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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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UV    Ultraviolet 

FWHM   Full Width at Half Maximum 

TJP1    Tight Junction Protein 

SARS-CoV-2   Severe Acute Respiratory Syndrome Coronavirus 2 

COVID-19   Coronavirus Disease 2019 

Ag    Antigen 

Ab    Antibody 
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1.1 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). 

1.2  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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 1.3 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.  

1.4 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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2.1  Introduction 

 

In living systems, molecular species occupy a substantial part of the intracellular 

medium around 40% of volume (Długosz & 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 (Długosz & 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 (Iwamoto 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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2.2  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). 

2.2.1 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-Gómez 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 

Martău 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 (Rodríguez-Vázquez 

et al., 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 

et al., 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).  

2.2.2  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 (El-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 (El-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).  

2.3  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 Rodríguez 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; Hörmann, 

1995; Proctor, 1987).  
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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 I domains, 2 FN type II domains and 15-18 FN type III 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 III4 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). 

 

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). 

2.4 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. 

2.4.1  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 β‐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 Aβ40 and Aβ42 (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). 

 

Figure 5. Illustration of a Raman spectrum. SERS spectra of Amyloid β‐protein 40 (red) and Amyloid β‐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).  

 

 

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 Å 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).  
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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 

et al., 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). 

2.5  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).  

2.5.1  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 (Burdușel 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 (Güzel & Gülbahar, 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 (Ag0), 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 (Iravani 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 (AgNO3) is reduced by sodium borohydride (NaBH4) 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): 

AgNo3 + NaBH4 → Ag + ½ H2 + ½ B2H6 + NaNO3 

It has also been reported that citrate (C6H5Na3O7) and ascorbic acid (C6H8O6) 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+ + C6H8O6  

 

 

 

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), 

Seed silver 

nanoparticles 

C6H5Na3O7 

Triangular silver 

nanoparticles 

Figure 9. Illustration of TSNP formation. Adapted from (Etacheri et al., 2010). 
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edge gold coated silver nanoprisms, nanorice, nanobipyramids, and nanorings (Y. 

Zhang et al., 2014).  

 

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

et al., 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. 

2.6  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 (10-18 

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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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). 

2.7 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. 

2.7.1 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 CaCl2 as it is Ca2+ 

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 CaCl2 

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). 

2.7.2 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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2.8 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). 

 

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). 

 

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 µL and 200 µL of sample, limiting ability to add replicates 

(PerkinElmer & Inc, n.d.). 

2.9 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. Illustration 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). 
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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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3.1 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.  

3.1.1 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. Gröbel 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 = 𝜀𝑐𝑙 

Where, 

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

conditions) 

𝑐: Concentration of the solution 

𝑙: 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 

3.3  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; Zamarreño 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). 

 

3.4 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 

(𝐶𝑒𝑥𝑡) of a given nanoparticle:  

 

𝐶𝑒𝑥𝑡 =
24𝜋2𝑅3𝜀𝑚

3
2 𝑁

𝜆ln⁡(10)
⁡

𝜀𝑖

(𝜀𝑟 + 𝑋𝜀𝑚)2 + 𝜀𝑖
2 

 

Where, 

R: Radius of the nanoparticle. 

: Wavelength of the incident light. 

𝜀𝑚: Dielectric constant of the surrounding environment. 

𝜀𝑟 and 𝜀𝑖 : 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. 

3.4.1 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). 

 

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 AuNPs 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). 

3.5  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 μL of trisodium citrate (TSC) 25 mM as particle 

stabilizer, 250 μL of poly (4-styrene sulfonate sodium salt) (PSSS) 500 mgL-1 as a 

shape-directing agent and 300 μL of sodium borohydride (NaBH4) 10mM  (Aherne et 

al., 2008).  Subsequently, 5 mL of silver nitrate (AgNO3) 0.5 mM were added with a 
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pump at a rate of 2 mL min-1 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. 

3.5.1  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 μL of 

ascorbic acid (L-AA) 10mM as reducing agent, 200 μL of the seeds solution, 3 mL of 

AgNO3 0.5 mM at a pump rate of 1 mL min-1, and finally 500 μL of TSC 25 mM (Kelly 

et al., 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 μL of L-AA were added subsequently, followed by the addition 

of 350 μL of seeds solution, 3 ml of AgNO3 at a pump rate of 1 mL min-1 (Syrris FRX 

pump) and finally 350 μL 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). 

 

3.5.2  TSNP gold edge-coating method for protection and functionalisation  

 

Upon TSNP preparation, the gold coating procedure was executed where different 

amounts of Chloroauric acid (HAuCl4) were added to 1 ml TSNP solution aliquots 

(0.4071 ml of silver in the aliquot) together with 18.9 μl of L-AA. The respective 

amounts of gold, in this case, 0 μL, 3.8 μL, 7.6 μL, 18.9 μL, 20 μL, 26.5 μL and 37.8 

μL 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 (l) 

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 L of AuTSNP solution were 

exposed to 100 L 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 

 

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. 

3.6  Fn functionalisation of PEGAuTSNP and pH monitoring 

 

Phosphate buffer Na2HPO4, 0.2 M was prepared by dissolving 2.84 g of Na2HPO4 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 

NaH2PO4 in 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 μL of Fn with 50 

μL of PEG-NP in an Eppendorf tube. After that, 37.5 μL of the Fn functionalised PEG-

NP were incubated with 200 μL of phosphate buffer pH 7.2 and pH 4.1 respectively in 

two new Eppendorf tubes. A 100 μL 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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3.7  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 

μL of PEG 600 DMA and 500 μL 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. 

Gröbel UV-Electronik GmbH, spectral range 315-400 nm, high intensity 10-13.5 mW 

cm2) for 10 minutes. All of the samples were flipped over mid-curing. 

3.8  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 μL 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. 

3.9  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-E1 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 number 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  (  −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-E1 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  −MEM media. The tube was then centrifuged at 130 RCF for 5 

minutes to get a pellet of cells. 
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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% CO2 flow at 37 ̊C for 3 days until 80-85% 

confluence was reached. 

3.9.2  Cell passage 

 

Before starting the passage, trypsin, culture medium (DMEM or  −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 μL 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% CO2 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. 

3.9.3  Cell counting 

 

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

initial density of 25 x 104 cells per mL (200 L per well; 5x 104 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-E1 cells, for 5 minutes.  Subsequently, cells were resuspended in 2 

mL of culture medium and 20 μL of cells were transferred to a microcentrifuge tube. 

Then, 80 μL of trypan blue were added to the microcentrifuge tube (cells: trypan ratio 

1:4) and cells were counted using a haemocytometer.  

 

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⁡𝑥104⁡𝑐𝑒𝑙𝑙𝑠/𝑚𝐿 

(𝑌⁡𝑥104)⁡𝑥⁡5⁡𝑡𝑟𝑦𝑝𝑎𝑛⁡𝑏𝑙𝑢𝑒⁡𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛⁡𝑓𝑎𝑐𝑡𝑜𝑟 = 𝑍⁡𝑥104⁡𝑐𝑒𝑙𝑙𝑠/𝑚𝐿 (i.e. Total cells) 

 

Equation 2: 

                                          𝐶1𝑉1 =⁡𝐶2𝑉2  𝑉1 =
(𝐶2⁡𝑐𝑒𝑙𝑙𝑠/𝑚𝐿)∙⁡(𝑉2𝑚𝐿)⁡

𝐶1⁡𝑐𝑒𝑙𝑙𝑠/𝑚𝑙
 

  

Where: 

C1: Total cells (i.e. 𝑍⁡𝑥104⁡𝑐𝑒𝑙𝑙𝑠/𝑚𝐿) 

C2: Desired cell density 

V2: 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 l of cells is added per well) 

V1: Volume of cells to be added to V2 fresh media  

 

After determination of V1, 

Equation 3: 

𝐹𝑟𝑒𝑠ℎ⁡𝑚𝑒𝑑𝑖𝑎⁡𝑛𝑒𝑒𝑑𝑒𝑑 = 𝑉2 − 𝑉1 

Finally, the mL of V1 calculated in equation 2 is added to the calculated V2 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 104 cells per 

mL in a flat bottom 96-well plate and incubated for 24 h until confluence was reached. 

 

Figure 23. Fn PEGAuTSNP treatments layout in a 96 well-plate for effective-denaturing time testing. 

After that, 3 Eppendorf tubes containing 20 μl of 1 mg mL-1 Fn were placed in a water 

bath at 95°C for 5 minutes, 10 minutes and 15 minutes respectively. Following that, 

600μL of PEGAuTSNP were placed in 3 Eppendorf tubes and 20 μL of the recently 

denatured Fn samples were added to each tube correspondingly for preincubation. 

 

PBS Denatured Fn 5 minutes 

Denatured Fn 15 minutes 

 

Denatured Fn 10 minutes 

 

Cells Alone 

Active Fn 
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Additionally, 600 μL of PEGAuTSNP and 20 μL 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. 

3.10 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 

104 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 104 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. 

 

Figure 25. Fn PEGAuTSNP treatments layout in a 96 well-plate for protein monitoring overtime. 

 

3.10.2  MC3T3-E1 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 104 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, 3 h, 8 h, 24 h, and 32 h) in a 

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.  

 

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 L 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-E1 cells  

  

MC3T3-E1 cells were plated at an initial density of 25x104 cells/mL in a flat bottom 

96-well plate and incubated for 24 h until confluence was reached. Ten hydrogels were 

prepared and 5 L 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 L), and 75 L of hydrogel + 75 L 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 

  

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 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. 

 

3.12.1  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 g, 8 g, 10 g, 15 g) 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 g 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 FnPEGAuTSNP was used as negative control for binding. 

  

3.12.2  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 g, 8 g, 10 g, 15 g) 

and analysed before and after the addition of 1 g 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 g 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 

 

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 g 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 g of Anti-Fn was added and analysed in the plate reader. Following 

that, 2 g, 4 g, 6 g, 8 g, 10 g, 12 g and 14 g 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 g. 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. 

3.13 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.  

 

3.13.1 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 



 

79 
 

Ca2+/Mg2+ and the liquid containing PBS and remaining media was removed from the 

wells. Consequently, 300 L 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 PICOPET01) to test suitability of the collected samples containing overall 

proteins.  

3.13.2 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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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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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. 

3.14 Nanoplate-based immunoassay for COVID-19 detection 

 

3.14.1 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 g, 3 g, 5 g, 7 g, and 10 g of Spike protein 

was added to each tube respectively. A sample of 100 L 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 g 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 g spike/mL 

PEGAuTSNP were used with different amounts of Anti-Spike to determine nanoplate 

saturation point.  

A sample of 100 L of Spike PEGAuTSNP was placed on a 96-well plate and analysed 

in the plate reader. After that 1 g 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 g, 4 g, 6 g, 8 g and 10 g 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 g.  

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 L Spike-PEGAuTSNP in the previously stated 

concentration, and 100 L TJP1-PEGAuTSNP (5 L TJP1/mL PEGAuTSNP) were 

placed in a 96-well plate and analysed on the plate reader. After the first reading 4 g 

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 g of Spike in 1 mL of PEGAuTSNP and TJP1-PEGAuTSNP was prepared in 

a similar concentration of 5 g 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 g of Anti-

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

 

 

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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4.1 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). 

4.2  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).  

4.2.1  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, HAuCl4 (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 HAuCl4 

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 max of 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 μL (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). 

4.2.2  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 nanobiosensors. 
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Figure 34. UV-Vis spectra of AuTSNP suspended in a range of water-sucrose solutions. The LSPR max 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 max of the spectra 

increases as the sucrose concentration increases (D. Charles et al., 2008; D. Charles et 

al., 2010). 

4.3  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 max 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 max 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). 

4.3.1  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.  

4.4 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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5.1 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. 

5.2 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. 

a) 
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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 ℃. 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. 

5.2.1  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) max 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 0h 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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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, (e) 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.     

5.3 Fn activity monitoring within MC3T3-E1 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-

a) b) 

c) d) 

e) f) 
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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. 

 

 

 

a) 

b) 
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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.  

 

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-E1 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-E1 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.  

5.3.1 Fn activity monitoring within MC3T3-E1 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.  

 

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.  

 

 

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.     

 

5.4 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. 

Figure 45. Images of MC3T3-E1 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. 
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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.  

 

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). 

5.5 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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6.1 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.  

6.2  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 g of Anti-Fn was added afterwards to analyse 

binding. After that, denatured Fn was used as a negative control for Fn- AntiFn binding. 

 

 

Figure 47. LSPR spectra of FnPEGAuTSNP before (left) and after (right) addition of Anti-Fn antibody. 
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Table 3. max of Fn-PEGAuTSNP before and after addition of Anti-Fn 

 
 

    

Fn Concentration 0 g (bare NP) 5 g  8 g  10 g  15 g 

max Before 550 556 557 564 567 

max With Abs 571 567 565 572 572 

 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 max 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 g Denat Fn) followed by the addition of 1 g Anti 

Fn upon the first analysis. As shown in Figure 48, there was no significant change in 

the max 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. 

 



 

112 
 

 

Figure 48. LSPR spectra of denatured Fn-PEGAuTSNP before and after addition of Anti-Fn antibody. No 

significant change was observed in max 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).  

 

6.2.1 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 g 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. max for increasing Fn volumes before and after addition of Anti-Fn for centrifuged samples 

Fn concentration 0 g (bare 

NP) 

5g  8g  10g  15g  

max Before 

AntiFn (nm) 

550 562 565 570 572 

max After 

AntiFn (nm) 

571 570 571 574 576 

 (nm) 21 8 6 4 4 

 

As presented in Table 4, the maxes 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 g, 10 g  and 15 g  show limited shifts upon 

Anti-Fn binding suggesting saturation of the nanoplates surface. In next experiments 

the concentration of 5 g 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). 

 

6.4 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. max of AntiFn-PEGAuTSNP within different concentrations of ECM 

Treatment max 

PEGAuTSNP 638 nm 

AntiFn-PEGAuTSNP 703 nm 

100% ECM + AntiFn-

PEGAuTSNP 

707 nm 

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 max 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 
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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 AntiTJP1-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. max of AntiTJP1-PEGAuTSNP within different concentrations of ECM 

Treatment max 

PEGAuTSNP 638 nm 

AntiTJP1-PEGAuTSNP 675 nm 

100% ECM + AntiTJP1-

PEGAuTSNP 

677 nm 

50% ECM + AntiTJP1-PEGAuTSNP 677 nm 

15% ECM + AntiTJP1-PEGAuTSNP 671 nm 

100% Fn + AntiTJP1-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.  

6.5  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 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 TJP1-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.   

 7.2 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 (max: 576 

nm) samples and analysed. One g of the Spike’s corresponding antibody was added 

afterwards to analyse changes in the LSPR recordings. 

Table 7. max recordings before and after addition of AntiSpike 

Spike concentration 1 g 3 g 5 g 7 g 10 g 

max before AntiSpike (nm) 603 647 641 632 632 

max after AntiSpike (nm) 615 651 647 639 638 

(nm) 12 4 6 7 6 

 

As shown in table 7, the recorded max for the Spike-functionalised PEGAuTSNP was 

higher as the concentrations of Spike protein increased. Nonetheless, between 5 g and 

10 g of Spike functionalised nanoplates, the recorded max started to decrease and 

stabilized around 632 nm presumably indicating saturation of the nanoplates surface. 

This was tested by adding one g of the Anti-Spike antibody, where a short increase in 

the max was predicted as a result of the further coverage of uncoated sections of the 

nanoplates, and the binding of the Ab-Ag complex. 
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Upon exposure to the antibody, results demonstrated higher max recordings for all 

samples as expected, however, the max for the samples with higher protein-

concentrations between 5-10 g 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 , where it can be observed that between 

the concentrations of 5 g and 10 g 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 g and 5 g. Considering 

this, a concentration of 4 g per mL of PEGAuTSNP was used for further testing. 

7.3 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. 

 

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. 

 

7.4 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.  

 

Figure 56. LSPR spectral shifts of PEGAuTSNP, Spike functionalised PEGAuTSNP, TJP1 functionalised 

PEGAuTSNP before and after exposure to AntiSpike 

 

Table 8. max for Spike-PEGAuTSNP and TJP1-PEGAuTSNP before and after addition of AntiSpike 

 max Spike-

PEGAuTSNP (nm) 

max TJP1-

PEGAuTSNP (nm) 
Before AntiSpike  639 600 

After AntiSpike  646 601 

 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 TJP1 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.  

 

7.5 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. TJP1 was used as a control for binding.  

 

Table 9. max for Spike-PEGAuTSNP and TJP1-PEGAuTSNP treatments within HS before and after exposure to 

AntiSpike. 

 Spike 

NP 

HS 

100% 

+ 

Spike 

HS 

50% 

+ 

Spike 

HS 

10% 

+ 

Spike 

TJP1 

NP 

HS 

100% 

+ 

TJP1 

NP 

HS 

50% 

+ 

TJP1 

NP 

HS 

10% 

+ 

TJP1 

NP 

max before 

Antispike (nm) 

590 609 612 607 596 612 617 604 

max after 

Antispike (nm) 

603 617 619 609 597 620 620 606 

 (nm) 13 8 7 2 1 8 3 2 

 

As shown in table 9, the max 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 max: 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 TJP1-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. max for TJP1-PEGAuTSNP treatments within HS before and after exposure to AntiSpike. 

 
PEG 

AuTSNP 

Spike 

NP 

TJP1 

NP 

HS 100% 

+TJP1 NP 

HS 50% 

+TJP1 

NP 

HS 10% 

+TJP1 

NP 

max before 

AntiSpike 

(nm) 

589 604 597 628 627 618 

max after 

AntiSpike (nm) 

614 619 614 633 632 620 

 25 15 17 5 5 2 

 

In the latest experiments, PEGAuTSNP max 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 maxes 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 TJP1-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. 



 

 

Table 11. Size measurements of PEGAuTSNP, Spike-PEGAuTSNP and TJP1-PEGAuTSNP treatments within HS before and after exposure to AntiSpike. 

 
Size measurement before 

AntiSpike 

Size measurement after AntiSpike Superimposed graphs  

a) 

PEGAuTSNP (NP) 

Size: 21.77 nm 
PEGAuTSNP + AntiSpike 

Size peak 1: 19.57 nm 

Size peak 2: 137.4 nm 

  

b) 

 
Spike NP 

Size peak 1: 35.37 nm 

Size peak 2: 170.1 nm 

 
Spike NP + AntiSpike 

Size: 119.7 nm 
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c) 

 
TJP1 NP 

Average size: 395.9 nm 

Size peak 1: 76.42 nm 

Size peak 2: 404.6 nm 

 
TJP1 NP + AntiSpike 

Average size: 53.53 nm 

Size peak 1: 6.59 nm 

Size peak 2: 67.16 nm 

 
 

d) 

 
HS100% + TJP1 NP 

Size peak 1: 8.32 nm 

Size peak 2: 39.28 nm 

Size peak 3: 163.1 nm 

 
HS100% + TJP1 NP + AntiSpike 

Size peak 1: 9.25 nm 

Size peak 2: 30.33 nm 

Size peak 3: 165.8 nm 
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e) 

 
HS50% + TJP1 NP 

Size peak 1: 6.46 nm 

Size peak 2: 35.12 nm 

Size peak 3: 318.1 nm 

 
HS50% + TJP1 NP + AntiSpike 

Size peak 1: 9.08 nm 

Size peak 2: 33.88 nm 

Size peak 3: 470.7 nm 

 

f) 

 
HS10% + TJP1 NP 

Average size:133.1 nm 

Size peak 1: 23.55 nm 

Size peak 2: 162.4 nm 

Size peak 3: 888 nm 

 

 
HS10% + TJP1 NP + AntiSpike 

Size peak 1: 1.75 nm 

Size peak 2: 39.42 

Size peak 3: Above 300 nm 

 
 



 

 

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. Illustration 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 PI to 0.78 as shown in Table 11d. The higher PI 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 TJP1 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. 

 

Figure 58. DLS measurements for TJP1-NP + AntiSpike and TJP1-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 PI of 

0.69 as a consequence of higher polydispersity. In Figure 59, similar to HS100, a 

relation can be observed between the plots where TJP1 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 TJP1-NP + AntiSpike and TJP1-NP within 50% HS before and after addition of 

AntiSpike 

In line with the previous HS concentrations, TJP1 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.  

 

 

Figure 60. DLS measurements for TJP1-NP + AntiSpike and TJP1-NP within 10% HS before and after addition of 

AntiSpike 

7.6 Summary 

  

Throughout this chapter, the optimal functionalisation concentrations to successfully 

cover the surface of the PEGAuTSNP were determined. Experiments revealed adequate 

concentration of 4 g 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 AuTSNP 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 TJP1 protein treatments upon 

addition of the AntiSpike antibody. These redshifts were unexpected considering that 

AntiSpike should not have affinity for TJP1. 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 max 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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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 PEGAuTSNP 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 g 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 AntiTJP1-PEGAuTSNP 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 g 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, TJP1-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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9.1 Completed Modules  

 

• Health and Safety Induction 

• EPIGEUM Concise Research Integrity Online Course System 

• Writing Skills for Graduate Students  

• Advanced Writing for Graduates  

• Introduction to Research Paradigms 

• Dissemination and Research Profile for Doctoral Researchers  

• Research Ethics  

• Postgraduate Pathways  

• Advanced Polymer Chemistry 

• Innovation and Research Commercialisation 

 

9.2 Technical and Instrumentation Training 

 

• UV-Visible Spectroscopy 

• Pulse-UV sterilization system 

• Cell culture techniques 

• Fourier-Transform Infrared Spectroscopy 

• Fluorescent light microscopy  

• Dynamic Light Scattering (Malvern Zetasizer) 

 

9.3  Conferences 

 

• Podium presentation in Bioengineering in Ireland 2019 (BINI 2019). January 2019, 

Limerick, Ireland. 

• Poster presentation in Athlone Institute of Technology Research Seminar 2019. May 

2019, Athlone, Ireland.   

• Podium presentation in 6th International Conference on Materials Science & Smart 

Materials 2019 (MSSM 2019). July 2019, Birmingham, United Kingdom. 
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• Poster presentation in Athlone Institute of Technology Research Seminar 2019. 

November 2019, Athlone, Ireland.   

• Podium presentation in Bioengineering in Ireland 2020 (BINI 2020). January 2020, 

Carlow, Ireland. 

• Online poster presentation in AIT Postgraduate Research Seminar and Poster Event 

2020. June 2020. 

• Online poster presentation and organization of the Shannon Region Postgraduate 

Research Conference. May 2021. 

• Poster presentation in Technological University of The Shannon PosterFest 2022. 

January 2022. 

• Podium presentation in Nanotech France Conference 2022. June 2022, Paris, France. 
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