nesonance (LSPR) of the nanostructures
governs their optical spectrum, which can respond to interactions at the nanostructures’
surface. In this optical phenomenon, light wavelengths which are resonant with the surface
electrons result in an extinetion spectrum with distinetive LSPR baneds [10]. The LSPR posi-
tion depends on the nanostructures’ shape, size, uniformity, and composition as well as the
mefractive index of its environment [11]. The latter feature can be exploited for biosensing
as variation in the localized refractive index due to analyte intetactions or conformational
changes can result in LSPR peak alkerations. Nanostructure LSPR has been used for several
biclogical applications, induding monitoring of protein inkeractions, detection of locins,
and menitering of biomarkers, including glucose, peplides, and microRMNAs [12]. Among
these diverse namostructures, TSNPs exhibit some of the strongest LSPR nesponsivities [13].

The extracellular matrix (ECM} is known to play an important role in regulating
cell function, health, repair, and grow th through a diversity of physical, chemical, and
biclogical cues [14] Since tssue engineeting research evolved during the early 1990s, a
rafige of 30 porous scaffolds has been developed, including biomirmetic scaffolds, which
have the ability to mimic the architecture of natural ECM. This is a promising technology in
the advancement of lissue repair in areas including orthopedics, dermatology, and dental
treatment [15]. Since tssue engineering aims to Testore the tssue and organ functionality
that may be lost due to injury, aging, or diseases [16], this field is indeed an advanced
allernative to traditional surgical approaches of autologous and allogensic treatment, which
involve increased risks of complications such as lack of donors and a high risk of donor-sike
morbidity. Therefore, edtensive work has been ongoing in creating scaffold formulations
that have the capability to mimic the natural extracellular matrix of the body by using
biodegradable materials such as chitosan [17]. An important appreach invoelves biomimete
scaffolds suffusion with suitable growth factors o aid the process of tissue Tepair, such
as bone Hastle regeneration. The incorporated growth factors are designed bo be neleased
in a gradual manner, providing a fully functional effect on the sike [15]. As such, it is
important to be able to monitor the bicactivity of such growth factor through its induction
of conformational changes in the cellular e ironment.

In the curment work, an optimized formulation of high TSPR responsive gold-edge-
coated triangular silver nanoparticles (AuTSNF) [19] was utilized for label-free moni-
tering of conformations of the ECM fibronectin (Fn) protein component in both C2C12
mycblast culture and MC3T3 pre-cstecblasts, in the presence of an optimized bicactive
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bicmimetic bome regeneration scaffold as a mode] for the ECM. This LSPR methodology is
illustrated in Figurne 1.

Fearvadind Do

Exenvid FrimAlhin rhe
AUTSHP+ Fio exiracel s mainis

32| LA ITS- B
Rl

:F:i.Eum L LSFR I'l'I!H'deDI.ID” for Fn exbension manitoring o ertime within cells BCM. Created
with Biorender com.
1 Materials and Methods

High molecular weight chitosan, hydresyapatite, tricalcium phesphate, acetic acid,
reagents for AuTSNE synthesis, and fibronectin wene obtained from Sigma-Aldrich. Poly
{ethoylene ghycol) dimethy] methacrylate 600 (PEGDMASD0) was obtained from Polyscences
Inc. (Polysciences Europe GmbH, Germany), and Benzophenone, 99% was purchased
from Alfa Aesar (ThermoFisher (Kandel} GmbH). The C3C12 miyoblast cell line was pur-
chased from the Eurcpean Collection of Authenticated Cell Cultures (ECACC). MC3T3-E1
pre-osteoblast cell line (CRL-259%) was obtained from American Type Culture Collection
(ATCC). Extinction measurernents wene performed using an Ulravielet-visible (UN-vis)
spectrometer (Synergy HT BioTek microplate reader, Wincoski, VT, USA). Scaffold ster-
ilization was performed using a pulsed UV chamber (Sambech Pulsed UV ayatem, Lid,
Glasgow, Scotland]).

2.1. Fabrication of Chitosan-Based Scaffolds

Chitosan (C5) scaffold compositesw ere prepared by means of a one-step photocrosslink-
ing method under a UV lamp as described previcushy [20,21]. Chitosan was first dissolved
in 1% acetic acid to make 12% (w/v) chitcsan paste. Following this, 0.1% (w/ o) benzophe-
nene photoinifiator and poly fethylene glycol) dimethyl methacrylate 600 (PEGDMAGDD)
wene also added to the mixture to initiate the photocrosslinking process under UV light.
Hydroxyapatite (HAp) bioeeramic was incorperated into the mixture, making 1:1 CS/HAp
scaffolds, The composite paste was transferned into silicone molds of 5 mm diameter and
placed in a UV chamber (Dr. Grobe] UV-Electrenik GrabH) with 20 UV lanups bo cure for
10 min, with Mipping mid-curing,
2.2 Scaffold Characterization

The linkage and structural properties of C5/HAp scaffolds wene ecamined by using at-
temuated total reflectance Fourier-transform infrared (FTIE) spectroscopy on a Perkin-Elmer
Spectrum One FTIR spectrometer fitted with a universal ATE sampling accessory. All tests
weTe Tun by using a spectral range of 4000 to 650 co— 1. Four scans per sample cyde wane
utilized with a resclution of 0.5 c—1 at room temperaturne. The samples wene dried ina
vacuum oven at 37 °C and 70 mbar prior to the tests bo avoid shadowing the significant
signature peaks of the materials by the broad water peaks. Follow ing the tests, all specira
obtained were analyzed to observe the linkage s formed within all the formulations.
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2.3, Gold- Edge Coated Triangular Silver Nanoplates (AuTSNF) Preparation

Triangular silver nancplates (TSNP} wete prepaned through a seed-silver catalyzed
meduction of silver nitrate by sodium borohydride. The preparation of the seeds invelved a
one-pot synithesis in 4.5 mL of Sigma water followed by the addition of trisedium citrate
(TSC) (500 wl, 25 mM), poly (4stymene sulfonate sodium salt) (PSS5) (250 gL, 500 mg/ L),
sodium borohydride (NaBHy ) (300 pl, 10 mM), and finally the addition of silver nitrate
{AgMNOg) (3 ml, 0.5 mM). The latter was added via a pump at a rate of 2 mL min—1. Upon
seeds synthesis, TSNP production was performed by miximg 75 ul. of ascorbic acid (10 mM)
with 350 ul. of seed solution, 4 mL of water and 3 mL of AgMO; (.5 mM) added via a
pumip at a ratke of 1 mlL min~!. After TSNP growth, 300 pL of TSC (25 mb) was added to
the solution as a stabilizer.

TSNP were protected against etching through the deposition of a thin layer of gold
o the edge of the nancplates. This was achieved by mixing 20 pl. of Gold (10} chloride
trihydrate (HAuC) (0.5 mM) and 189 ul. of ascorbic acid (10 mM) with 1 mL of TSNP
solution. Further protection of the nancplates for the protein monitoTing experiments
within cell culbure was carried out by adding a coat of FEG 20,000 on the nancparticle’s
surface to minimize contact between the functionalized protein and the particles to avoid
influence on the probein’s performance.

24 Cell Culture

For the initial experiments, the C2C12 myoblast cell line was grown in phenol red-free
DMEM (Dulbeces’s Modified Eagle Medium) completed with 10% fetal bovine serum (FBS),
5% penicillinstmeptorycin, and 5% L-glutamine in a humidified atmosphere (5% COz at
37 “C) C2C12 cells were plated in a 96-well plate at an initial density of 5 = 10* cells per
well and incubated until confluent for 24 h Smaller diameter C5-HAp scaffolds (L5 cm)
weTe placed in the wells before adding the cells. PEG-Np (600 pL) wete preincubated with
20 pL. of fibrenectin (1 mg/mL}) in its active and denatured forms. Fibronectin denaturation
was cartied out by heating the protein in a water bath at 95 "C for 15 min. Befone adding
the nancplate eatments o the cells after 24 h of incubation, the growth media was
changed to fresh media The caltuned oells wene incubated with the nanoplates and
fibronectin-funchionalized nancplates in a PEG-Np-DMEM 1:1.167 ratio. The expeTiments
with MC3T3-E]l pre-csteoblast cells wene performed in a simnilar manner. Cells werne
cultured in phemc] red-free Alpha-MEM (Minimum Essential Medium) containing 107
FBS, 5% penidllin-simeptomycin and, 5% L-glutamine under an atmosphene of 5% CO; at
A7 “C A density of 38 = 10* cells per well was plated in a 24-well plate and incubated
until confluent for 24 h. C5-HAp scaffolds wene placed in transwell inserts after seeding
the cells and placed in the wells for incubation. PEG-Np (L2 mL) wene preincubated
with 20 pl. of fibronectin {1 mg/mL) in its active and denatured forms. Prior o the
addition of the nancplates to the ells, the cultune media was dhanged to fresh media
Cells were incubated with the nanoplates and fibrenectin-functionalized nanoplates ina
PEG-Np-DMEM 1:1167 ratio.

2.5, Protan Monitoring

Upon incubation of the functionalized nancplates with the cells, protein monitering
was performed using UV-Vis spectrome ity with a Biokek Synergy HT microplate neader.
UV measurements were taken at five different time points over 32 h (0h 3h,8h, 24h, 32 h)
te observe shifts in the LSPR recordings indicating the Fn extension and fibril formation
over time. The microplate reader was set for absorbance measunements from 300 to
900 rm wavelengths in 1 nm steps. C5/HAp scaffolds were mmoved from the wells
before LNV measums menis.
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3. Resulls and Discussion
3.1. Biomimet ic Bone Regeneration Scaffold

A CS/HAp scaffold formulation with geod biccompatible and osteoconductive prop-
erties [20,21] was selected to mimic the ECM. Its high performance in supporting the
proliferation and attachmment of alveslar bone-derived mesenchymal stemn cells (ABMSCs)
has been demonstrated. Increased osteogenic activity as indicated by increased alkaline
phosphatase assay and osteogenic gene expression for the OS5/ HAp-treated ABMSCs has
been observed compared to OS5 alome [22,23]. HAp presents as a versatile material for wide
applications, including the fabrication of implants in ophthalmelogy and dmg delivery
devices as well as in mimicking vascularization [24).

The CS/HAp scaffolds (Figure 2b) wene analy zed using FTIR to identify and confirm
the incorporation of calcium phesphate materials within the scaffolds. Chitosan was char-
acterized by peaks corfesponding to N-H stretching at 1558-1642 em? and asymmetrical
C-H stretch of -CH; at 28692921 em ! (Figure Za) [21]. The main compenents of by dros-
yapatite include the phosphate group (PO53), hypdroyl group (OH ), and carbonate group
{C0:%). The FTIR spectrum exhibited a phosphate band observed at 1020 em ", which
was due to POy tetrahedra inkernal vibrations, normally seen at 1200-500 ot [25]. The
presence of the bioceramic within the scaffolds was also confirmed by orthophosphate
bands visible at 1998 cm~!, 1030-1033 em~" (phesphate bending vibration), 960 cm—!
{phosphate siretching vibration), 620 and 560 cmn—1 [26]. In additien, C042- groups from
the scaffolds were identified at 1411-1657 em .

Figure 2 {a) FTIR spectrum shows the phosphate and carbonate characteristics of the bioceramics
incorporated in the formulstions of the scatfolds fabricated (b) OS5/ HAp scaffolds Bbricated from a
photocrosslinking maction ina UV chamber.

3.2 Fn Monitoring in C2CT2 Myoblest Cells

The validation of AuTSNF as powerful bicsensors for the detection of proteins and
other bivcmolecular components in these high background noise environments is outlined.
P behavior was mondtoned in the presence of cells alone, the BCM alone, and cells in the
presence of the C5/HAp scaffold.

C2C12 cells were incubated and freated with, functienalized AuTSNE, namely Polyethy-
lene glyeol (PEG) coated AuTSNE, denoted PEG-Np, active Fn coated PEG-Np, dencted
active Fr-PEG-Np, and deratured Frn-FPEG-Np as controls. Fn behavicr in its active and
denatured forms was analyzed over time through LSPR measunements at five different time
peints. FEG-Np alone was used as a further contrel for the impact on cellular merphology
and non-specific binding [19]. Denatuned Fn was used to validate the spectral ned shifts
necorded over tme corresponding to the active Fn unfolding condormation within the ECh.
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As shown in Figure 3, between the 0 h and 8 h time points, a shift of —40 nm for the active
Fn was observed, while longer shifts were recorded at the 24 h and 32 h time points with
shifts up to -80 nm. Although the denatuned protein showed a similar profile, shifts as
short as 6 nm showed beyond the 24 h time point, which indicates the limited shifting of
an inactive protein due to decneased extension activity (Table 1). Long spectral shifts for
the active protein can be correlated with the Fn unfolding behavior within the extrac:llular
matrix mediated by cells through integrin binding, which was reported as the indication of
matrix aging and maturation [27,28].

e Active (Oh)

= Denatured {On)
—— Active (3h)
= Denatured (3h)
e ACtivE (8h)
— Denatured §8h)
—— Active (24h)
= Denatured {24h)
e AChivE (32h)
—— Denatured {32h)

=
=
Il

Normalized Extinction

o
o
1

"
Wavelength (nm)

Figure 3. LSPR spectra of active (bhue) and denatured (black) Fn PEG-Np in C2C12 cell culture from
Ohto32h

Table 1. C2C12 cell culture wavelength shift table for active and denatured Fn PEG-NE.

Time Wavelength
Active Denatured
Oh o &70
3h &7 &3
8h m 702
24h 766 718
32h 786 726

When in presence of a CS-HAp scaffold, active Fn showed similar red-shifting per-
formance (Figune 4a) with shifts as long as 80 nm between the 8 h and 32 h time points
(Table 2). The morphology of C2C12 cells was observed to be normal with a high percentage
of confluence, which indicated that the NPs had no cbservable negative impact on the a1l
culture regardless of the treatment up to 32 h (Fgure 4b). This result is in keeping with
findings in the literature, which reports that C2CI12 cells exposed to low concentrations of
silver nanoparticles show no negative effect on morphology or cytotoxicity between 0.25
and 2 ug/mL [29].
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Normalized Extinction

(a)

Figure 4. (a) Uv-vis spectra of Fo-PEG-Np incubated with C2C12 cells (20X magnification) in the
presence of CS-HAp tissue regeneration scaffolds. (b) Images of C2C12 my oblast cells taken after 32 h
of incubation with (i) PEG-Np, (ii) Denatured Fn-PEG-NE, (iii) A ctive Fn-PEG-NE (iv) Fn-PEG-Np
and scaffold.

Table 2 C2C12 cell cultum wavelength shift table for Fn PEG-NP in the presence of Cs-HAP tissue
regeneration scaffolds.

Sample Peak Wavelength (nm)
Oh 623
3h 643
8h 669
24h 753
32h 785

3.3. Fn Manitaring ;m MC3T3 Pre-Osteoliast Cdls

Fn behavior was then studied in the presence of MC3T2-E1 pre-osteoblasts to observe
any contrasting interactions within a different cellular environment In these experiments,
the same controls were used but with the addition of BSA-PEG-Np as a control for nanopar-
ticke degradation due to c:llular conditions and non-specific binding interactions [19].
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Similar performance of the protein on and off-scaffold was observed over time with longer
ned shifts for the active protein in comparison to the denatured Fn. Shifts up to 103 nm
can be observed by the end of 32 h for the active protein, while the inactive protein shows
shorter shifts of 78 nm (Figure 5a).

-
Cundetw S

L
cd m

o

(a) (b)

Figure & Cumulative shifts for active and denatured Fn PEG-NP within MC3T3-E1 cell culture with
(a) and without (b) C5-HAp bone regeneration scaffolds.

It was previously reported that the development of the Fn matrix within the ECM
develops after 4 h once Fn is added to the cell culture, and the most unfolded matrix is
measuned at the 24 h time point [27]. This correlates to the longer shifts being recorded
after the 3 h time point, with the longest shifts overall occurring at 24 h (Figure 5b).

Similar to previous experiments, Fn monitoring in the presence of chitosan-based
scaffolds showed comparable results where longer shifts for the active Fn could be observed
in comparison to shorter shifts from the denatured protein (107 nm and 82 nm respectively).
Pre-osteoblast morphology and confluence can still be observed after 32 h of culture,
demonstrating the cellular compatibility of the scaffold in the presence of MC3T3 cells and
no observable negative effect of PEG-NP on the eells (Figure 6), as also demonstrated by
Hashimoto, et al. (2013), where water-dispersible silver nanoparticles were co-cultured
with the MC3T3 cell line with no cytotoxic effects observed [30].

iii)

Figure 6. Images of MC3T3-E1 cells (20X magnification) taken after 32 h of incubation with
(i) Active Fn-PEG-Np, (ii) Denatured ForPEG-NE, (iii) Active Fn-PEGNp and scaffold,
(iv) Denatumd Fre PEG-Np and scaffold, (v) BSA-PEG-NP.
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Our results showed a similar performance to the work of Y. Zhang, et al (2014}, whene
TSNP were used for the de lection of C-reactive protein (ha-CRF) at different concentrations,
with a red-shifting profile observed as a result of the increment in the refractive index
surreunding the nanoparticles as the concentration of he-CRP increases in the samples [9).
In the case of fibronectin, red shifts wene observed over time as the prokein extended and
inkeracted within the extracellular matric of the cells, causing an incoease in Fn strands that
inferacted with the nanoparticle surface.

For the past few years, metallic nanoparticles have been wsed in the biomedical field
for a range of applications, such as the detection of specific antibodies and other proteins,
among others. Gold nanoparticles have mostly been the gold standard for these applications
due to their functional properties and straightforward synthesis; nonetheless, tiangular
silver namnoparticles have been reported to possess some of the highesat sensitivities among
noble metals and promising plasmonic properties due to their sharp comers, making them
excellent allernatives for accurate bicsensing applications [13,31].

4. Conclusions

In this werk, we have validated the functionality of AuTSNFs to perform as biosensors
in the presence of high-noise cellular environments, with and without the presence of
ECM-mimicking bone regeneralion scaffolds. The specificity of the Pn monitoring was
cotifirmed through the implernented denatured and active protein approaches, whens it
was suceessfully demaonstrated that gold edge-coated triangular silver nanoparticles ane
powerful teols for straightforwarnd, versatile nor-labeling measumements for biomolecule
dynamics in high background noise environments such as MC3T3 and C2C12 cell lines.
Resulis showed a highly similar shifting profile in all ecperiments regardless of the culbuned
cell line and the presence of scaffolds. This remarkable sensitivity in the presence of both
cell lines and scaffold demonsirated the clear capability of the functionalized AuTSNPs
in interacting and sensing e molecular signaling and therefore has the potential to
provide extracrdinary possibilities for the development and progression of negenerative
medicine. Furthermore, it can provide fast and accurate detection of biomolecules of
clinical importance within point-of-care clinical settings, which will lead to a better course
of treatments for rising-disease challenges.
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Abstrack Triangular sitver nanoplates {TSNPs) exhabit unigue optical and antinuerobial properties
due to thear shape, sharpedges, and vertices. In thas stedy, TSNPs were inconporated into biopely mer
blends (bacterial cellulose (BC) with polylactic acid (PLA), polycaprolactone (PCL), and polyhy droscy-
butyrate (PHE)). Antimicrobaal activaty of mate rials was tested against Escherichin colif ATCC 95922 and
Staphylococous mwrais ATCC 25923 (105 CFU/ mL). Afler incubation (24 h at 37 =C, 100 rpm), optical
densily was measuned at 630 nm. In order to assess bosensing appheations, specifically Abrenectin
(Fm) behavior, TSNPs werne protecied with gold (AuTSNFP) and analyzed via sucrose sensibivity
test and momtored by locahzed surface plasmon resonance (LSPR). Addibionally, AuTSNPs werne
coated with polyethylene glycal (PEGAuTSNF). Fibronectn functionalz ation of FEGAuTSNFs and
pH-conformation was monitored (FnPEGAuTSNF). Eventually, adequate Fn and anbi-Fn antibody
concentrations were determmed. BC/PHB/ TSNP showed antinicrobial activity agamst E. colf and
5. aurens with B0 and 95% of growth mhubition, sespectively. The sucrese sensativity test mdicated
that the LSPR g, of the spectra is dinectly proportienal to the sucrose concentration. LSPR g, of
Fn-PEGAuWTSMNPs at pHT and pH 4 wene measured al 633 and 643 nun, mespectively. A total of 5 pg of
Friwas dete ronimed to be adequate concentration, while 0.212 mg/mL of anti-Fn antibody mndicatied
syskem saturation.

Keywords: nancparticles; sibver; triangular silver nanoplates; bicsensing; antimicrobial; biopolymers;
fbronectin

1. Introduction

The potential applications and synthesis procedures of nanoscale materials wene
extensively investigated [1-3]. Humans began using metallic nanoparticles (WIs) in ancient
times, though were not fully aware of their nature. The earliest examples of NFs in
a practical application date back to Mesopotamian and Egyptian cultures when they
used metals in the fabrication of glass. Through history; this technique was used and
improved, mainly for decorative purposes, allowing glass staining in a variety of colors
due to the plasmonic properties of the MPs [4]. While gold nanoparticles were extensively
utilized for several decades, the application of silver nanomaterials with similar potential is
considerably restricted due to certain seemingly unfavorable characteristics, such as their
susceptibility to be quickly oxidized in the presence of halide ions [5].

Silver (Ag) is one of the most attractive metals for the synthesis of nanoparticles
because of the wide range of applications derived from its properties. Attributes such as
its malleability, conductivity, ductility, resilience, rareness, and antimicrobial properties
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made it valuable and convenient for several everyday life purposes through ancient and
modern times. The most common applications of Ag include optoelectronics [6], water
disinfection [7], diagnostics [£], anti-cancer therapeutics [9], biomedical technologies [10],
drug-gene delivery [11], energy science [12], and clinical anti-bacterial purposes, ete. [13,14].
The increasing list of practical uses found for Ag and its NFs present it as highly valuable
for current and future technologies and applications. In recent years, there was signifi-
cant attention focused on enhancing the controlled synthesis methods for triangular silver
nanoplates (TSNIs), primarily due to the widespread utilization of these nanoplates in
diverse fields, such as surface-enhanced Raman scattering (SERS) detection and the pro-
duction of antifungal nanocomposites [15]. Due to their shape, sharp edges, and vertices,
T5NPs are proven to exhibit distinctive optical and antibacterial properties [16,17]. In com-
parison to other nanoparticles, TSNPs garmered significant interest due to their ability to
tune SPR bands over a wide range by controlling the aspect ratio of the partickes [18]. More-
owver, the enhanced antimicrobial activity of TSNPs in comparison to spherical nanoparticles
is proven to be a consequence of their unique morphelogy, allowing easier attachment
and penetration into the cell membrane and provoking bacterial death [19]. After bacterial
membrane damage, the mechanism proposed for antimicrobial action is connected to the
formation of reactive oxygen (ROS) and free radical species in high levels inside of the
bacteria, inducing their death [20]. Additionally, colloidal stability of NF was proven to
play a significant role in antimicrobial action. Controlled growth and ambient media used
are critical points for TSNP antimicrobial activity [21].

Silver nanoparticles (AgNP) amalgamated materials are currently used in a range
of different applications, including improving electrical and thermal conductivity, water
treatment, antimicrobial medical materials, and sensing materials for diagnosis, among
others [22]. In the specific case of TSNPs, there are only a limited number of reports of
their incorporation into other materials for different applications, and the exploration of
the antimicrobial activity of said materials is even more limited. Dispersion of triangular
silver nanoprisms in an aqueous acrylamide matrix was reported. The dispersion showed
highly tuneable optical properties, and was used as a carrier liquid for a fluorescent dye in
the fabrication process of poly{acrylamide) microparticles [23]. Additionally, dispersion of
triangular silver microplates ina polyvinylidene fluoride matrix for the improvement of
electrical conductivity was reported by [24]. Zhang et al. {2013) fabricated a composite of
a TSNPs and chitosan, which significantly enhanced the sensitivity as a surface plasmon
resonance (SPR) biosensor [25] Dithiocarbamaete-stabilized TSNP were used to obtain
nanocomposites with polythiophene-derived nanoparticles, in order to obtain a stable sy=-
tem that could be used for applications in catalysis, biosensing, electronics, and optics [26].
The synthesis of solid siver/ polyvinylpyrrolidone/ polyacrylonitrile nanocomposite films
with triangular silver nanoprisms was also reporied, taking advantage of their optical
absorption spectra to increase the efficency of photothermal conversion in the polymer
matrix, expecting this material to be used in applications such as absorbing materials for
solar collectors [27]. Djafari et al (201%) compared the antimicrobial activity of TSNPs with
different polymeric coatings (such as silica, PV F, or mercaptohexadecanoic acid), and found
that the surface charge of the selected polymeric coating has an effect on the antimicrobial
efficacy of TSNPs towards Gram-positive or Gram-negative strains [28]. Similarly, Vo
etal. (2019) studied the feasibility of a gelatin—chitosan coating on the sy nthesis of TSNPs
and evaluated their antimicrobial activity, which was higher than other AgNF morpholo-
gies [29]. A chemical method for synthesis of TSMPs and posterior ex situ incorporation
into polyvinyl alcohol (FVA) was also reported. Potential applications of this method
include dichroic maferials and antimicrobial materials, but the antibacterial effects wene
not evaluated during this study [30]. As the applications for TSNPs can be diverse, their
incorporation into polymers for purposes such as improvement of electrical conductivity,
thermal conductivity, and biosensing were explored, but there is still a lack of research
about their integration into plastics for antimicrobial purposes.
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With regard to application in diagnostics, noble metal nanoparticles such as Ag and
Au particles exhibit localized surface plasmon resonance (LSPR) in the visible region of
the electromagnetic spectrum, making them attractive for sensing applications, as changes
can even be detected with the naked eye in some cases, making detection faster, easier, and
inexpensive [31]. L5PR is an optical phenomenon that uses the sensitivity of these plasmons”
frequency to change the local refractive index at the nanoparticle surface, emerging as a
highly sensitive labelfree biosensing technique [31]. This presents the LSPR technique as
a powerful tool for optical biosensing applications in a range of areas, including biology,
binchemistry, and medical sciences, with the polential to be used as portable devices for
diagnosis and easy-to-use point-of-care (IFOC) device platforms [32,33]. In bicsensing
applications, the nanoparticles” LSPR is used to detect changes in the position of the
L5SPR bands where the position depends on the nanoparticles” shape, size, uniformity,
composition, dielectric environment, local refractive index, and separation distance of
MPs [34-37]. To date, several silver nanostructures with high refractive index sensitivities
were reported, such as nanorice, nanobipy ramids, nanorings, triangular silver nanoplates
(TSMPs), and edge gold-coated silver nanoprisms [38]. Among these diverse nanostructures,
TSNPs exhibit attractive tunable plasmonic properties due to their sharp comers, and their
optical profile displays the strongest and sharpest peaks among all metals [36]. AgNPs
ame particularly attractive because among all metals, silver possesses the greater scattering
cross-section, which means a higher probability of interaction between radiation and
the target [39]. Consequently, AgNPs show the most intense plasmonic interaction with
incident light, compared to other metallic NFs [40]. Due to their properties, AgNFPs amre
recognized as efficient optical sensors for pesticide residues detection [41]. Moreover, the
nanostructure of silver nanoparticles decorated on gold nanoparticles was reported as a
sensitive medium for localized surface L5PR biosensing applications [42].

TSMNPs are already being used as biosensors in research. For instance, Fhang et al.
(2014) used a gytidine ¥-diphospocholine-coated TSNF and AuTSNF (gold-coated TSNF)
for detection of C-reactive protein, an inflammatory marker [38]. Brennan-Fournet et al.
(2015) successfully detected conformational changes in fibronectin, a protein related to
tumor growth and cell survival, using AuTSNPs [43]. Rodriguer Barroso et al. (2023) moni-
tored fibronectin behavior overtime within different complex cellular environments [44].
Vinayagam et al. {2018) built a nanoprobe by conjugating single-strand DNA to the TSNP
surface, for specific detection of dengue virus [45]. Cai et al. (2017) proposed a TSNP-AuNP
nanoconjugate that allows detection of glucose due to LSPR changes caused by TSNP
etching [46]. Fang et al. (2017) also applied TSNP etching color changes in the design of a
colorimetric method for the detection of dopamine, which possesses a high affinity to Ag
and formed a protective coating against chlorine [47]. A similar approach for the detection
of mercury (Hg(Il)) was reported, taking advantage of Ag/Hg amalgam formation to
protect the TSNF from the effects of chlorine [45]. A slightly contrasting method reported
by Furletow et al. (2017), measured the reduction in TSNP color intensity after the addition
of Hg(Il) alone, attributing such changes to both axidation by Hg*? ions and amalgam
formation [49].

The inconsistent findings regarding the antibacterial and biosensing applications of
TSNTI's can be attributed to the absence of corvenient fabrication methods for producing
well-defined anisotropic partickes with distinct morphologies, as well as the variations
in fabrication approaches employed across different studies. In this study, following up
on our previous work, we aimed to prove that our TSNP preparation methed can be
used for successful incorporation into biopolymer blends (bacterial cellulose (BC) with
polylactic acid (PLA), polycaprolactone (PCL), and polyhydroxybutyrate (PHEB)), showing
high potential for a broad spectrum of applications. Additionally, we investigated potential
applications of these nanoplates in biosensing, specifically fibronectin (Fn) conformational
behavior within dynamic environments and the detection of this protein with its antibody
conjugate, Anti-Fn.
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2 Materials and Methods
21. Materials

HPLC-grade ultrapure water (34877-2.5L), sodium citrate tribasic (C8532-100G) [TSC),
poly(sodium 4styenesulfate) (434574-505) [PS55], sodium borohydride (213462-250) [MaBH,],
silver nitrate (204390-10G) [AgN(s], L-ascorbic acid (A%2902-250) [AA] and O-[2-(3-
mercaptopropiony laminoe thy | O -methylpolyethylene glycol (11124-1CG-F) [SH-PEG],
gold (I} chloride tribydrate (520518-10) [HAuCly], disodium phosphate buffer (30414
S000) =499.5-101%, sodium phosphate monobasic monchydrate (71507-1KG), fibronectin
bevine plasma [1 mg/ml] (F475%-1G), polyethylene glyool 20000 (8. 17018), suctose (S4057-
1K), and anti-Fn antibody (AV414%0-100UL) were obtained from Sigma-Aldrich The
FEX pump from Syrris was used for the addition of AgMNOy in the original method and
LP-BT100-1F Peristaltic Dispensing Pump with YZII15 pump head and Tygon LMT-55
Tubing (SC0375T) from Drrifton (Hvidovre, Denmark) was used for the scaled-up method.
Polycaproplactone (PCL) CAPA 6250 was obtained from Perstorp. Ingeo™ polylactic acid
biopolymer PLA 40441 was obtained from MatureWorks LLC. PHE (I"226) was obtained
from Biomer.

22 Symthesis of TSNP

The TSNP solution method was adapted from a previously reported seed-mediated
approach [50], consisting of a step for seed production and a subsequent step for TSNP
grow th. Briefly, 5 mL of TSC (2.5 mM), (.25 mL of PS55 (500 mg/L), and 0.3 mL of NaBH4
(10 mM) were mixed, followed by the addition of 5 mL of AgNO; (0.5 mM) at a rate of
2 mL/min on constant stirring for the formation of the seed solution. For the TSNF growth,
4 mL of distilled water, (L075 mL of AA (10 mM), and 0.35 mL of seed solution were mixed,
followed by the addition of 3 mL of AgNOy (0.5 mM) at a rate of 1 mL/ min with constant
stirring. Finally, 0.5 mL of TSC (25 mM) was added, for a TSNP solution with a final Ag
concentration of 21.34 ppm. The chemical reaction ocours as follows [51]:

AgMNOy + NaBHy — Ag +1/2Hz + 1/ 2B Hg + NaNOy

Afterwards, in the growth step, the spherical Ag seeds can eact with new Ag™ ions in
the presence of ascorbic acid and ditrate ions, forming the TSMF. The chemical reaction can
be explained as follows [52]:

Cdﬂsﬂmib

(Spherical NPs) + Ag™ + CaHsOg TSN

TSC was added at the end of the synthesis to stabilize the nanoplates.

Increased concentration of NPs is desired to aid treatment for the intended TSNI-
polymer processing. A reduction of 207 of water for the synthesis was successfully
achieved without negatively affecting the results. Different volumes ranging between (0.2
and (L7 mL were used until (.35 mL eventually became the standard. Consequently, the
adapted method consists of mixing 4 mL of water, (L075 mL of AA {10 mM), and 0.35 mL of
seed solution (25.56 ppm of Ag), followed by the addition of 3 mL of AgNO,y (0.5 mM) at a
rate of 1 mL/min. Finally, 0.5 mL of T5C (25 mM) are added when the reaction is finished,
resulting in a final Ag concentration of 21.34 ppm and a volume of 8 mL. Noticeably, upon
adding AgMNCy, the color starts changing from yellow to shades of orange, then shades of
red, then purple, and finally takes on a dark blue colog, as demonstrated in Figure 1.

Scale-Up of TSNP Production

Unlike the original method where a smaller pump was used, the LP-BT100-1F Peri-
staltic Dispensing Pump with a YZII15 pump head and Tygon LMT-55 Tubing (SC0375T),
provided by Drifton, were used for the addition of AgNOs. The production of TSNP
solution was scaled up to a final volume of 300 mL. To achieve this without affecting
the synthesis reaction and the final properties of the TSME, all the volumes and the rate
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for addition of AgNO; were increased proportionally for both the seed solution and the
TSNP growth reaction. Thus, to prepare 20 mL of seeds: 8.53 mL of water, 0.95 mL of
TSC (25 mM), 0.47 mL of PSSS (500 mg/ mL), and 0.57 mL of NaHBy (10 mM) are mixed,
followed by the addition of 9.48 mL of AgNO4 (0.5 mM) at a rate of 3.79 mL/min. After4 h,
the seeds can be used in the second step of the reaction, mixing 150 mL of water, 2.81 mL
of AA (10 mM), and 13.12 mL of seed solution (25.56 ppm), followed by the addition of
112.5 mL of AgNO; (0.5 mM) at the rate of 37.5 mL/min, then 18.75 mL of TSC (25 mM)
was added after reaction was finished.

Figure 1. Seed solution (left) and TSNP solution (right).

A method of water evaporation was used to further increase the concentration of
TSNP in the produced solution. A total of 300 mL of the TSNP solution were kept inside
the oven at 40 °C for 8 days, until approximately 50% of the water volume was evaporated.
UV-Vis spectrum of the solution was recorded before and after heat treatment to monitor
the stability of the geometry and optical properties of the TSNP through LSPR. Estimated
concentration of the solution after evaporation was 4264 ppm of atomic silver.

2.3. BC/PHB Blends Preparation

PHB powder, PCL pellets, and PLA pellets were, respectively, dissolved in chloroform
to make solutions containing 40 g/L. of each polymer. BC production was achieved using
Komagat eibacter medelinensis 1D13488 as described in Garcia et al. (2022) [53].

Stripes of 1 x 10 cm of BC were cut and each sample was immersed in 30 mL of
polymer solution inside 50 mL Falcon tubes. Tubes containing the samples were incubated
overnight at 30 °C and 120 rpm in a horizontal position. After incubation, the films were
removed from the solution and left inside the waste fume hood for at least 4 h to allow
complete evaporation of the chloroform. The films were immersed in 20 mL of distilled
water and autoclaved (121 °C, 15 min) prior to the test of antimicrobial activity.

The obtained BC blends were cut in 1 x 2 cm pieces and each piece was fully im-
mersed into 5 mL of TSNP solution with the highest concentration obtained after the water
evaporation method (42.64 ul./ml.) and incubated overnight at 30 °C with agitation on
a horizontal platform (100 rpm). Afterwards, films were removed from the solution and
dried overnight at 60 “C. To estimate the amount of TSNP absorbed from the solution into
the BC materials, the UV-VIS spectrum reading of the solution was measured before and
after the immersion and incubation, and the difference in the absorbance at the peak of
the spectrum, between the initial and final solution, was observed. A calibration curve
with dilutions of the TSNP solution was used to obtain an estimation of the resulting
concentration based on absorbance.

Scanning electron microscopy (SEM) images were obtained using Mira XMU SEM
(Tescan™, Brno, Czech Republic) in back scattered electron mode for surface analysis. The
accelerating voltage used was 9 kV. Prior to analysis, tested samples were placed on an
aluminum stub and sputtered with a thin layer of gold using the Baltec SCD 005 for 110 at
(.1 mbar vacuum.
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Fvaluation of Antimicrobial Activity

The antimicrobial activity of all derived materials was evaluated against E. coff ATCC
95922 and §. aureus ATCC 25923 in Luria-Bertani (LB) broth {10 g/L tryptone, 10 g/
MaCl, and 5 g/L yeast extract, pH 7.2). Overnight cultures of the bacteria were diluted
to a concentration of 108 CFU/mL to be used as pre-culture. Drried BC films (10 mg of
each specimen) wem immersed in fresh LB broth and inoculated with 1% (7/ 7) from pre-
culture, for a final concentration of 10° CFU/mL of bacteria. Untreated materials wene
used as negative control. After incubation for 24 h at 37 *C and 100 rpm, BC films werne
removed from the cultures and optical density (OD) of the cultivated broth was measured
at 630 nm using a Biotek Synergy HT microplate reader (Biotek Instruments GmbH, Bad
Friedrichshall, Germany). Growth percentage was calculated using the follow ing equation
(Equation (1)).

Absorbance of tested sample
Absorbance of positive control

Growth Perentage = ( ) = 100 (1)

2.4, Evaluation of TSNP Application in Biosensing and Diagnostics
241 TSNP Gold Coating

Manoplate protection againstetching by chloride ions present in physiological envi-
ronments was achieved by covering the edges of the nanoplates with gold to keep their
plasmonic resonance properties. Gold edge coating of the TSNI was carried out following
the method reported by [44], consisting of the use of 20 pl. of 0.5 mM HAwCly salt and
189 pl. of 10 mM ascorbic acid per 1 mL of TSNP solution. In this method, there is a
reduction in AuCly and inhibition of Ag oxidation at the surface of the TSNI, resulting in
the deposition of a thin layer of gold in the edges of the TSNP due to galvanic replacement.

242 AuTSNF Sucrose Sensitivity Test

Assessment of the AuTSNPs performance as nanobiosensors was analyzed through
a sensitivity test (sucrose test) adapted from [54] by changing the refractive index of the
nanoplates’ local environment. A range of AuTSNFP volumes weme suspended in a 1:1
ratio to different concentrations of sucrose solutions (10%, 20%, 30%, 40%, and 50% (/1)
in ultrapure water), increasing the refractive index as the sucrose concentration rises.
LV-Vis spectrum measurements of each sample were recorded to observe changes in the
L5PR spectra.

2.4.3. Polyethylene Glycol Coating of AuTSNI

To secure nanoplate extra protection against the physiological environment for biosens-
ing assays, AuTSNPs were coated with polyethylene ghycol (PEG). One of the most re-
searched polymers for coating or stabilizing nanoparticles is polyethylene glycol. Public
health agencies granted approval for the use of this biocompatible, neutral, and hydrophilic
polymer in biomedical and pharmaceutical applications [37]. The AuTSNF solution was
centrifuged at 16,000 rpm at 4 *C for 40 min and the clear supernatant was discarded. The
blue pellet of the nanoplates was resuspended with a 0.01%: solution of PEG 20,000 at a 1:1
AuTSMNP-FEG ratio.

2.4.4 Fibronectin Functionalization of PEGAuTSNF and pH-Conformation Monitoring

AuTSNPs were used to monitor fibronectin (Fn) conformational changes induced
under different pH conditions. As described by [43], Fn has a compact, folded conforma-
tion under physiclogical buffer conditions (pH 7 .4), but is extended at a more acidic pH.
Disodium phosphate buffer (pH 4) and phosphate buffer (pH 7) weme prepared to induce
Fn conformational transitions. Phosphate buffer NaH; POy, 0.2 M at pH 4.16 was preparned
by dissolving 3.12 g of NaH;POy in 100 mL of NaCl 0.2 M. To prepare the buffer at pH
7.23, 40.5 mL NapHPOy 0.2 M, 9.5 mL NaH; POy 0.2 M, and 50 mL of ultrapure water were
mixed. Both buffers were diluted to 0,01 M before use.
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PEG-ooated AuTSNPs were functionalized with Fn by incubating 25 pg of Fn (1 mg/mlL)
with 50 pL. of PEGAuTSMNPs. Upon functionalization, 37.5 pL. of Fn-PEGAuTSNFs wene
incubated with 200 pl. of phosphate buffer pH 7.2 and pH 4.1, respectively. UV-Vis
measurements were performed to record the protein structural changes.

2.4.5. Determination of Adequate Fn Concentration

To ensure successtul coating of the nanoplates: 1 pg, 5 ug, 8 pg, 10 pg, and 15 pg of
Fn (antigen Ag) were added to different 1 mL aliquots of PEGAuTSNPs and analyzed ina
9t-well plate to observe the minimum volume required to observe a difference in the LSPR
spectrum, and 1 pg of anti-Fn antibody (Ab) was added to each of the scanned samples
after the first mading and analyzed again to observe shift differences upon antibody-
antigen binding.

2.4.6. Determination of Adequate Anti-Fn Antibody Concentration

Varied concentrations of antibody were added to a sample of Fn-PEGAuTSNPs to
determine the limit of detection (LODY) of the Ag-Ab sysiem. A total of 5 pg of Fn was
incubated with 1 mL of PEGAuTSNE A sample of 99 uL. of Fnr PEGAuTSNPs was placed
in a well of a 96-well plate and 1 pg of anti-Fn antibody was added and analyzed in
the microplate reader. Subsequently, 2 pg 4 ug, 6 pg 8 pg, 10 pg, 12 pg, and 14 pg of
anti-Fn antibody were added to the well and readings were performed between each
concentration. The experiment was performed in the same well to avoid variations and
preserve uniformity

3. Results
31 Symthesis of TSNP

Figure 2 shows the normalized UV-Vis spectrum of the seeds and the TSNP prepared
using 200 pl. of seeds, and afterwards with the modified method (with 350 ul. seeds) for
increased concentration. TSC and PS55 were used as stabilizers for the seed production,
and both were reported to aid the formation of the nanoplates. It is postulated that
citrate ions and PS55 (being a charged polymer), bind to the surface of the face of the
particles, promoting growth of the MPs in a triangular plate shape [5,50]. When the
TSN synthesis procedure was modified, the amount of silver in the nanoplate solution
increased to 21.962 ppm, which led to a narrower LSPR spectrum of ~115 FWHM showing
homogeneity of the TSNF with edge lengths around 20-25 nm [38,50] (Figure Z). The
triangular morphology of the TSNP prepared through this method was evaluated using
TEM on a previous study performed by our team (Figure 3), where the same synthesis
method for the TSNP was used [55].
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Figure L (A} UV-Vis spectrum of Ag seeds and TSNFs (200 uL seeds), (Bl UV-Vis spectrum of Ag
seeds and TSNP prepaned with the opimzzed method (350 pl seeds)
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Figure 3. Transmission electron microscopy (TEM) images of (a) single TSNP and (b) multiple TSNP,
Adapted from a previous study [55].
3.2 Scale-Up TSNP Production and Increase in Concentration via Thermal Evaporation

Figure 4 shows the normalized UV-Vis spectrum for the scaled-up TSNP solution.
LSPR peak wavelength is 584 and FWHM of 112 nm (635-523 nm). Although there is
a small blue shift in the peak and a small reduction in FWHM compared to the results
obtained from smaller volumes, these differences are not expected to represent a reduction
in antimicrobial activity or in the stability of the nanoparticles, hence, the scale up method
is considered functional. Figure 5 shows the resulting UV-Vis spectrum of TSNPs (21.34
ppm) before evaporation, with an LSPR peak wavelength of 621 nm. After incubation, peak
wavelength presented a small blue shift to 617 nm and the concentration was estimated to
be approximately 43 ppm. FWHM also exhibited a change from 153 nm (707-554 nm) of
the original solution to 178 nm (722-544 nm). Considering the prolonged time inside the
oven, differences between both spectra were not significant and were not considered an
issue, as increasing the concentration is the principal objective of this method.

3.3. Integration of TSNP in Biopolymers for Enhanced Antimicrobial Activity
3.3.1. Preparation of BC Blends with the Addition of TSNP

Following previous examples of integrating TSNPs into polymeric matrices for an-
timicrobial purposes [53,55], blends of BC with PHB, PLA, and PCL were prepared. After
drying the BC/PHB blends, the amount of poly mer incorporated into the BC was deter-
mined by weighing the dry BC and the films after immersion in the polymer solution.
For PHB, approximately 15% of the final weight was accounted for by the incorporated
polymer In the case of PCL, this value was approximately 45%, while for PLA, it was
approximately 50%. The BC blends initially showed a milky and white color, but they
turned dark blue after immersion in the TSNP solution, corroborating the incorporation of
TSNPs into the materials. The amount of TSNPs absorbed by each film was calculated by
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measuring the maximum absorbance point on the spectrum of the TSNP solution before
and after the immersion and incubation of the BC materials. After contrasting the obtained
absorbance values with a calibration curve for the concentration of TSNPs, the amounts
absorbed by the materials were estimated as the difference between the initial amount in
the solution vs. the final amount after incubation. The average weight of incorporated
TSNI's was estimated to be approximately 200 pg for BC/PHB, 153 pg for BC/PCL, and
116 pg for BC/PLA, oneach of the 1 = 2 cm pieces, respectively. Figume 6 shows that the
BC/PHB samples exhibited the most homogeneous blue coloration throughout the film
and they incorporated the largest amount of TSNFs compared to the blends with PLA
and PCL. Figure 7 shows the distribution of TSNP clusters on the surface of BC through
SEM images.
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Figure 4 UV-Vis spectrum of scaled-up TSMNPs (300 mL) compared to onigmal synthesis method (8 mL)
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Figure 5. UV-Vis spectra of TSNFs befome and after evaporation at 40 °C.
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Figure 6. Bare BC blends (white) and BC/ TSNP blends (dark blue). (a) BC/PHB blends, (b) BC/PLA
blends, and (¢) BC/PCL blends.
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Figure 7. SEM macrographs of BC/ TSNP films, showing distribution of TSNP dusters (white spots)
at (a) 115x magnification and (b) 1.29 kx magnification.

3.3.2. Antimicrobial Activity of BC Blends

The antimicrobial evaluation of the prepared BC blends was performed by incubating
the samples in inoculated broth, with E. coli and S. aureus as respective representatives
of Gram-negative and Gram-positive strains. The results for PCL, PLA, and PHB blends
incorporated with TSNPs can be observed in Figure 8. As it can be observed, the PCL and
PLA blends showed no significant antimicrobial activity against either of the tested strains,
even with the incorporation of TSNPs. Contrary to the results exhibited by the PLA and
PCL blends, the blend made with PHB showed significant antimicrobial activity against
both, E. coli and S. aureus strains after the incorporation of TSNPs. This is likely due to
the highly homogeneous absorption of TSNPs that was observed in the BC/PHB blends,
allowing for a visibly higher antimicrobial response compared to the other blends, which
absorbed a smaller amount of TSNPs.
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3.4. Evaluation of TSNP Appiication in Biosensing and Diagnostics
3.4.1. TSNP Gold Coating and Protection Check

The adapted method by Zhanget al. (2014) [35] was used in this study for coating of
the TSNP, and the efficacy of the gold layer protection was evaluated with NaCl. Results
show a TSNP LSPR) iy recorded at 579 nm, and after gold coating, the LSPR showed a

red shift measured at 599 nm (Figure 9). Upon exposure to NaCl 20 mM, no blue shift in
the LSPR peak was observed.
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Figure 9. UV-Vis spectrum of TSNPs, AuTSNPs, and AuTSNPs exposed to NaCl 20 nM (protection
check).
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3.4.2. Sensitivity Test

The sensitivity test changes the refractive index of the medium in which the AuTSNPs
are suspended, and can provide a measure of the nanoplates sensitivity without interfering
with their stability. AuTSNP solution was added to increasing concentrations of sucrose
solutions to evaluate the potential of the nanoplates for their use in sensing applications
when there is a variation in the nanoplates’ surrounding medium. Results (Figure 10) are in
agreement with the reported outcomes by Charles et al, where the LSPR; 1., of the spectra
increases linearly as the sucrose concentration increases [54,56].

Brix Scale (RIU)
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Figure 10. UV-Vis spectra of AuTSNPs suspended in a range of water-sucrose solutions.

3.4.3. Functionalization of FnPEGAuTSNPs and pH Monitoring

Prior to pH adjustment assays, AuTSNPs were coated with polyethylene glycol (PE-
GAuTSNP) to minimize contact between the Fn and the nanoplates” surface to avoid
potential impact in the protein conformational behavior. Conformational changes in the
protein were monitored by suspending the Fn-PEGAuTSNP in two phosphate buffers at
pH 7.2 and pH 4.1, respectively. In Figure 11, the LSPR; max of Fnr PEGAuTSNPs at pH
7 was measured at 633 nm; upon pH adjustment from pH 7 to pH 4, the LSPR) 0 was
measured to be 643 nm.

3.4.4. Determination of Adequate Fn Concentration

Several concentrations of Fn were added to aliquots of PEGAuTSNPs to determine
the minimum amount of the protein to successfully cover the nanoplates and observe
differences in the spectrum. One ug of anti-Fnwas added afterwards to analyze binding. As
reflected in Figure 12, changes in the spectra were observed with low concentrations of Fn.
Results show that when higher concentrations of the protein were added to PEGAuTSNPs,
longer red shifts were recorded as expected (Figure 12a). For all added concentrations of
Fn, a red shift in the A, was observed upon addition of anti-Fn antibody (Figure 12b).
In Figure 12¢, expanded results show that shorter red shifts are recorded in higher Fn
concentration samples once the anti-Fn antibody is added. This could be attributed to the
anti-Fn binding to the excess of free unattached Fn within the nanoplate solution.
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3.4.5. Determination of Adequate Anti-Fn Antibody Concentration

The limit of detection of the Ag-Ab system was defermined by exposing a sample
of Fn-PEGAuTSMNPs to increasing concentrations of anti-Fn antibody. As observed in
Figure 11b, them is evident red shifting as the concentration of anti-Fn increases, which
indicates intensifying binding of the antibody to the Fn functionalized nanoplates. Thew is
detection of Fr-anti-Fn binding with antibody concentrations as low as (.01 mg,/mlL, and
shorter redshifts are eecorded for the highest concentrations of antibody; indicating system
saturation from 0.212 mg/ mL of the anti-Fn antibody (Figure 13a).
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4. Discussion

It was established that different morphologies of AgNPs present different properties
to one another. They can be synthesized in a range of shapes, including spheres, rods, wires,
triangles, and cubes, each possessing unique characteristics. Spheres possess excellent
stability and dispersibility, while in the case of TSNPs and other nanostructures with sharp
geometries, it was observed that the tips can provide a greater electric field enhancement,
allowing optical properties to be more easily tuned and controlled [17]. Furthermore, the
same sharp edges and corners present in TSNP's make them more susceptible to oxidation,
resulting in a higher rate of Ag+ ions released compared to spherical NPs, resulting in a
higher antimicrobial activity [16]. In the solution form, color variations provide a visual
means to differentiate and identify the specific shapes of silver nanoparticles: spheres are
exhibiting yellow color while in the form of triangles the solution acquires a distinct blue
(Figure 1).

In the original protocol of [3] the concentration of silver is 16.692 ppm in the TSNP
solution, where results show broad localized surface plasmon resonances (LSPR) of more
than 130 nm full width at half maximum (FWHM) (Figure 2). The broad FWHM of the
TSNP spectrum can be attributed to the inhomogeneity of sizes and nanoparticle shapes in
the solution. This can reduce the nanoplate sensitivity, which is a critical property in TSNPs
when used in nanosensing applications [56]. The triangular morphology of the TSNP
prepared through this method was evaluated using TEM on a previous study performed
by our team (Figure 3), where the same synthesis method for the TSNP was used [55]. The
TEM images, the color, and the spectra readings of our TSNP solution come in accordance
to other studies that used similar seed-mediated methods to synthesize TSNPs [5,50,54].
An increase in the produced volume and in the amount of silver in the nanoplate solution
was achieved, and the resulting LSPR spectrum demonstrated that a reduced water amount
does not have an impact on the LSPR behavior of the TSNP (Figures 4 and 5). It was
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reported that high sensitivity of the TSNP LSI'R is due to the high proportion of triangular
geometries and the platelet structure of the nanoparticles. Furthermore, compared to single
silver nanoparticles, the sensitivity is increased in highly organized silver nanoparticle
aggregates (in solution) [56].

Silver nanoplates emerged as a remarkable tool in the development of antimicrobial
materials, offering unique properties that make it a valuable asset in the fight against
microbial infections. Through the incorporation of silver into diverse materials, such as
coatings, textiles, and medical devices, significant advancements were made in the field of
antibacterial therapeutics [57]. Taking into consideration previcusly mentioned properties
and the lack of research on TSNPs for antimicrobial applications in polymeric materials,
studies were performed to evaluate their suitability as antimicrobial agents for polymers
and biopolymers. The TSNP synthesis method used in this study resulted in a highly
concentrated TSMF solution, which is desirable in order to include the TSNPs into polymer
processing. Using this method, the amount of water required to be emoved was decreased,
while the number of nanoplates available for the process was increased. Incorporation
of TSNPs in biopolymer blends with a lower percentage of incorporated polymer (FHB)
resulted in higher absorption of the aqueous TSNF solution by the hydrophilic BC matrix
compared to the PLA and PCL blends that incorporated a higher percentage of polymer on
the BC. Previous studies also evaluated the integration of TSNPs into BC supplemented
with curcumin [53], as well as their infegration into pure PCL and FLA using a solvent
casting method, resulting in improved properties of BC and biocompatible materials [55].
BC/PHE blends with TSNPs (Figure 6a) showed significant decrease in microbial growth
for both tested bacterial strains; this is attributed to the higher amount of absorbed TSNFs
compared to the PCL and PLA blends (Figure §). These results come in accordance with
previous work on the incorporation of AgMPs into polymeric materials, wheme a higher
antimicrobial response is exhibited on the materials that are able to maintain a higher
rate of silver and Ag+ ions release [58]. Contrary to the previously reported study for
evaluation of the antimicrobial activity of TSNPs incorporated into polymeric materials
through solvent casting [55], the BC/PHB blend exhibited a higher antimicrobial response
towards the Gram-negative strain under the examined conditions.

Proteins are known to easily bind to gold and silver nanoparticles spontaneously.
It occurs through ionic or hydrophobic inferactions [5%]. MNanoparticles may be pre-
functionalized with specific proteins, which will determine which new protein will attach
to the newly formed NP-protein system [60]. According to Aherne et al,, line widths of the
L5PR ame reduced as the nanoplate volume increases, which improves sensitivity of the
nanoplates. Furthermore, a blue shift in the LSPR can be observed (from 600 to 530 nm)
upon silver seed volume adjustment, resulting in a size reduction of the nanoplates [50].
This can be advantageous for the use of TSNPs in biosensing, since it allows for a higher
range in which shifts in the spectrum can be easily detected within the UV-Vis range
(Figures 4 and 5). Unprotected TSNI"s can be highly susceptible to degradation or etching
by catalytic oxidation in the presence of chlorine or other reactive ions. This can lead to
alterations of the geometry and structure of the TSNE, normally resulting in a substantial
blue shift in their spectrum and impairing their LSPR properties [38]. Different coatings
can be used to protect the TSNP structure; nonetheless, most coatings will also affect the
plasmonic response of the nanoparticles. A method used by [38] proved to successtully coat
TSNF edges with a layer of gold, providing the nanoparticles with protection from etching
while allowing them to maintain their plasmonic response and refractive index sensitivity.
Results of this study are in accordance to the results reported by the [35] deposition of
a thin layer of gold in the triangular nanoplate edges at low Ag:Au ratios, successfully
protecting the nanoplates without causing any structural damages associated with galvanic
replacement (Figure 9). Momeover, no major changes in the nanoplates” optical properties
occurned besides an enhancement of its optical sensitivity. The LSPR spectrum at pH 4
was redshifted by 10 nm upon Fnextension due to a higher refractive index surrounding
the nanoplates. The presence of the compact profein strand on top of the nanoparticle
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surface occupies a larger surface area; however, it does not bulge from the surface more
than an elongated Fn strand, which can explain the shift in the spectrum. As presented
in Figure 10, sucrose sensitivity assay confirmed that LSFR, 5., of the spectra directly
cormelates to sucrose concentration [54,56]. In order to minimize any potential impact on
the protein’s conformational behavior, AuTSMNPs were coated with PEG in order to avoid
any direct interaction between the nanoplates” surface and the protein, thus reducing the
likelihood of any influence on its conformation. Conformational changes of the protein
were monitored by suspending the Fr- PEGAuTSNP in two phosphate buffers at pH 7.2
and pH 4.1 since Fn is known to change its structure upon pH variations (Figure 11).
Fn has an uncoiled conformation when in acidic or high salt conditions, whereas within
low salt conditions it shows a “coiled compact” conformation [61]. In previous studies
where Fn conformational changes are analyzed within different pH environments, Fn is
reported to have a hydrodynamic radius of 23 nm when compacted, and when it extends
the radius increases up to 130 nm for single Fn strands [43,44]. Fn can form much larger
strands as networks and fibrils can develop and be mediated within the extracellular matrix
(ECM) [62].

When it comes to determination of adequate concentration of Fn, as reflected in
Figure 12, changes in the spectra were observed with low concentrations of Fn. On the
other hand, Fn-anti-Fn binding with antibody concentrations as low as (L01 mg/mL werne
detected, and shorter redshifts are recorded for the highest concentrations of antibody,
indicating system saturation from (.212 mg/mL of the anti-Fn antibody (Figure 13). This
correlates with the studies by Zhang et al. (2014) where cytidine 50-diphosphocholine
(PClcoated AuTSNPs detect C-reactive protein (CEF) in concentrations as low as (L0033
mg,/ L, showing the remarkable features of the AuTSNPs and their wide-ranging limits of
detection [38]. Detection limits for several other nanobiosensors werne reported with ranging
limits between (L8 and 40 ng/mL for gold nanoparticles and 12 pM for Cu nanoclusters,
among others [63].

This demonstrates the ability of AuTSMPs for their use as versatile and effident
platforms for immunnoassays, opening up exciting possibilities for cutting-edge diagnostic
applications. Functionalization of these AuTSNPs with specific antibodies or antigens could
facilitate the detection and quantification of analytes. The integration of AuTSNPs into
immunoassay platforms has the potential to transform disease diagnosis and biomedical
research, providing a powerful tool for rapid detection of diseases with high sensitivity

5. Conclusions

In conclusion, different morphologies of silver nanoparticles exhibit unique properties.
Spherical AgNFPs are stable and dispersible, while triangular silver nanoplates with sharp
edges enhanced electric field enhancement and antimicrobial activity. The synthesis method
used in this study resulted in a highly concentrated TSNF solution, which is desirable
for incorporating TSMNPs into polymer processing. TSNPs incorporated into biopolymer
blends, particularly BC/PHB blends, showed significant antimicrobial activity against
bacterial strains compared to blends with other polymers such as PCL and PLA. The
higher absorption of TSNPs by the hydrophilic BC matrix contributed to this antimicrobial
response. Adjusting the silver seed volume reduces nanoplate size, improving sensitivity
for bicsensing applications. Coating the edges of TSNPs with a layer of gold protected the
nanoparticles from degradation without impairing their plasmonic response and refractive
index sensitivity The functionalization of AuTSNPs with specific antibodies or antigens
enables their use as versatile platforms for immunological assays, facilitating the rapid
and sensitive detection of diseases. Future work will include investigation of the proposed
detection system’s selectivity fare in the presence of physiclogical elements.

Owerall, the unique properties and versatility of silver nanoplates, particularly TSNPs,
make them valuable assets in various fields, including antimicrobial materials, nanosensing,
and biomedical research. Further exploration and utilization of these nanoparticles hold
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great potential for advancements in antibackerial therapeutics, disease diagnosis, and
biomedical applications.
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Altering larger molecules, and the optimizabion of immunoassay performance
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1. Introduction

endeoniz Bdos Lo Immunoassays (LAs) have been used for decades for various bioanalytical applications,

metevakaya ranging from clinical diagnostics and pharmaceutical analyses to environmental and food
Hiovive d= 30 Juane 2023 monitoring and festing. The early-stage and precise detection of analy tes has been recog-
Huvissnd: 21 fuly 2023 nized as a crucial factor in these applications [1]. Successful monitoring, disease prevention
Acoephnk M July 2025 and overall care for public health rely on the effectiveness of biomarkers regarding food
Fablisbanl: 26 July 2023 and clinical samples. [As ame based on the quantitation of an analyte through the reaction

of an antigen (A g) and an antibody (Ab) [2,3]. They are selective and sensitive; however,
labeling agents are commonly used to increase sensitivity and catalyze the reaction [4].

Momeover, these methods involve laborious protocols and, in some cases, take several days
to complete a reaction [5]. Similar limitations are present in enzyme-linked immunosor-
bent assays (ELISAs), one of the commonly used [A procedures based on the catalytic
potential and specificity of eneymes to detect antigen—antibody reactions. Additionally,
the application of engymes is usually accompanied by low stability and non-specificity,
Abtribetica (CC BY) liaense (bitpe/ together with large amounts of the required sample to perform the test [6,7]. Antibodies, a
. s oy i by family of elated glycoproteins, are being extensively used as the biorecognition element in
i1 various immunoassays, while their utilization in the field of biosensors offers potential for
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the development of new binanalytical tools. [As" selectivity and high sensitivity toward
analy tes ensume specific interactions, resulting in highly effective and reliable test results [8].

The currently available techniques for protein characterization that are able to detect
conformations and structural changes in proteins require expensive instrumentation and
extensive data analysis, and their signals are obstructed by cellular noise when applied in
complex biological environments [4]. The necessity for the development of enzyme-free
analytical assays has arisen in order to overcome ELISA assays’ limitations [10]. Thus, the
accurate and rapid detection of newly emerging diseases is crucial to prevent transmission
and allow rapid treatment for affected individuals. For instance, the COVID19 pandemic
has had a significant impact in the world, resulting in the loss of millions of lives. It
has emerged as one of the most consequential global health crises since the influenza
pandemic [11], leading to the development and commercialization of a significant number
of ELISAs that allow the defection of antibodies binding to structural proteins [12,13].
However, the emergence of nanotechnology has created new possibilities when it comes to
mobecular diagnostics.

The utilization of nanoparticles has become an attractive option for upgrading biosen-
sors; because of their small size, a greater surface to volume ratio is provided, accompanied
with their inhenent physicochemical properties and decreased sensitivity to external fac-
tors [14). Noble metal nanoparticles are known to have remarkable optical, catalytic,
electronic and magnetic properties and have been intensely researched for the development
of highly sensitive nano-biosensors to investigate a range of molecubes and detect specific
biomarkers [15,16]. Recent nesearch has presented metallic nanoparticles as a promising
toal for the detection of COVID-14, establishing new research pathw ays for the develop-
ment of a range of techniques in assisting the prompt esponse to rising disease challenges.
To date, evidence indicates that SARS-CoV-2 targets various organs, including the kidneys,
heart, and lungs, leading to the eventual failure of multiple organ systems; hence, the ne-
cessity of developing accurate systems for its detection is crudial [17]. Silver nanoparticles
have been used to improve glucose and hydrogen peroxide biosensors [15,19]. Moreover,
they have been utilized for the dramatic enhancement of electrochemical IAs by coupling
nancpartickes with enzyme catalytic effects [20]. It was reported that sibver nanoparticles
used as electrochemical labels have significantly improved LAs for the detection of tick-
bome encephalitis virus Ab [21]. Specifically, triangular silver nanoparticles (TSNPs) have
appealing tunable plasmonic characteristics and have been used for bicsensing applications.
Furthermore, their optical profile has been reported to show the strongest and sharpest
peaks among other metals [22]. Moreover, gold-edge-coated triangular silver nanoparticles
(AuTSNPs) with enhanced sensitivity have proven to be powerful new tools to monitor
protein activity. This versatile method has the potential to provide the accurate and rapid
detection of viral proteins and lead to better treatments for emerging infections and global
outbreaks [23].

In this study, the high sensitivity of AuTSMNPs as a tool for immunoassays is demon-
strated through an analysis of Ab-Ag binding within an isolated extracellular matrix (ECM)
as a complex environment, where anti-fibronectin (Fn) functionalized nanoplates bind
to the corresponding antigen in its native environment. Momeover, the development of a
potential platform for SARS-CoV-2 Spike protein detection is presented. This technique
holds promise for adaptation and application in future cutbreaks.

2 Results
21. Detection of Native Fn Using Anti-Fn Antibodiy-Functionalized PEGANT SNP

The sensitivity of Fn antibody-functionalized nanoparticles to detect their correspond-
ing antigen within its native environment was tested. Anti-Fn-PEGAuTSNPs were exposed
to different concentrations of cell-extracted extracellular matrix (ECM) as a complex and
native environment for Fr. As presented in Figure 1 and Table 1, according to Localized
Surface Masmon Resonance analysis (LSPR), PEGAuTSMPS Mg, was recorded at 638 nm,
and upon functionalization with anti-Fn, a shift of 65 nm was observed, indicating the
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successful coating of the nanoplates with the antibody. Following this, the functionalized
nanoplates were exposed to different concentrations of cell-isolated ECM and analyzed,
showing a shifting profile, different than expected, with longer shifts recorded for the less
concentrated ECM samples.

e § 00 ECM = AniFRMNP
e 51 ECMA -+ ARAFRNP

1.0+

0.8+

0.8+

Mormalized Extinction

0.4+

02

500 600 700 800 800
Wavelength (nm)

Figure 1. LSPR spectra of anbi-Fre-native Fn binding experiment

Table 1. A of anl-Fre PEGAuTSNP wathun different concentrations of BCM.

Treatment Amax
PEGAuTSNFP 638 nm
AntFr- PFEGA u TSNP F03 num
100% ECM + Anti-Fn-PEGAuTSNP FIF nn
50% ECM + Anti- Frr PEGAuTSNP 711
15% ECM + Anti- Frr PEGAuTSNP 715 nm
100% Fo + Antr Fre PEGA u TSNP T3 nm
15% Fn + Anti-Fn-PEGAuTSNP 714 nm

For all concentrations of ECM, the shift recorded was positive, from 4 nm to 12 nm
shifts indicating the binding of anti-Fn- PEGAuTSNF to native Fn. This was validated with
the addition of 100% and 15% purified Fn (non-native) as positive controls, where expected
redshifts of 20 nm and 11 nm, respectively, were recorded (Figure 1). Further testing was
carried out with the use of anti-TJP1-PEGAuTSNF as a negative control for binding, since
this human tight junction protein 1 (T]P1)-targeted antibody should not show specificity
to Frn. As shown in Figure 2 and Table 2, a shift of 37 nm was recorded for PEGAuTSMNPs
upon the addition of anti- TJF1, indicating the functionalization of the nanoparticles with
the antibody When the nanoparticles were exposed to the different concentrations of ECM
extract, limited shifts between 1 and 2 nm were observed. Similar behavior was observed
when the TJP1 antibody-functionalized nanoplates were exposed to purified Fn with a
3 nm shift compared to ~20 nm shifts when Fn was exposed to anti-Fn- PEGAuTSNPs.
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Figume L LSPR spectra of anti-TJP1- Anti-Fn binding experiment.

Table 2. A of anly-TJP1-PEGAuTSNPs withan diffe sent concentrations of ECM.

Treatment L —
PEGAuTSNP 638 nm
Ant-TJP1-PEGAuTSNE 675 nim
100% ECM + Anlr TIF1-PEGAu TSNP 677 nm
500 ECM + Ants-TJP1-PEGAuTSNFP 677 nmn
15% ECM + AntrTJP1-PEGAuTSNEP 671
100% Fn + Ant+-TJP1-PEGAuTSNP 678 nm

2.2 Spike Protein Optimal Functionalization Valume Deternination

To determine the amount of Spike protein required to successfully cover the nanoplates”
surfaces, a range of protein concentrations were added to 1 mL of PEGAuTSNF samples
and analyzed. One ug of the Spike’s corresponding antibody was added afterwards
to analyze changes in the L5FR recordings. As shown in Table 3, the recorded Apa
for the Spike-functionalized PEGAuTSNPs was higher as the amount of Spike protein
increased. Nonetheless, when between 5 pug and 10 pg concentrations of Spike were used to
functionalize the nanoplates, the recorded Agy, started to decrease and stabilized around
632 nm, presumably indicating saturation of the nanoparticles” surface. This was tested by
adding 1 pg of the anti-Spike antibody, where a short increase in the Ap., was predicted
as a result of the further coverage of uncoated sections of the nanoplates and the binding
of the Ab-Ag complex. Upon exposure to the antibody, the results demonstrated higher
Anay Pecordings for all samples as expected; however, the Ay, for the samples with higher
protein levels (between 5 and 10 pg) showed decreasing values, similar to the recordings
prior to anti-Spike addition.
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Table 3. Agux fecordmngs before and after the addition of anti-Spike.

Spike velume Tug 3ug Sug 7ug 10 pg
A before ant-Spike (nm) 603 647 641 632 632
Amae after anti-Spike (nm) 615 651 647 639 638
AA (nm) 12 4 6 7 6

The results suggested that the protein concentration that successfully covers the
nanoplates surface before the saturation point is between 3 ug and 5 ug. Considering this,
a concentration of 4 pg/ mL of PEGAuTSNPs was used for further testing.

2.3. Spike-PEGAUTSNP Detection Limit Determmation

Spike-functionalized PECAuTSNPs were used with different amounts of anti-Spike.
As shown in Figure 3a, expected redshifts were recorded for increasing concentrations of
anti-Spike, which suggests the intensifying binding of the antibody to the Spike-functionalized
nanoplates. The binding of the Spike-anti-Spike complex could be detected in a linear range of

anti-Spike concentration between (.01 and (0.1 mg/mL (Figure 3b). Moreover, shorter redshifts
were observed for the highest concentrations of antibody, indicating Ab-Ag system saturation
from (.13 mg/mlL of anti-Spike.

(b) (= Tonas]

658
.

666 —

- 2
664 P
862 4 //l
~ 660 4 ,/

Bl

8524 »

850

000 005 01 01 020 02 03 035

00 70 200

Wavelength (nm) AntSpike (mgiml)

Figure 3. (a) LSPR spectra of Spike PEG- AuTSNP with mereasing amounts of anti-Spike; (b) LSPR
peak shuft as a function of anti-Spike concentration for Spike PEG-AuTSNPs.

2.4. Specificity Analysis of the Spike-Anti-Spike System

The specificity of the Spike-anti-Spike system was tested with the previously es-
tablished concentrations of Spike-PEGAuTSNPs and anti-Spike as per detection curves
(Figure 3). The TJP1 protein was used as a negative control for binding since the anti-Spike
antibody is specific to Spike protein according to the manufacturer’s information [24]. The
amount of used TJP"1 was equivalent to the Spike concentration to secure proper control
conditions. As shown in Figure 4, the LSPR for bare PECAuTSNPs was recorded at 575 nm,
and redshifts of 65 nm (to 639 nm) and 25 nm (to 600 nm) wemr observed upon functional-
ization with Spike and TJP1 proteins, respectively. According to Table 4, a shift of 7 nm for
the Spike PEGAuTSNPs was measured after exposure to its corresponding antibody, while
a shift of only 1 nm was detected for the TIP1-PEGAuTSNPs.
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Figure 4. LSPR spectral shafts of PEGAuTSNPs, Spike-functionalized PEGAuTSNPs, TJP1-
functionalized PEGAuTSNPs before and after exposuse to anti-Spake.

Table 4. Aqun for Spike-PEGAUTSNPs and TJP1-PEGAuTSNPs before and after the addition of
ant-Spike.

Acix Spike-PEGAuTSNP (nm) Amax TJPI-PEGAuTSNP (am)

Before anti-Spike 639 600
After anti-Spike 646 601
AR 7 1

2.5. Spike Protein Detection-Plat form Testing within a Complex System

The binding of Spike to anti-Spike was analyzed in the presence of horse serum (HS),
simulating a complex environment to study the nanoparticles’ sensitivity. TIP1 was used
as a control for binding. As shown in Table 5, the A5, for the Spike-functionalized PEG-
AuTSNPswas initially recorded at 590 nm. As predicted, upon binding of the antibody to
the Spike, a shift of 13 nm was detected. There was similar behavior in the cases where the
Spike-PEGAuTSNPs were in the presence of three different concentrations of HS (100%,
507% and 10%), where positive shifts of 8 nm, 7 nm and 2 nm were recorded, respectively.
When TJP1-PEGAuTSNPs (initial Ayz, of 596 nm) were exposed to anti-Spike, a minimal
shift (1 nm) was recorded, similar to previous experiments. Nonetheless, shifts of 8 nm,
3nm and 2 nm were recorded for TJP1-NP upon the addition of anti-Spike in the presence
of HS.

Table 5. Asux for Spike-PEGAuTSNP and TJP1-PEGAuTSNP treatments within HS before and after
exposuse to anti-Spike.

. HS100% HS50%+ HS10%+ HS100% HS350%+ HS10%+
Spile NP _spike  Spike spike  UPINP _IPINP TJPINP  TIPINP
Adnax b““("'\:')"ﬁ'sf"‘k*' 590 609 612 o7 506 612 617 604
Amac after anti-Spike (nm) 603 617 619 600 597 620 620 06
AA (nm) 13 8 7 2 1 8 3 2

Additional experiments were carried out, analyzing only TJP1 in order to confirm
the previous results and further investigate the behavior patterns of the protein when
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exposed to anti-Spike in the presence of serum. PEGAuTSNPS Ama was recorded at
589 nm, and shifts of 15 nm and & nm were recorded upon functionalization with Spike
and TJP1, respectively. Similar to previous tests, there was a weaker attachment of TJF1
onto the nanoplates. According to Table 6, registered Amax values appear to be higher upon
exposure to anti-Spike in all treatments, comparable to the previous experiment.

Table 6. Agux for TIF1-FEGA uTSNF teatments withmn HS befome and after exposure to anb-Spake.

FEG AuTSNFP Spike NI TJF1 NP HS 100 + TIF1 NP H5530% +TIFI NP HS 10% + TJM NP

Ay before anti-Spike (nm)
Arra After anti-Spike (nm}
AR

389 L1 597 618 &7 G618
a4 19 Gl4 633 632 G20
25 15 17 5 5 I

Moreover, shifts of 5 nm and 2 nm were recorded for TIP1-NF upon the addition of anti-
Spike in the presence of HS in concentrations of 100%, 50% and 10%.. As mentioned earlier,
the binding of anti-Spike to the TJP1 protein was not expected; however, there appears
to be interaction between anti-Spike and the TJF1 nanoplates. For this reason, further
analysis was necessary to gain a better understanding of the possible causes of binding;
thus, dynamic light scattering (DLS) measurements were carried out for all treatments
following the addition of antibodies.

26 Dinamic Light Scattering (DLS) Size Mensurements

Table 51 shows the DLS size measurements for all treatments before and after exposure
to anti-5pike. In most cases, it can be observed that there was an increase in the average
size of the particles after the apparent binding of the antibody. According to Figure 5, DLS
showed a size measurement of 395.9 nm for TIP1-FEGAuTSMPs, which only corresponds
to an B nm shift in the L5PR spectrum, as stated in Table & (from 582 nm to 597 nm). Upon
anti-5pike addition, there was a reduction in size to 53.53 nm; however, there was an
LSPR recording of a 17 nm shift, which could be attributed to the replacement of TJF1 by
anti-Spike on the PECAuTSNPs" surfaces.

27, Spike-Anti-Spike Binding PEGAnT SNP-Based Immunogssay within Horse Serum

For the system within horse serum, a more detailed analysis of the results revealed that
upon the addition of anti-Spike, ther: was an increase in size only for a small population
of particles. In the case of 100% HS (H5100) with TJI"1 nanoplates (Figure 6a), an average
size of 1421 nm was recorded with a Poly dispersity Index (PI) of 0.33; after the sample
interacted with the antibody, there was an increase in size to an average of 1725 nm and FI
of (.78,

When the results are compared to TJI'1 NP + anti-Spike (red plot, 53.53 nm in size),
resemblance can be observed with the H5100 + TJP1 NP plot iblue), where a size of
39.28 nm was recorded. When the system is analyzed as a whole, namely H5100 + TJP1
MNP + anti-Spike, a peak of 163.1 nm (blue plot) can be related to the 165.8 nm peak
from the green-colored plot, suggesting the TJP1-coated nanoparticles did not bind
to anti-Spike and kept their size; nonetheless, a fourth peak in the green plot above
the 1000 nm region could be attributed to the anti-5pike binding and networking with
components from the HS.

Fifty percent diluted horse serum (HS50) behaved in a similar manner, where an
increase in the average size was observed with the presence of anti-Spike in the sample.
The 50% HS with TJP1 nanoplates sample (Figure 6b) with an average size of 211.2 nm
and a Pl of (.4 showed an increase to a size of 755 nm and PQ of 0L69 as a consequence of
higher polydispersity. Similar to H5100, relation can be observed between the plots, where
TIP1 WP + anti-Spike (red plot) and HS50 + TJP1 NP (blue plot) can be identified within the
HS50 + TJF1 NF + anti-Spike sample {green plot), where it can be observed that a fraction
of the H550 + T]F1 nanoplates interacted with the antibody, resulting in a higher intensity
peak of 470.7 nm.
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Figure 5. DLS size measurements of (a) PEGAuTSNPs and TJP1-PEGAuTSNPs, (b) TjP1-
PEGAuTSNPs + anti-Spike, (¢} superimposed graphs of (a,b).
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Figure 6 DLS measurements for TIPI-NP + anti-Spike and TJP1-NP wathin (a) 100%, (b) 50% and
() 10% HS before and after addition of ant-Spike.
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In line with the previous HS concentrations, T]P1 NIP + anti-Spike and H510 + TJF1
M can be identified within the most diluted sample (Figure 6c). Similar to the other HS
samples, the plot suggests the TJI-coated nanoplates did not bind to anti-Spike, but the
antibody created networks with serum contents, resulting in a peak in the highest region
among all samples (179.5 nm). Moreover, it can be observed that, comparable with the
above results, the size of the H510 + TJP1 NF sample was 133.1 nm (blue plot), and upon
anti-Spike addition, a fraction of the sample reduced in size to 39.42 nm (green), validating
the hypothesis that the antibody breaks the TJF]1 network, causing the size reduction.

3. Discussion

Fibronectin (Fn), a critical ECM protein whose functions are governed by its con-
formational activity, is receiving increasing attention due to its participation in various
phases of tumor proliferation and other complications of medical importance such as Fn
glomerulopathy [25-27]. In this study, the suitability of PECGAuTSNFPs for use as platforms
for LAs was successfully demonstrated. The effective protein volumes to functionalize the
nanoparticles and avoid potential non-specific binding were determined. Ab-Ag binding
was detected within a complex environment where native Fn from the extracellular matrix
was sucoessfully detected by using anti-Fn antibody-coated nanoplates.

Spike-PEGAuTSNDS detection limit was determined as a linear range of anti-Spike
concentration between 0L071 and 0.1 mg/mL. In a comparative study of [28], detection limit
ranges of rapid antigen tests weme recorded between 9.8 and 78.6 ng/mL. This opens an
area of opportunity to improve the proposed technique detection limits,

The results of the functionalization of PEGAuTSMNPs" Aq., with anti-Fn (a shift of
65 nm) indicated the successful coating of the nanoplates with the antibody. However,
when the functionalized nanoplates were exposed to different concentrations of cell-isolated
ECM and analyzed, they showed a shifting profile, different than expected, with longer
shifts recorded for the less concentrated ECM samples. One of the reasons could be
attributed to the clumping of ECM proteins as a result of the cell scraping performed in
the isolation protocol, impeding Fn binding sites to be sufficiently exposed to bind to its
corresponding antibody; once the sample is diluted, the proteins disaggregate and Fn is
exposed. According to Sediq et al,, one of the reasons for protein aggregation is the induced
mechanical stress during the friction of two solid surfaces, which, in this case, wem the @Il
scraper and the flask containing the cell culture [24]. In future testing, ECM samples can be
briefly homogenized to make the proteins scatter and aid in binding site ecognition for the
antigen of interest. Cur results also implied that the TIP1 antibody did not recognize any
epitope from MC3T3-E1 ECM proteins [30].

When it comes to the determination of optimal volumes for Spike protein functional-
ization, the results indicated the binding of the antibody only to the Spike protein available
on the now fully functionalized nanoplates surface. The latter can be confirmed through
the analysis of the A}, where it can be observed that between the concentrations of 5 ug and
10 pg of Spike in PEGAUTSNDS, the shift difference is constantly between 6 nm and 7 nm,
indicating the maximum possible binding of the anti-Spike to Spike was reached. After the
Spike-anti-Spike system specificity analysis, a mduced shift of the TJP1 nanoplates (25 nm)
compared to the Spike nanoplates (65 nm) was observed, suggesting weak attachment of
the TJP1 protein to the PEGAuTSNIS surfaces. This can also be inferred when evident
binding between the antibody and its Spike counterpart (7 nm) was observed, but there
was unexpected interaction between anti-Spike and TJI"], where there was almost no shift-
ing (1 nm). This behavior could indicate no recognition of the antibody, which would be
expected, or a stronger affinity of the anti-Spike for the nanoplates, causing a replacement
on the nanoplates” surface.

The binding of Spike to anti-Spike was analyzed in the presence of HS to simulake
a complex environment. As mentioned in the Results section, afier TJP1-PEGAuTSNPs
were exposed to anti-Spike, a minimal shift was recorded, similar to previous experiments;
however, shifts of 8 nm, 3 nm and 2 nm were recorded for TJP1-NF upon addition of
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anti-5pike in the presence of 10045, 50% and 10%: HS, respectively. These unanticipated
positive shifts in nelation to TJP1 could be associated with the non-specific binding of the
HS components to the added anti-Spike. According to [31], HS is a non-standardized com-
ponent of blood with varying concentrations of several proteins, albumins and globulins,
among other components; this could interrupt, obstruct or, in this case, interfere with the
predicted experiment behavior.

These results weme further analyzed with DLS measurements, where several nanopar-
ticl populations of varying sizes wene identified in the samples, explaining the outcomes
of the experiment. DS size measurements showed the increase in the average size of the
particles after the apparent binding of the antibody in most cases; nonetheless, three peaks
could be observed in all samples containing HS even before exposure to anti-Spike, possibly
indicating the coexistence of nanoparticles of different sizes within the same sample or
agglomeration of HS proteins [32]. A similar phenomenon was observed in the study of
Schintke and Frau (2020, whene the interaction between nanoparticles and mouse serum
sample showed poor signal stability in DLS measurements as the unfiltered serum sample
contained large agglomerates that affected the particle size, causing several peaks [33]. The
use of TJF1 as a control showed interesting performance within HS samples, and thus, it
could be concluded that protein-protein networks were formed which were then broken
up by the added anti-Spike antibody due to its stronger affinity to the nanoplates.

As mentioned before, anti-Spike seemed to show stronger affinity for the nanoplates,
causing TJP1 to be replaced by the antibody on the nanoplates” surface (Figure 7). DLS
measurements for TJP1-PEGAuTSNIs could be attributed to TJP causing networking by
itself. Since networking is not a close reaction to the PEGAuTSNE surface, it does not reflect
in a large shift (8§ nm) [25]. Nonetheless, upon anti-Spike addition, there was a reduction in
size, possibly indicating the breakage of the TJF1 network on the nanoplates. The anti-Spike
antibody seemed to show a stronger affinity for the nanoplates, causing the TJP1 protein to
be replaced by the antibody on the nanoplates” surface, reflected in a redshift. Nonetheless,
the formed T]]1 network may be broken up, causing less protein molecules on the surface
of the nanoplate, esulting in a DLS size reduction [25].

589 nm
."r""

14 nm
f Y

\
[\

17 nm

Size: 21.77 nm Size: 395.9 nm Size: 53.53 nm

Figure 7. Mustrabion of protem replacement due to stronger attachoment of ant-Spike o FEGAWTSNP
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In future research, alternative complex environments and controls to validate the
results will be assessed, and additional steps such as the filtering of bigger molecules
within the samples to minimize non-specific binding and polydispersity will be taken.

4. Materials and Methods
4.1. Materias

Fibronectin bovine plasma (1 mg/ mL) (F475%-10), Horse Serum donor herd (H1270-
500ML) and anti- FM antibody (1 mg/mL) (AV41490-100UL) were obtained from Sigma
Aldrich (5t. Louis, MO, USA). The MC3T3-E1 pre-osteoblast cell line (CRL-25593) was
obtained from ATCC, and Gibeoo Alpha Minimum Essential Medium (4106102%), Invitrogen
SARS-CoV-2 Spike Protein (RBDY) Polyclonal Antibody (PAS-114451, 0.5-1 mg/mL) and
Invitrogen SARS-CoV-2 Nucleocapsid/ Spike Protein (RBD) Recombinant Protein (RI'S7706,
1 mg/mL) were obtained from Thermo Fisher (Waltham, MA, USA). Human TJP1 re-
combinant protein (APrESTS3050, 0.5-1 mg,/mL) and human-specific anti- TIP1 antibody
(HPADMA36, 0.5-1 mg/mL) were obtained from Atlas Antibodies (Stockholm, Sweden).

4.2 Anti-Fn-PEGAuTSNF Preparation

PEGAuTSMNPs were synthesized through a seed-mediated approach where silver
nitrate was reduced by sodium borohydride [4]. Subsequently, 1 mL of freshly synthesized
nanoplates was incubated with 20 pg of anti-Fn antibody, with the concentration before
nanoplate saturation being as described by Rodriguer Barroso et al. (2023).

4.3. Extracellular Matrix Isolation Protocol

Extracellular matrix (ECM) isolation from cell culture was performed based on the
protocol developed by [34] to study the interaction between native Fn from live cells and
anti-Fn antibody. MC3T3-E1 pre-oseoblast cells were cultured and plated in a 6 well-
plate at high density and placed in the incubator for 24 h until they were 95% confluent.
Ammonium Hydrowide (NHgOH, 20 mM) was prepared with de-ionized water in an
extractor hood. The culture plate was removed from the incubator, and the culture medium
was removed from each well with a micropipette. Wells were gently rinsed with 1 mL
of PBS without Ca®*/Mg®*, and the liquid containing PBS and remaining media wene
removed from the wells. Subsequently, 300 pl. of 20 mM NHyOH was added to each well
and rocked for a few seconds before washing each well with 1 mL of distilled water. The
ammonium-hydroxide-solubilized material containing water, ammonium hydroxide and
lysed cells was immediately removed with a micropipette. After that, the 6-well plate was
tilted at an angle, and remaining ECM was collected from the bottom of the well by using a
cell scrapper and placed in Eppendorf tubes.

4.4. Detection of Native Fibronectin with Anti-Fr- PEGANTSNP

Three concentrations of MC3T3-E1 cells-isolated ECM (100%, 50% and 15%) wene
prepared with distilled water. ECM samples were further exposed to a concentration
of 0.21 mg/mL of anti-Frn- PEGAuTSNFs (functionalized NPs before saturation point, as
stated by Rodriguer Barroso et al. 2023) in a 1:1.5 ECM /anti-Fr- PECAuTSMP ratio and
placed on a 96-well plate to analyze interactions between native Fn and the antibody.
Purified Fn samples in concentrations of 100% and 15% were used as positive controls for
the binding of anti-Fn with Fn (1:1.5 Fr: Anti-Fre PEGAuTSNF ratio). The 9%6-well plate
was analyzed in the microplate reader Results were compared to a second experiment
where human-specific TIP1 antibody was used as a negative control for binding with
the ECM isolated from cells. In order to detect changes in LSPR and Ap.,, absorbance
spectra measurements were performed in a microplate reader adjusted from wavelengths
300-%00 nm in 1 nm increments.
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4.5 Spike Protein Optimal Functionalization Volume Determ inat ion

PEGAuTSNPs were prepared as previously stated, and different amounts of spike protein
were added to the nanoplates. Then, 1 mL of PEGAuTSNI's was placed in five Eppendorf tubes
(5 mL total) and 1 pug 3 pg. 5 pg 7 pg and 10 pg of Spike profein were added to each tube.
A sample of 100 pl. was taken from each tube and placed on a %6-well plate. The plate was
analyzed in an Ulraviolket-visible (UV-vis) spectrometer (Synergy HT BioTek microplate reader
Winooski, VT, USA) reader. A fer the first reading, 1 pg of anti-Spike antibody was added to
each well, and the plate was analyzed again to observe changes in the LSPR. UV-Vis spectra
measurements were adjusted from wavelengths 300-200 nm in 1 nm increments.

4.6. Nanoplate-Based Imnmunoassay with Changing Concentrations of Anti- Spike Antibody

After the suitable concentration of spike PECGAuTSNPs was determined, 4 pL. spike/ mL
PEGAUTSNPs were used with different amounts of anti-Spike to determine the nanoparti-
cle saturation point. A sample of 100 pL. of Spike PECG-AuTSNPs was placed on a 96-well
plate and analyzed in the plate reader. After that, 1 pg of anti-Spike was added to the well
and the plate was analyzed again in a microplate reader with adjusted wavelengths from
300-900 nm in 1 nm increments. Following that, 2 pg, 4 pg, 6 pg, 8 pg and 10 pg werne
added to the same well, and the plate was analyzed between every addition. The final
sum of anti-Spike in the well at the end of the experiment was 31 pg. FExperiments wene
performed in the same well to avoid varations in the readings and to keep uniformity.

4.7, Spike-Anti-Spike Binding PEGANT SNP-Based Imtmiun oassay

Spike-PEGAUTSMNPs were exposed to anti-Spike to test the nanoplate-based im-
munoassay system. Then, 100 pL. of Spike-PEGAuTSNPs in a 4 ug Spike/ mL FEGAuTSNP
concentration and 100 pL. of TIP1-PEGAuTSNPs (5 pug TIP1/ mL PEGAuTSNF) were placed
in a 96-well plate and analyzed on the plate reader. A fter the first reading, 4 pg of anti-Spike
was added to both wells and the plate was analyzed again. The microplate reader was
adjusted from wavelengths 300-200 nm in 1 nm increments for absorbance measurements.

4.8 Spike-Anti-Spike Binding PEGAuT SNP-Based Immunoassay within Horse Serum

The binding of the Spike-anti-Spike complex within horse serum as a high-noise
environment was monitored using PEGAuTSNPs. Spike-PEGAuTSNPs were prepared
with 4 pg of Spike in 1 mL of PEGAuTSNDs, and TJP1-PEGAuTSNFs were prepared in a
similar concentration of 5 ug of TJP1 per 1 mL of PEGAuTSNIs. The latter was used as
a negative control for binding with the Spike antibody. Three different concentrations of
horse serum (100%:, 50% and 10%,) were prepared with distilled water to observe differences
in the L5SPR as a result of the high concentration of proteins within the serum. Samples
were placed in a 96-well plate in a ratio of 1:1.67 horse serum /functionalized PECAuTSNPs.
The plate was analyzed in the plate reader After the first analysis, 4 pg of anti-Spike was
added to all wells, and the plate was analyzed again.

4.9 Dynamic Light Scattering (DLS) Size Measurements

Dynamic Light Scattering (DLS) is extensively used in research for the study of pro-
teins, colloidal particles, and nanoparticles [33]. It studies the diffusion of molecules in
solution through the diffusion coefficient and hydrodynamic radius, which are dependent
on the analyzed molecules” size and shape [35]. In this study, Letasizer Pro (Malvern
Panalytical Ltd., Malern, UK) with DT50012 polystyene disposable cuvettes was used to
determine the particle size of the samples.

All samples from Section 47 wem diluted with ultrapure water in a 1:10 dilution. Then,
1 mL of the newly diluted sample was placed in the disposable cuvette and the cuvette lid
was placed on top. Size measurements were repeated 3 times per sample at 25 °C, and the re-
sults were analyzed in £5 XPLORER software (https: / /www.malvernpanalytical.com,/jp/
support, product-support,/ software /zetasizer-ultra- pro-zsx plorer-software-update-v1-0
0, accessed on 29 June 2023).
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5. Conclusions

This study successtully demonstrated the potential of PECGAuTSMNPs as platforms
for This study successfully demonstrated the potential of PEGAuTSNEs as platforms
for immunoassays, showcasing the effective protein volumes for functionalization and
successful detection of native Fn using AntiFn antibody-coated nanoplates. When exposed
to cell-isolated ECM samples, unexpected shifting profiles were observed, potentially
attributed to protein clumping caused by the ECM-isolation protocol. Future testing could
involve brief homogenization of ECM samples to aid in binding site recognition. On
the other hand, successful binding of AntiSpike antibody to Spike protein on the fully
functionalized nanoplates was demonstrated upon Spike protein optimal functionalization
volume determination. Moreover, weak attachment of the control protein, TP, to the
nanoplates was observed. The detection limit of the Spike-PEGAuTSMP ranged between
0.01-0.1 mg,/mL, while the detection limits e ported for rapid antigen tests range between
9.8-78.6 ng,/mlL. This opens an area of opportunity to improve the detection limits of
the Spike-PEGAUTSNFE system. In the presence of complex environments such as HS,
unanticipated positive shifts in TJP1 nanoplates were recorded, possibly due to non-specific
binding of HS components. DLS measurements revealed the coexistence of nanoparticle
populations of varying sizes and protein-protein networks formation within horse serum
samples. Future research should explore alternative complex environments, implement
appropriate controls, and consider filtering larger molecules to minimize non-specific
binding and polydispersity. Owverall, this study provides valuable insights into the behavior
of immunoassay platforms and highlights areas for further imvestigation and refinement.

Supplementary Materials: The supporting mformation can be downloaded ab: hitps:/ Swwowmadpi.
com, articke /10.33%0,/5jms241511974/51

Author Contributions: Conceptualization, LG.R B, MUH, MB-E and M.M.; methodology, LGEB,
ELG. and RE; vahdation, LG.RB, ELG. and M.H,; formal analyss, LG.RB, MH and M.B-F;
mvestigation, LGRB, ELG, RE and MM.; data curation, LGREB, ELG, BAT and MM.;
wiriling—original draft preparation, LG RE, BAT and MM.; writing—meview and editing, LGREB,
ELG,BAT, MM, MH, RF and M.B-F; visualization, LGR.B, ELG. and M.M,; supervision,
MM, MB-E and DM D; project administration, MUH. and M.B-E; funding acquisition, M.B-E All
authors have read and agreed to the published version of the manuscript.

Funding: Fundmg for s work was provided by the Tedhnological University of The Shannon
through the President Seed Fund and European Umon's Horzon 2020 Research and Innovabion
program [grant number: 870292 {BiolCEF)).

Institutional Review Board Statement: Mol applicable.

Informed Consent Statement Mol applicable.

Data Availability Statement zenodo.org, acessed on 15 June 2023,
Conflicts of Interest: The authors declare no confhict of mbegest

References

1 WVashast 5K; Luong, [ HT. Immunosssays: An Overoiew; Elsevier Inc: Amsterdam, The Metherlands, 2018; ISBN 9780128117620,

2 Darwish, LA, Immuncassay Methods and Their Applications i Fharmaceutical Analyas Basic Methodology and Becent
Advances. Inl. |. Biomed. Sci 2006, 2, 217.

3 Mousavi, SM.; Hashemi, 5.A; Kalashgrans, MY, Gholams, A.; Omidifag, N.; Babapoor, A ; Vijayakameswara Rao, N.; Chiang,
W.H. Recent Advances in Plasma-Engineesed Polymers for Biomarker-Based Viral Detection and Highly Multiplexed Analysis.
Biosensars 2022, 12, 286, [CrossRef] [PubMed]

4 Ahmed, 5; Ning, |.; Peng, D; Chen, T; Ahmad, L; AL, A Lei, 2. ; Abu bakr Shabbig M.; Cheng, G.; Yuan, Z. Current Advances in
Immunoassays for the Detection of Antibiotics Residues A Review. Food Agric. Immanol. 2020, 31, 268-200. [CrossRef]

5 Cex, KL; Devanarayan, V.; Knauciunas, A; Manetta, |; Montrose, C; Sittampalam, 5. Immuncassay Methods. In Assay Guidance
Manual; Eh Lilly & Company and the Natienal Center for Advancing Translabonal Scences: Bethesda, MD, USA, 2014,

6 Gan, 5D Patel, KR Enzyme Immuncassay and Eneyme-Lmnked Invnunosorbent Assay. [ Investig. Dermatal. 2013, 133, 212

[CrossRed]

226



Imt [ Mol 5d 2023, M4, 11974 14 of 15

1o

11

1z

13

14

15

16

18.

14.

i

g 2 B N

Lajtha, A_; Baker, G.; Dunn, 5.; Holt, A. Handbook of Newrochemiztry and Moleouar Newroliology: Practical Newrochemistry Methods;
Springer Science: New York, NY, USA, 3F; ISBN 978-0-387-30350-8.

Farka, Z; Jutik, T.; kovat, D.; Trnkova, L.; Skladal, F. Nanoparticle- Based lmmunochenncal Biosensors and Assays: Recent
Advances and Challenges. Chem. Rew 2007, 117, 997310042 [CrossFef] [FubMed]

Rodniguez Barreso, LG Azaman, FA ; Pogoe, B ; Devine, D; Fournet, M.B. Momitonang In Vitro Extracellular Matric Profein
Coenformations in the Presence of Bronumetic Bone-Re peneration Scaffolds Using Funchonalized Gold-Edge-Coated Triangular
Silver Nanoparticles. Nanomaterils 2023, 13, 57. [CrossHef]

Mercadal PA; Fraine, | C; Motnich, B D.; Coronado, EA. Eneyme-Free Immuncassay Using Salver Manoparticles for Detection of
Gliadin at Ultralow Concentrations. ACS Omega D018, 3, 2340-2350 [CrossRef]

Mallah, 5.L; Ghorab, (VK; AlSalm, 5.; Abdellatf, 005, Tharmaratnam, T.; Iskandag M.A ; Sefen, A N.; Sadhu, P; Atallah,
B.; EFLababidi, .; et al COWVID-1%: Beeaking dewn a Glebal Health Crasis. Ann. Cin Microbidd. Antimicrok 2021, 20, 1-36.
[CrossRed]

Cascella, M ; Raguk, M ; Cuome, A ; Dulebohn, 5.C; Th Mapol, R Features, Enaluation, and Treetmen! of Coronamiris (COVID-19)
StatPearls Treasure Island, FIL, USA, 2022,

Valdivia, A.; Torses, L; Latorre, V; Francds-Games, C; Albert, E; Gozalbo-Rovira, B Alcaraz, MLJ.; Buesa, |.; Rodrigues-Diaz,
I Gelleg, B et al. Inference of SARS-CoV-2 Spike-Binding Neutralzimg Anbbody Tikers in Sera from Hospitalized COVID-19
Patents by Using Commercal Ensyme and Chemiluminescent Immunoassays. Eur [ ODin. Microbiol Infect. Dis. 2021, 40,
485494 [CrossHed]

Yatsunyk, LA Mendoza, O; Mergny, |-L. " Nane-Oddities": Unusual Muckie Acid Assemblies for DMNA-Based MNanostructures
and Nanodevices. Acc Chem. Res. 2014, 47, 1836-1844. [CrossBef]

Zhang, ¥.; Charles, DLE.; Ledwith, DM Aherne, D Cunmangham, 5.; Voisin, bL; Blaw, W.].; Gun'Ke, YK.; Kelly, |.M.; Brenman-
Fournet, MLE. Wash-Free Highly Sensitive Detection of C-Reactive Protein Using Gold Dervatised Triangular Salver Nanoplates,
FSC Ade. 24, 4, 20022-2%31. [CrossFed]

Jia, HL; Xu, W An, | Li I; Zhae, B A Simple Method to Synthesize Triangular Salver Manoparticles by Light Irradiation.
Spedrochim. Acta Part A Mol Biomol. Spectrosc. 2006, 54, 956-960. [CrossRef] [PubMed)

Askan, H.; Sanadgol, N.; Azarnezhad, A.; Tybakhsh, A; Rafiei, H; Safarpour, AR ; Gheibihayat, 5 M.; Raeis-Abdollahi, E;
Savardashtaki, A ; Ghanbanasad, A et al. Kudney Diseases and COVID-19 Infection: Causes and Effect, Supportive Therapeatics
and Nutritional Perspectives. Heliyon 2021, 7, 06008, [CrossFef]

Ren, X.; Meng, X.; Chen, I0; Tang, E; hao, |. Using Silver Manoparticle to Enhance Cursent Besponse of Buosensor  Biosms
Bigelectran. 2005, 21, 433437, [CrossRef] [PubMed]

Rad, AS.; Mirabs, A ; Binasan, E.; Tayebi, H. A Beview on Glucose and Hydrogen Peroxide Briosensor Based on Modibed Electrode
Included Silver Manoparticles. Inl. |. Eledrochem. Sci 2011, &, 3671-3683. [CrossRed]

Chen, ZF; Peng, ZE; Luo, X; Cu, B; liang, LH.; Zhang, X.B.; Shen, G.L; Yu, RQ Sucessively Amplifed Electrochemical
Immuneassay Based on Biocatalytic Deposition of Silver Nanoparbicles and Silver Enhancement. Biosens. Biodectron. 2007, 23,
485491, [CrossHed]

Ehnstunova, E.; Barek, | Kratochvil, B.; Korotkova, E; Dorozhko, E; Vyskoal W Electrochemical Immunoassay for the
Detection of Antibodses to Tick-Borne Encephalitis Virus by Using Various Ty pes of Bioconjugates Based on Silver Nancparticles.
Bivelectrachemistry 2020, 135, 107576, [CrossRef]

Rodriguez Barroso, 1.G.; Garcia, EL; Mopcevae, ML; Huerta, M.; Pogue, B ; Devine, DM, ; Brennar- fournet, M. Triangular Silver
Manoparticles Sy nthesis Investigating Potential Application i Materials and Biosensing. Appl. 5a. 2023, 13, 8100. [CrossBef]
Choi, HE; Lee, ML]; Lee, SN Kim, TH; Oh, BEK Noble Metal Nanomate rial-Based Biosensors for Electrochemical and Optical
Detection of Viruses Causing Resparatory linesses. Franl. Chem. 2021, 9, 67 2739, [CrosaBef]

Macdenald, PJL.; Ruan, Q.; Grieshaber, |.L.; Swift, K.M.; Taylog, R E; Prostke, .C; Tetin, 5. Affinity of Anti-Spake Antibodies m
SARS-CoV-2 Patient Plasma and Its Effect on COVID-19 Antibody Assays. eBicMediagne 2022, 75, 10379, [CrossBef]
Brennan-Fournet, MLE.; Huerta, M.; Zhang, ¥.; Malharas, G.; Owens, EM Detection of Fibronectin Conformational Changes m
the Extracellular Matrx of Live Cells Usimg Flasmonic Nanoplates. | Mater. Chem. B 2015, 3, 91409147, [CrossRef] [PubMed]
Castelletti, E; Donadelli, B; Banterla, F; Hildebrandt, E; Zipfel, PE; Bresin, E.; Otto, E.; Skerka, C.; Renderi, A ; Todesching, M.; et al.
Mutations in FN1 Cause Glemerulopathy with Fibronectin Deposits. Proc. Nall Acad Sa. USA 2008, 105, 2536-2543. [CrossRed]
[PubMed]

Wang, |.F; Hielscher, A Fibronectine How Its Aberrant Expression in Tumors May Improve Therapeutic Targeting. [ Cancer 2017,
8§, 674682, [CrossRef] [PubMed]

Dobryman, D.; Polschuk, L; Pokroy, B A Comparnson Study of the Detection Linat of Onueron SARS-CoV-2 Nucleocapsid by
Various Raped Antigen Tests Biosensars 2022, 17, 1083, [CrossBef] [PubMed]

Sediq, A5, Van Durjvenvoorde, BB Jiskoot, W.; Nejadnik, ME. No Touching! Abrasion of Adsorbed Protein Is the Root Cause
of Subv isible Particle Formation during Sticring, [ Pharm. Sci 2016, 105, 519-529. [CrossRed] [FubbMed]

Mclntyee, BAS.; Alev, C; Mechael, R.; Salei, KR Lee, [B; Fiebig-Comyn, A.; Guezguez, B.; Wu, Y.; Sheng, G.; Bhatia, M.
Ex pansive Generation of Functional Ainway Epathelium Frem Human Embryonac Stem Cells. Stem Cals Transl Med. 2014, 3,7-17.
[CrossRed]

227



Imt [ Mol 5 2023, 24, 11974 150f 15

Bow BB

Riend, B.; Wenger-Riggenbach, B.; Hofmana-Lehmann, B ; Lutz, H. Serum Protemn Concentrations from Clinacally Healthy Horses
Determined by Agarose Gel Electrophoresis. Vel Clin. Pathol. 2000, 38, 73-77. [CrossRef]

Vasle, E.; Rusen, E; Mocanu, A ; Patrascu, M Calinescu, L Polymer Colloads and Salver Manoparticles Hybrid Materials, Collaid
Polym. Sci MN2, 2090, 193-201. [CrossRed]

Schintke, 5.; Frau, E Modulated 34 Cross-Correlabion Dynamic Light Scattering Apphications for Ophical Biosensing and
Tame- Dependent Monitoring of Nanopartice-Biofluid Interactions. Appl. Sa. 2000, 10, 8969, [CrossBef]

Hellewell, A L ; Rosing, 5.; Adams, [.C. A Rapad, Scalable Method for the lsolabion, Functional Stedy, and Analysis of Cell-Deaved
Extracellular Matrix. [. Vis. Exp. 2007, 2017, 55051, [CrossFef]

Stetefeld, |.; Mckenna, S.A ; Fatel, TR Dynamac Light Scattering: A Practical Guide and Applications in Biomedical Scences.
Bigphys. Fer. 2014, 8, 409427, [CrossReaf] [PubMed]

Disclaimer Publisher's Note: The statements, opmuens and data contained in all publications are solely those of the individual
author(s) and contributon(s) and not of MDFPL and /or the edites(s). MDPL and/ or the e diten(s) disclaim sesponsibilaty for any mjury to
people or property tesulting from any ideas, metheds, instructions or products refersed tom the content.

228



