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ABSTRACT 

Detecting and characterizing nano-objects with low concentrations, such as biological particles, is a 

substantial challenge in analytical science. The wide-field surface plasmon resonance microscopy (WF-

SPRM) can detect individual nano-objects in solutions and gas media bound to the sensor surface. 

Therefore, WF-SPRM can detect low nano-object concentrations because the image contains several 

square millimeters. In this work, the fundamental parameters for building highly sensitive WF-SPRM 

were optimized. The effective medium model of the SPR sensor treated the molecules bound on the 

sensor surface as an effective medium with an effective refractive index and thickness. However, WF-

SPRM can detect individual nano-objects in solutions and gas media. Therefore, we derived a discrete 

particle model of SPR to describe the SPR sensor of discrete particle detection. Theoretical, numerical, 

and experimental analyses of the SPR detection principle were performed by considering discrete 

particle detection. The calculated single and double nanoparticle intensity profiles from the discrete 

particle model are in accordance with experimental data.  

Additionally, the influence on the SPR sensitivity of coating the gold/silver layer with a dielectric layer 

with varying refractive index is also studied. Different polyelectrolyte brushes, like polyacrylic acid, 

polyacrylic acid-polyethylene oxide, and polyacrylic acid/iodine, are used to validate the enhancement 

of the SPR sensitivity. Validation experiments are performed using polystyrene and silica nanoparticles 

of varying sizes. The SPR discrete particle model is introduced to describe the detection principle for 

discrete particles. Theoretical, numerical, and experimental analyses were conducted, and the 

calculated intensity profiles of single and double nanoparticles from the discrete particle model were 

compared to the experimental profiles. 

Finally, the surface plasmon coupling behavior between the localized surface plasmons (LSPs) of 

different shapes and sizes of metal nanostructures and the propagating surface plasmons (PSPs) of the 

metal surface is investigated by employing experimental, simulation, and theoretical approaches. First, 

the coupling behavior of the gold layer of WF-SPRM with single-, two-, and multiple-gold nanoparticles 

(AuNPs) with different AuNPs sizes is investigated using theoretical, simulation, and experimental 

approaches. After that, different shapes of AgNSs, including sphere, triangle plate, and hexagonal 

plate, are synthesized using a one-step solvothermal reduction method. The surface plasmon coupling 

behavior between the LSPs of different shapes of AgNSs and the PSPs of the Ag surface is investigated 

using wide-field surface plasmon resonance microscopy (WF-SPRM), finite element method, and 

derived method based on scattering theory. 
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ZUSAMMENFASSUNG 

Das Erkennen und Charakterisieren von Nano-Objekten mit niedrigen Konzentrationen, wie 

beispielsweise biologischen Partikeln, stellt eine erhebliche Herausforderung in der analytischen 

Wissenschaft dar. Die Weitfeld-Oberflächenplasmonenresonanz-Mikroskopie (WF-SPRM) kann 

einzelne Nano-Objekte in Lösungen und Gasmedien, die an die Sensoroberfläche gebunden sind, 

detektieren. Daher kann WF-SPRM niedrige Konzentrationen von Nano-Objekten nachweisen, da das 

Bild mehrere Quadratmillimeter umfasst. In dieser Arbeit wurden die grundlegenden Parameter für 

den Bau einer hochsensitiven WF-SPRM optimiert. Das effektive Medium-Modell des SPR-Sensors 

behandelte die an die Sensoroberfläche gebundenen Moleküle als ein effektives Medium mit einem 

effektiven Brechungsindex und einer effektiven Dicke. Allerdings kann WF-SPRM einzelne Nano-

Objekte in Lösungen und Gasmedien detektieren. Daher haben wir ein diskretes Partikelmodell der 

SPR abgeleitet, um den SPR-Sensor für die Detektion diskreter Partikel zu beschreiben. Theoretische, 

numerische und experimentelle Analysen des SPR-Detektionsprinzips wurden unter 

Berücksichtigung der Detektion diskreter Partikel durchgeführt. Die berechneten Intensitätsprofile 

von Einzel- und Doppel-Nanopartikeln aus dem diskreten Partikelmodell stimmen mit 

experimentellen Daten überein. 

Zusätzlich wurde der Einfluss auf die SPR-Sensitivität durch Beschichtung der Gold/Silber-Schicht 

mit einer dielektrischen Schicht mit variierendem Brechungsindex untersucht. Verschiedene 

Polyelektrolyt-Bürsten, wie Polyacrylsäure, Polyacrylsäure-Polyethylenoxid und Polyacrylsäure/Iod, 

wurden verwendet, um die Verbesserung der SPR-Sensitivität zu validieren. 

Validierungsexperimente wurden mit Polystyrol- und Silica-Nanopartikeln unterschiedlicher Größen 

durchgeführt. Das diskrete Partikelmodell der SPR wurde eingeführt, um das Detektionsprinzip für 

diskrete Partikel zu beschreiben. Theoretische, numerische und experimentelle Analysen wurden 

durchgeführt, und die berechneten Intensitätsprofile von Einzel- und Doppel-Nanopartikeln aus dem 

diskreten Partikelmodell wurden mit den experimentellen Profilen verglichen. 

Abschließend wird das Oberflächenplasmon-Kopplungsverhalten zwischen den lokalisierten 

Oberflächenplasmonen (LSPs) von Metall-Nanostrukturen unterschiedlicher Formen und Größen und 

den propagierenden Oberflächenplasmonen (PSPs) der Metalloberfläche durch experimentelle, 

Simulations- und theoretische Ansätze untersucht. Zunächst wird das Kopplungsverhalten der 

Goldschicht der WF-SPRM mit einzelnen, zwei und mehreren Goldnanopartikeln (AuNPs) 

unterschiedlicher AuNP-Größen unter Verwendung theoretischer, Simulations- und experimenteller 

Ansätze untersucht. Danach werden verschiedene Formen von AgNSs, einschließlich Kugel, 

Dreieckplatte und Hexagonplatte, durch eine einstufige solvothermale Reduktionsmethode 

synthetisiert. Das Oberflächenplasmon-Kopplungsverhalten zwischen den LSPs unterschiedlicher 

Formen von AgNSs und den PSPs der Ag-Oberfläche wird unter Verwendung der Weitfeld-

Oberflächenplasmonenresonanz-Mikroskopie (WF-SPRM), der Finite-Elemente-Methode und einer 

abgeleiteten Methode basierend auf der Streutheorie untersucht. 
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CHAPTER 1 

1. INTRODUCTION 

 

1.1. Research Motivation 

Recently, different classes of biosensors have been developed for biological particle detection, 

drug detection, and medical diagnosis (Mehrotra, 2016), including optical sensors (Ma et al., 

2021; Ma et al., 2020; Zhang et al., 2020), electrochemical sensors (Cui et al., 2019; M. Wang et 

al., 2022), and electrical impedance sensors (Burinaru et al., 2022; Cisneros et al., 2022). In 

general, biosensors contain four main components: analyte, recognition, transducer, and 

signal processing, i.e., analyte represents the chemical components that are measured and 

described, recognition is a bio-receptor that sensitive to analyte recognition, transducer turns 

the bio-recognition event to measured signals, while the signal processor prepares the 

deduced signal for display (Singh et al., 2020). In particular, optical sensors are considered 

the most sensitive sensors, which can be divided into different types, such as surface plasmon 

resonances, ring resonators, interferometers, etc. (Fan et al., 2008). However, detecting and 

characterizing nano-objects with low concentrations, such as biological particles, is a 

substantial challenge in analytical science (Scherbahn et al., 2016). 

In nanophotonics, plasmonics is a novel idea that combines the characteristics of electronics 

and photonics by confining light energy to a surface plasmon, which is a nanometer-scale 

oscillating field of free electrons (Khan et al., 2023). Because metal can support surface 

plasmon polariton (SPP) modes, which are electromagnetic waves connected to the collective 

oscillations of free electrons in the metal, metals are essential to plasmonics (Alzoubi et al., 

2023). Surface plasmons (SPs) are collective electronic excitations at the interface of dielectrics 

and metals. Although there is a wide range of plasmonic metal nanostructures, two types of 

plasmonic modes can be used to distinguish them: propagating surface plasmons (PSPs) and 

localized surface plasmons (LSPs), which are highly sensitive to changes in the immediate 



 

1 Introduction 2 

environment. Unlike PSPs, which use plasmon propagation along metallic surfaces, LSPs are 

localized to individual nanoparticles (Rycenga et al., 2011). The localized surface plasmon 

resonance depends on numerous parameters, including metal shape, metal size, 

crystallization, and the dielectric environment (Gaur et al., 2021). In theory, each one of these 

variables can be changed to customize the plasmon's characteristics for a range of uses. In 

particular, it is interesting to manufacture metal nanoparticles under controlled conditions 

with varying shapes since this makes it possible to adjust their properties more versatilely in 

numerous cases (Yang et al., 2007). 

On the other hand, propagating surface plasmon polaritons (SPPs) are induced by the 

interactions between the p-polarized light and free-conduction electrons at the interface of 

dielectric and metal (Barnes et al., 2003; Otto, 1968). These SPPs are attractive for different 

label-free techniques in advanced nanostructure detection applications (Masson, 2017; Xue 

et al., 2019a), including metal nanoparticles (Xue et al., 2019b; Yang et al., 2019; Yano et al., 

2022), biomolecules (Bellassai et al., 2019; Shpacovitch et al., 2018; Srivastava et al., 2020), and 

gases (Usman et al., 2019b). 

Due to their various features, such as label-free detection, high sensitivity, high 

reproducibility, real-time measurements, and low cost, surface plasmon resonance (SPR) 

sensors have recently earned growing attention among all optical biosensors to investigate 

the interactions of the nano-objects bounding to the sensor surface (Masson, 2017; Xue et al., 

2019a). The SPR sensor was designed based on an attractive phenomenon called surface 

plasmon polariton (SPP), representing the optically excited SPR in thin metal films. The 

collective electronic excitation originates from a resonant interaction between the incident 

photons and the free electrons in the metal films. The electrons in the metal film oscillate at a 

plasma frequency (𝜔𝑝) against a static background of positive charged metal ions. At 

resonance, the angular frequency of the incident electromagnetic wave corresponds to 𝜔𝑝. In 

addition, for a thin metal film between two dielectric media, the plasma resonance at a 

frequency (𝜔𝑠𝑝) is modified compared to the phenomenon in the bulk metal, single metal-

dielectric interface, or small metal particles embedded within a dielectric media (Oliveira et 

al., 2015). The resonant interaction of the surface-confined plasmons with light in metal films 

generates the surface plasmon polaritons. 

Conventional SPR sensor is based on monochromatic light shining the metal thin film 

through a prism since illuminated metal film at a specific angle leads to exciting electrons on 

the metal surface, which generates an electric field (Nguyen et al., 2015; Wang et al., 2019). 

However, bounding the nano-object to the metal surface increases the refractive index of the 

system and consequently changes the incident angle. The incident angle change is measured 

for a real-time response curve (Nguyen et al., 2015). In addition, SPR sensors measure a wide 
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range of binding interactions, such as protein adsorption, ligand-receptor binding, and 

hybridization of RNA and DNA (Singh et al., 2020).  

Detecting and exploring low concentrations of chemical and biological particles remains 

challenging (Fan et al., 2008; Scherbahn et al., 2016). Here, the wave properties of the surface 

plasmon polaritons are used in real-time imaging of discrete particles based on wide-field 

surface plasmon resonance microscopy (WF-SPRM) (Lenssen et al., 2018; Zybin, 2010). WF-

SPRM is a real-time detection method of single particles in solutions bound to the sensor 

surface using the classical Kretschmann's configuration (Kretschmann, 1996). WF-SPRM thus 

allows for the detection of low concentrations of nano-objects.  

In this technique, a p-polarized laser beam illuminates a metal layer through a glass prism, 

and the reflected light is imaged onto a CCD camera, enabling high-resolution imaging of 

the binding events (Figure 1.1a). At a certain angle of incidence, the resonance angle, the 

incident p-polarized light generates evanescent surface plasmon waves (SPWs) along the 

metal/analyte interface, reducing the reflectance beam intensity. After the particle is bound 

to the metal surface, the evanescent field of the SPWs is disturbed due to scattering with a 

particle (Yu et al., 2014). Localized variations in reflectivity caused by the deformation of the 

SPWs' evanescent field result in a bright spot in the image that is surrounded by concentric 

surface plasmon waves (Figure 1.1b) (Nizamov et al., 2022; Shpacovitch et al., 2018). Many 

factors affect the surface plasmons, such as light wavelengths, metal layer thickness and 

properties, prism properties, and the surrounding dielectric medium properties (Steiner, 

2004). 

 

 

 

Figure 1.1: (a) Schematic diagram of Kretschmann’s configuration based on glass prism, Ag-layer with 

an analyte for sensing particles. (b) Diagram for generated SPR concentric wave as a result of the 

particle acting on the metal’s surface. 
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This thesis is dedicated to the development of a high-sensitive wide-field surface plasmon 

resonance microscope by optimizing the fundamental parameters that influence the imaging 

performance. Additionally, the influence of coating the gold/silver layer with a dielectric 

layer with varying refractive index on the SPR sensitivity is studied. Polyaniline as a 

conjugated polymer along with different polyelectrolyte brushes, like polyacrylic acid (PAA), 

polyethylene oxide/ polyacrylic acid (PEO/PAA), and polyacrylic acid/iodine (PAA/I2), are 

used to validate the enhancement of the SPR sensitivity. Validation experiments are 

performed using polystyrene and silica nanoparticles of varying sizes. The SPR discrete 

particle model is introduced to describe the detection principle for discrete particles. 

Theoretical, numerical, and experimental analyses were conducted, and the calculated 

intensity profiles of single and double nanoparticles from the discrete particle model were 

compared to the experimental profiles. Finally, the surface plasmon coupling behavior 

between the localized surface plasmons (LSPs) of different shapes and sizes of metal 

nanostructures and the propagating surface plasmons (PSPs) of the metal surface is 

investigated by employing experimental, simulation, and theoretical approaches.  

1.2. Literature Review 

The first commercial non-imaging surface plasmon resonance (SPR) instrument was 

introduced in 1990. After that, systems for dedicated applications have been introduced by 

various manufacturers as complements to all-purpose research instrumentation. The impact 

of SPR biosensors on biomolecular interaction studies is growing continuously (McDonnell, 

2001). Over the last three decades, this research field has grown significantly, as exhibited in 

Figure 1.2. 

Many attempts have been made to develop a WF-SPRM for real-time detection of single 

nanoparticles on thin metal films based on the SPR phenomenon. In 2007, B. Huang et al. 

designed an SPR microscope using a high numerical aperture objective to investigate the 

high-resolution information about surfaces (Huang et al., 2007). In the same year, N. Ly et al. 

presented a surface plasmon resonance imaging method for label-free and real-time imaging 

of proteins in micro/nanofluidic channels (Ly et al., 2007). After that, D. Boecker et al. 

presented a SPR imaging method with charge-coupled device detection for biotin detection 

(Boecker et al., 2008). A. Peterson et al. presented the real-time SPR imaging method to 

monitor cellular modifications to the extracellular matrix in real-time (Peterson et al., 2009). 

L. Wang et al. demonstrated label-free imaging, detection, and size measurements of single 

viral particles with a surface plasmon resonance imaging technique (Wang et al., 2010).   
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Figure 1.2: Number of publications with the keyword “Surface Plasmon Resonance Biosensor” 

between 1990 and 2024. The data was retrieved in April 2024 from Scupos. 

In 2010, A. Zybin et al. proposed a method based on WF-SPRM to record the real-time 

detection of single virus-like particles with a size of about 100 nm (Zybin et al., 2010). After 

that, E. Gurevich et al. presented a new analytical method for concentration measurements 

using WF-SPRM based on counting single nanoparticles bounded to a functional sensor 

surface (Gurevich et al., 2011). V. Shpacovitch et al. have used WF-SPRM to visualize the 

binding events between round-shaped viruses (inactivated influenza A virus) and virus-like 

particles (human immunodeficiency virus (HIV)-based virus-like particles) to the 

functionalized sensor surface. They concluded that the WF-SPRM is an efficient research tool 

for quantifying and characterizing biological submicrometer objects (Shpacovitch et al., 

2015). In addition, V. Shpacovitch et al. have used WF-SPRM to perform real-time detection 

of the label-free microvesicles to the sensor surface functionalized by protein A/G and anti-

target antibody (Shpacovitch et al., 2017). A. Zybin et al. proposed a simple model to describe 

the signal formation in WF-SPRM of the interaction between the nanoobjects and metal 

surfaces. In addition, they concluded that the thickness of a gold layer plays an essential role 

in WF-SPRM sensitivity (Zybin et al., 2017). G. Ma et al. developed an optical imaging 

technology based on WF-SPRM to quantify the size, mobility, and charge of single proteins 

simultaneously and to monitor protein-ligand interactions and associated conformation 

changes in proteins (Ma et al., 2020). S. Dai et al. developed an SPR holographic microscopy 

to achieve the functionality of real-time mapping of the cell-substrate adhesion gap and its 

evolution in situ (Dai et al., 2021). 
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Moreover, various research studies have been conducted to enhance the sensitivity of SPR 

sensing devices by using multiple detection methods (Shalabney et al., 2011). Film materials 

coated on the gold layer, such as polyelectrolytes, conductive polymers, graphene, and 

transition metal dichalcogenides, have been used to enhance the SPR sensitivity (Omar et al., 

2020; Park et al., 2021; Viti et al., 2017) due to their interesting optical and chemical properties 

(Agarwal et al., 2018; Politano et al., 2016; Politano et al., 2017). 

F. Usman et al. used the PANI/chitosan composite as a coating layer on the gold surface to 

enhance the SPR sensitivity for low-concentration detection of acetone vapor. They 

concluded that coating the gold layer with PANI/chitosan composite enhances the sensor 

device's sensitivity (Usman et al., 2019a). In addition, for ultra-low concentration detection, 

signal amplification tags are used to improve the sensitivity for SPR detection. Gold 

nanoparticles (AuNPs) are the most effective tags for detection enhancement due to their 

unique optical properties in addition to their high physical and chemical stability (Yang et 

al., 2019). 

1.3. Contributions 

This work (in the form of a cumulative thesis) is devoted to developing a high-sensitive wide-

field surface plasmon resonance microscope by optimizing the fundamental parameters and 

introducing a dielectric layer above the metal surface, which influences imaging 

performance. Additionally, the SPR discrete particle model is introduced to describe the 

detection principle for discrete particles. Finally, the surface plasmon coupling between the 

localized surface plasmons of metal nanostructures and propagating surface plasmons of the 

metal surface is also presented. It is postulated that such approaches are still highly 

unexplored in this application area and hold promise for further advances in single-particle 

detection. Its main contributions involve the development of: 

1. A discrete particle model for particle detection in wide-field surface plasmon 

resonance microscope. An effective medium model describes the SPR sensor principle 

by treating molecules bound on the sensor surface as an effective medium with an 

effective refractive index and thickness. On the other hand, the discrete particle model 

is introduced to describe the detection principle for discrete particles. Theoretical, 

numerical, and experimental analyses are conducted to describe the experimental data 

of single and double nanoparticle detection. The proposed model is compared with 

experimental data to validate its accuracy and applicability. 

(Al-Bataineh et al., 2024a) 
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2. Improving the sensitivity of WF-SPRM: Conductive Polymer. In an attempt to 

enhance the detection sensitivity of WF-SPRM, conductive polymer nanocomposite 

film, or more specifically, polyaniline/aluminum nitrate nanocomposite film, is 

deposited on the gold layer due to its interesting optical and chemical properties 

(Usman et al., 2019c). The sensitivity of the WF-SPRM-based gold layer coated with 

polyaniline/aluminum nitrate nanocomposite film was investigated using a theoretical 

approach as well as experimental measurements. 

(Al-Bataineh et al., 2022) 

3. Improving the sensitivity of WF-SPRM: Polyelectrolyte brushes. Various studies have 

been conducted to enhance the sensitivity and selectivity of the SPR sensors using 

polyelectrolyte brushes (Ferrand-Drake del Castillo et al., 2019). In our work, polyacrylic 

acid (PAA), polyethylene oxide/ polyacrylic acid (PEO/PAA), and polyacrylic 

acid/iodine (PAA/I2) are designed to improve the sensitivity of the WF-SPRM. The 

sensitivity of the WF-SPRM-based gold/silver layer coated different types of 

polyelectrolyte brushes was investigated using a theoretical approach as well as 

experimental measurements. 

(Al-Bataineh et al., 2023a); (Al-Bataineh 

et al., 2024b); (Al-Bataineh et al., 2024c) 

4. Surface plasmon coupling between LSPs and PSPs. The surface plasmon coupling 

behavior between the localized surface plasmons (LSPs) of different shapes and sizes of 

metal nanostructures and the propagating surface plasmons (PSPs) of the metal surface 

is investigated by employing experimental, simulation, and theoretical approaches. 

First, the coupling behavior of the gold layer of WF-SPRM with single-, two-, and 

multiple-gold nanoparticles (AuNPs) with different AuNPs sizes is investigated. After 

that, different shapes of AgNSs, including sphere, triangle plate, and hexagonal plate, 

are synthesized using a one-step solvothermal reduction method. The surface plasmon 

coupling behavior between the LSPs of different shapes of AgNSs and the PSPs of the 

Ag surface is investigated using wide-field surface plasmon resonance microscopy 

(WF-SPRM), finite element method, and derived method based on scattering theory. 

(Al-Bataineh et al., 2023b); (Al-Bataineh 

et al., 2024d) 
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CHAPTER 2 

2. WIDE-FIELD SURFACE PLASMON RESONANCE MICROSCOPE 

 

2.1. Preface 

The area of surface plasmon resonance nano-optics has developed to the point where it is 

now possible to construct metallic nanostructures with specific optical properties.  From a 

physical point of view, surface plasmons are surface electromagnetic waves that travel 

parallel to the metal/dielectric interface. Since the surface plasmon waves are on the 

metal/dielectric interface, these oscillations are extremely sensitive to any change in this 

boundary, such as molecule adsorption to the metal surface. First, the more widely used and 

well-understood planar surface plasmon resonance theory, which finds application in 

biomolecular contact sensing will be covered.  

A wide-field surface plasmon resonance microscope (WF-SPRM), based on Kretschmann’s 

configuration, employs the surface plasmon resonance phenomenon to detect individual 

biological and non-biological nanoparticles in solution. WF-SPRM allows the detection, 

sizing, and quantification of biological nanoparticles, such as viruses, virus-like particles, and 

extracellular vesicles. The focus will be on the fundamental parameters influencing the 

imaging performance of WF-SPRM to enhance biosensing sensitivity. Validation 

experiments are performed using polystyrene/silica nanoparticles of varying sizes and 

nanoparticles made from different materials. The influence of coating the gold layer with a 

dielectric layer with varying refractive index on the SPR sensitivity is also studied.  
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2.2. Surface Plasmon Theory 

2.2.1. The Evanescent Wave 

In WF-SPRM, the resultant plasmons on the dielectric-metal and metal-dielectric interfaces 

produce an electric field that penetrates the dielectric medium, which is called the evanescent 

wave because the wave amplitude decreases exponentially with increasing distance from the 

interface (Nagata et al., 2000). It is appropriate to give a mathematical explanation of the 

evanescent wave, which is essential to the idea of surface plasmon resonance (SPR) sensing, 

before going into more detail about surface plasmons. Since the evanescent field is a 

consequence of the phenomena of total internal reflection, we can start from here.  

Consider the refraction of an electromagnetic wave at an interface between two media (1 and 

2) with refractive indices (𝑛1 and 𝑛2), respectively (Figure 2.1). The direction of the 

wavevector (𝑘⃗ ) is parallel to the wave propagation, and its magnitude is given by (Schasfoort, 

2017), 

𝑘 = √𝑘𝑥
2 + 𝑘𝑦

2 + 𝑘𝑧
2 = 𝑛

2𝜋

𝜆
= 𝑛

𝜔

𝑐
      (2.1) 

where: 𝜆 and 𝑐 are the wavelength and propagation velocity in vacuum, respectively 

(Raether, 2006). Our problem becomes effectively two-dimensional when we can choose the 

direction of the light beam so that 𝑘𝑧 = 0. Snell’s law is given by, 

𝑛1 sin 𝛼 = 𝑛2 sin𝛽        (2.2) 

or, equivalently,  

𝑘𝑥1
= 𝑘𝑥2

≡ 𝑘𝑥        (2.3) 

Using equations (2.1) and (2.2), the component of the wavevector 𝑘𝑦 perpendicular to the 

interface is given by, 

𝑘𝑦2
2 = 𝑛1

2 (
2𝜋

𝜆
)
2
(
𝑛2

2

𝑛1
2 − sin2 𝛼)       (2.4) 

 

Figure 2.1: Refraction of light at an incident angle 𝛼 at an interface of two media with different 

refractive indices. 
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Assuming that 𝑛1 > 𝑛2, which is the case when the light comes from the prism into the water. 

From equation (2.2), it can be seen that sin𝛼 = 𝑛2/𝑛1, so in total internal reflection, the right 

part of equation (2.4) is negative and, consequently, 𝑘𝑦 is purely imaginary. In medium 2, 

there is a traveling wave parallel, so in the x-direction to the interface is given by, 

𝐸2 = 𝐸0𝑒
−𝜅𝑦2𝑦 exp(𝑖𝜔𝑡 − 𝑖𝑘𝑥𝑥)      (2.5) 

where: 𝐸0 is the amplitude of the electric field, and 𝜔 is the angular frequency. Here, the 

amplitude of the electric field decays exponentially along the y-direction with a characteristic 

distance of 1/𝜅𝑦2
≡ 1/𝑖𝑘𝑦2

. The electric field in medium 2 represents the evanescent field, 

which is decaying from the surface. 

2.2.2. Surface Plasmon Dispersion  

Here, only p-polarized light interacting with an interface is discussed since the interaction 

between p-polarized light and metal film generates the propagating surface plasmon waves. 

For any interface between two media, the complex reflection coefficient 𝑟𝑝 for p-polarized 

incident light electric field is described by Fresnel’s equation, 

𝑟𝑝 =
𝐸𝑖

𝐸𝑟
= |𝑟𝑝|𝑒

𝑖𝜑 = |
tan(𝛼−𝛽)

tan(𝛼+𝛽)
| 𝑒𝑖𝜑      (2.6) 

where: 𝐸𝑖 and 𝐸𝑟 are the incident and reflected electric fields, respectively. Additionally, a 

phase change 𝜑 of the reflected field relative to the incident field occurs depending on the 

refractive indices of the materials. The reflectance is given by,  

𝑅𝑝 = |𝑟𝑝|
2
         (2.7) 

Now, two special cases exist: 

• If 𝛼 + 𝛽 = 𝜋/2, then the denominator of equation (2.6) becomes very large, and 𝑅𝑝 

becomes zero. This case describes the Brewster angle, where there is no reflection of 

p-polarized light. 

• If 𝛼 − 𝛽 = 𝜋/2, the 𝑅𝑝 becomes infinite; there is a finite 𝐸𝑟 for a very small 𝐸𝑖. This 

case corresponds to resonance.  

From the second case, one can deduce the dispersion relation, where cos 𝛼 = −sin𝛽 and 

tan 𝛼 = 𝑘1𝑥 𝑘1𝑦⁄ = −𝑛2 𝑛1⁄ . For the components of the wavevector 𝑘⃗ = (𝑘𝑥 , 𝑘𝑦), we can write, 

𝑘𝑥
2 = 𝑘1

2 − 𝑘𝑦1
2 = 𝑘1

2 − 𝑘𝑥
2 𝜀1

𝜀2
       (2.8) 

𝑘𝑥 =
𝜔

𝑐
 √

𝜀1𝜀2

𝜀1+𝜀2
        (2.9) 

𝑘𝑦𝑖
=

𝜔

𝑐
 √

𝜀𝑖
2

𝜀1+𝜀2
        (2.10) 

where: 𝜀1 and 𝜀2 are the dielectric constants of materials 1 and 2, respectively. Equations (2.9) 

and (2.10) represent SPR dispersion equations for the interface between two half-infinite 
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media. Now, consider that medium 2 is a metal, which implies that the low refractive index 

medium (in our case, water) becomes medium 3. Medium 2 contains a large number of free 

electrons, and the consequence is that at an angular frequency 𝜔 < 𝜔𝑝, its dielectric constant 

𝜀2 will be negative (Reitz, 2009),  

𝜀2(𝜔) = 1 −
𝜔𝑝

2

𝜔2        (2.11) 

𝜔𝑝 = √
4𝜋𝑛𝑒𝑒

2

𝑚𝑒
         (2.12) 

where: 𝜔𝑝 is the plasma frequency, 𝑛𝑒 is the free electron density, 𝑒 and 𝑚𝑒 are the electron 

charge and mass, respectively. This implies that 𝜔 < 𝜔𝑝, no electromagnetic field can 

propagate in a metal. More specifically, provided that 𝜀2 > −𝜀1, the interface that 𝑘𝑦𝑖
 is 

imaginary, whereas 𝑘𝑥 remains real. Thus, an electromagnetic wave exists, propagating 

strictly along the interface, with evanescent tails extending into both sides of the interface. 

2.3. Conventional Surface Plasmon Resonance Sensor 

The SPR phenomenon is a coherent oscillation of the free electrons at the metal/dielectric 

interface, where the yielded quanta from the oscillations are called surface plasmons (Q. 

Wang et al., 2022). WF-SPRM was designed based on a Kretschmann configuration for a thin 

metal layer (Figure 2.2a). The light will reflect when polarized light illuminates the metal film 

through the glass prism. By changing the incident light angle, the reflected light intensity 

reaches a minimum, which is called the resonance angle (Figure 2.2b, black line). The edge of 

total internal reflection (𝜃𝑐) is a significant parameter to validate correct sample alignment. 

At the resonance angle, the reflectivity reaches the minimum, which means surface plasmons 

excitation, inducing surface plasmon resonance, where the p-polarized light interacts with 

the free electron of a metal film, resulting in free electron oscillations (Peterson et al., 2014). 

The resonance angle depends on the optical refractive indices of the media on both sides of 

the metal. Therefore, the SPR angle is suitable for providing information on the particle 

bounding at the sensing surface; changing the refractive index when the detected particles 

bounded to the sensing surface leads to a shift in the resonance angle (Figure 2.2b, blue line). 

In addition, the SPR sensing device can monitor the change in the resonance angle as a time 

function, which allows for studying the interaction kinetics in real-time. The single 

interaction curve between the bound particle and the metal surface contains four main 

events: baseline, particle association, steady state, and particle dissociation (Figure 2.2c) (Rich 

et al., 2003).  
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Figure 2.2: (a) 2D illustration of the SPR sensor, (b) corresponding SPR reflectivity curve for 

Kretschmann’s configuration, and (c) The resonance angle changes as a function of time. 

2.4. Mathematical Effective Medium Model 

The effective medium model of the SPR sensor treats the adsorbed molecules on the sensor 

surface as an effective medium with an effective refractive index and thickness (Figure 2.3a). 

When light penetrates the metal layer along the z-axis, p-polarized SPR waves are generated 

at the metal/dielectric media interface. The SPR phenomenon is described using Maxwell's 

equations as follows: 

𝐸𝑖(𝑟 , 𝑡) = (𝐸𝑖𝑥 , 0, 𝐸𝑖𝑧)[𝑒
−|𝑍|𝑘𝑖𝑧𝑒𝑖(𝑥𝑘𝑖𝑥−𝜔𝑡)]     (2.13) 

𝐻𝑖(𝑟 , 𝑡) = (0, 𝐻𝑖𝑦, 0)[𝑒−|𝑍|𝑘𝑖𝑧𝑒𝑖(𝑥𝑘𝑖𝑥−𝜔𝑡)]     (2.14) 

where: 𝜔 is the frequency, 𝐸 is the electric field vector, 𝐻 is the magnetic field vector, 𝑘𝑖𝑧 and 

𝑘𝑖𝑥 are the z and x wave vector components. Applying the continuity conditions, 

𝑘𝑖𝑧 = √𝜀𝑖 (
𝜔

𝑐
)
2
− 𝑘𝑖𝑥

2         (2.15) 

and, 

𝑘𝑧1

𝜀𝑚
𝐻1𝑦 +

𝑘𝑧2

𝜀𝑑
𝐻2𝑦 = 0        (2.16) 

𝐻1𝑦 − 𝐻2𝑦 = 0        (2.17) 

When the determinant is equal to zero, 

𝑘𝑧1𝜀𝑑 + 𝑘𝑧2𝜀𝑚 = 0        (2.18) 

At 𝑘𝑥1 = 𝑘𝑥2 = 𝑘𝑥, the expression becomes: 

𝑘𝑥 =
𝜔

𝑐
√

𝜀𝑚𝜀𝑑

𝜀𝑚+𝜀𝑑
        (2.19) 

Equation (2.19) represents the SPW vector 𝑘𝑥 = 𝑘𝑠𝑝, illustrating the surface plasmon 

generation. 𝜀𝑚 and 𝜀𝑑 are the dielectric constants of the metal and dielectric layers. The 
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transfer matrix method is used to investigate the reflectivity curve of the N-layer 

Kretschmann configuration model as follows (Maurya et al., 2015), 

(
𝑈1

𝑉1
) = 𝑀 (

𝑈𝑁−1

𝑉𝑁−1
)        (2.20) 

where: (𝑈1, 𝑉1) and (𝑈𝑁−1, 𝑉𝑁−1) are the boundary terms of the 1st and Nth layers of 

electromagnetic fields. Equation (2.21) represents the characteristic matrix (Maurya et al., 

2015), 

∏ 𝑀𝑘
𝑁−1
𝐾=2 = (

𝑀11 𝑀12

𝑀21 𝑀22
)       (2.21) 

where: 

𝑀𝑘 = (
cos𝛽𝑘 −

𝑖 sin𝛽𝑘

𝑞𝑘

−𝑖𝑞𝑘 sin𝛽𝑘 cos𝛽𝑘

)      (2.22) 

𝑞𝑘 =
√𝜀𝑘−𝑛1

2 sin𝜃1
2

𝜀𝑘
        (2.23) 

𝛽𝑘 =
2𝜋𝑑𝑘

𝜆
(√𝜀𝑘 − 𝑛1

2 sin 𝜃1
2)       (2.24) 

where: 𝑑𝑘 is the thickness of the 𝑘𝑡ℎ-layer, 𝜃1 and 𝜆 are the incident angle and wavelength of 

the incident light. Subsequently, the complex reflection coefficient (𝑟𝑝) is given by, 

𝑟𝑝 = [(𝑀11 + 𝑀12𝑞5)𝑞1 −
(𝑀21+𝑀22𝑞5)

(𝑀11+𝑀12𝑞5)𝑞1
+ (𝑀21 + 𝑀22𝑞5)]   (2.25) 

The reflectivity (𝑅𝑝) is obtained by,  

𝑅𝑝 = |𝑟𝑝|
2
         (2.26) 

When the polarized light illuminates the Au layer through the glass prism, the light reflection 

varies by changing the incident angle until it reaches the minimum at the resonance angle 

(𝜃𝑅). Employing WINSPALL software, the resonance angle for prism/Au layer (50 nm)/water 

is ~59.5° (Figure 2.3b, black line). The reflectivity reaches the minimum at 𝜃𝑅, indicating 

surface plasmon excitation when the p-polarized light interacts with the free electron of a 

metal film, resulting in free electron oscillations (Peterson et al., 2014). Assuming a molecular 

layer of PS (10 nm) deposited on the Au layer, the resonance angle increases to about 60.2° 

due to a variation in the refractive index of the media above the Au layer (Figure 2.3b, blue 

line). According to the effective medium model, the change in the reflectivity (∆𝑅) is related 

to the resonance angle shift (∆𝜃) by (Jung et al., 1998; Shumaker-Parry et al., 2004), 

∆𝑅(𝜃) = −
𝑑𝑅(𝜃)

𝑑𝜃
∆𝜃        (2.27) 

where: 𝑑𝑅(𝜃)/𝑑𝜃 is the slope of the reflectivity as a function of angle shift (Figure 2.3c).  
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Figure 2.3: The effective medium model of the SPR sensor. (a) Schematic diagram of the effective 

medium model showing the setup. (b) SPR reflectivity curves, with the black line representing the 

curve without a 10 nm thick polystyrene film and the blue line representing the curve with this film, 

were calculated using Fresnel's equations. (c) The slope of the reflectivity curve indicates the 

sensitivity.  

2.5. WF-SPRM Instrument 

This section focuses on optimizing the key parameters for constructing a high-efficiency WF-

SPRM system. Initially, red to near-infrared (NIR) light (wavelength range: 600-800 nm) was 

validated for generating a strong SPR signal. The red light efficiently excites maximum 

surface plasmon polaritons (SPPs) due to the strong coupling between photons in this 

wavelength range and the surface electrons of the gold layer under momentum matching. 

This coupling pulls electrons along the gold surface, producing the SPR effect (Novotny et 

al., 2012). Hence, selecting an SPR microscope with a laser wavelength within the 600-800 nm 

range is ideal for gold and silver layers, as it provides a smaller SPR angle and greater SPR 

signal and sensitivity compared to other wavelength ranges (Halpern et al., 2014). Figure 2.4 

presents the schematic diagram of the home-built WF-SPRM experimental setup based on 

Kretschmann's configuration (Kretschmann, 1971). The red-light laser diode HL6750MG 

(Thorlabs GmbH, Germany) with a 685 nm wavelength illuminates the gold layer through a 

glass prism (SF10, n=1.725, Eksma Optics, Lithuania) with four polished sides measuring 

20.0 × 25.0 × 16.3 mm3, with an angle of 56° ±  5° at a fixed incidence angle (Figure 2.5). The 

choice was made for a glass prism with a high refractive index (n=1.725) to enable a larger 

internal incident angle and consequently allow the incident light to reach the critical angle 

for total internal reflection at the prism-metal interface (Rothenhäusler et al., 1988). An 

objective lens (Canon Compact-Macro Lens EF 50 mm 1:2.5) coupled to a video camera 

equipped with a CMOS chip (MT9P031) featuring a resolution of 5 Mp and a pixel size of 

2.2 × 2.2 μm2 is used for imaging the gold surface. The high numerical aperture (NA) 

objective (𝑁𝐴 > 1.4) effectively couples the illumination and imaging optics (Huang et al., 

2007). 
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Figure 2.4: Schematic diagram of the experimental design of WF-SPRM based on Kretschmann’s 

configuration. 

 

Figure 2.5: SF10 Glass prism. 

2.6. Metal-Sensor Substrate Preparation 

Before depositing the gold layer onto the glass substrate, it is essential to apply a titanium 

interlayer (Ti) to enhance the adhesion between the gold/silver and the glass surface. The 

stable titanium layer should have a minimum thickness of approximately 3-5 nm. Therefore, 

a Ti layer with a thickness of 5 nm and a complex refractive index of (𝑛 = 2.6112 + 0.1532 𝑖) 

is considered in the calculations (Johnson et al., 1974).  

Kretschmann’s configuration of the prism-Ti(5 nm)-Au/Ag(various thicknesses from 20 to 60 

nm) system is simulated to optimize the thickness for strong SPP excitation (Figure 2.6). In 

this section, the minimum reflectivity (𝑅min) is considered to optimize the thickness of the 

gold and silver layers. For the gold-sensor substrate, glass substrates were coated with a 

titanium layer (5 nm)/ gold layer (45 nm) (Innolume), which is accepted with A. Zybin et al. 

study (Zybin et al., 2017). On the other hand, for silver-sensor substrate, glass substrates were 

coated with a titanium layer (3 nm)/ silver layer (50 nm) (Platypus technologies). 



 

2 Wide-Field Surface Plasmon Resonance Microscope 17 

 

Figure 2.6: Calculated response of 𝑅𝑚𝑖𝑛 of the SPR curves as an Au- and Ag layers thickness. 

Accordingly, SF10 polished glass slides with a refractive index matching the glass prism (𝑛 =

1.725) were procured from Helma Optics (Germany). Subsequently, these glass slides were 

coated with a titanium adhesive layer, measuring 5 nm in thickness, followed by a 41-45 nm 

gold layer (𝑛 = 0.15, 𝑘 = 4.91) using a magnetron-sputtering technique (Innolume, 

Dortmund, Germany). On the other hand, SF10 polished glass slides were coated with a 

titanium adhesive layer, measuring 3 nm in thickness, followed by a 50 nm silver layer (𝑛 =

0.05, 𝑘 = 3.90) (Platypus technologies). 

The sensor substrates were cut into small plates to fit the sizes of the flow cell (Figure 2.7a). 

The cutting process was performed using a diamond cutter and a designed steel plate (Figure 

2.7b, c). These plates have a size of 13 × 9 mm. A careful cleaning procedure was performed 

before employing the gold/silver-sensor substrates in SPR imaging. A meticulous cleaning 

procedure was performed before employing the gold-sensor substrate in SPR imaging. The 

substrate is immersed in a piranha solution for 5 minutes. The piranha solution is prepared 

by slowly adding 30 mL of sulfuric acid (Sigma-Aldrich) to 10 mL of hydrogen peroxide 

(VWR chemicals) at 4 °C due to the exothermic nature of the reaction. Subsequently, the gold-

sensor substrates are thoroughly rinsed with distilled water and absolute ethanol (99.85%) to 

eliminate any residual piranha solution and then dried using argon gas.  

Following the cleaning process, the gold-sensor substrate is precisely positioned on the base 

of the glass prism using RI matching immersion liquid (2 µL, Cargille Laboratories via VWR, 

𝑛 = 1.725) to ensure there is no air gap between the gold-sensor substrate and the prism 

(Figure 2.7d). To prevent liquid leakages, a polydimethylsiloxane (PDMS, Sigma-Aldrich) 

gasket is placed between the gold-sensor substrate and the Teflon flow cell (Figure 2.7e). 
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Subsequently, the 0.51 mm thick Teflon flow cell with an average flow rate of 300 μL/minute 

is securely sealed to the gold-sensor substrate (Figure 2.7f). Additionally, the flow rate is 

directed from down to up to avoid any formation of liquid bubbles. 

 

 

Figure 2.7: Gold-sensor substrate preparation (a) fitted gold-sensor substrate to the sizes of the flow 

cell, (b) diamond cutter, (c) wafer cleaving pliers, (d) using RI matching immersion liquid, (e) PDMS 

gaskets, and (f) the final gold-sensors substrate connected to glass prism and flow cell.  

2.7. Experimental Procedure 

Polystyrene nanoparticles (PSNPs) and silica nanoparticles (SilicaNPs) are employed as the 

primary examples for WF-SPRM measurements. The nanoparticles have an average diameter 

between 100-400 nm. In this chapter, polystyrene nanoparticles (PSNPs) with an average 

diameter of 200 nm and a refractive index of 𝑛 =  1.59 are employed as the primary example 

(Figure 2.8). To improve the adsorption of PSNPs and SilicaNPs to the sensor surface, an 

aluminum hydroxide chloride layer is deposited on the gold substrate by applying 150 μL of 

the solution and allowing it to sit for 10-30 minutes at room temperature. Subsequently, the 

gold substrate is washed with distilled water and dried using argon gas. Additionally, 

biological nanoparticles can be immobilized on the sensor surface by coating it with 

corresponding antibodies. To prepare the nanoparticles stock solution, 0.1 g of nanoparticles 

are mixed with 0.3% sodium chloride in 1.0 L of filtered distilled water at room temperature 

for 2 hours. Before introducing the nanoparticle stock solution into the sensor cell, a sodium 

chloride buffer solution (NaCl, 0.3%) passes through the cell for 1-2 minutes. Subsequently, 

the nanoparticle stock solution is injected into the sensor cell. Under optimal ionic strength 
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conditions, experiments at flow rates in the range of 60−673 μL/min for silicaNPs and PSNPs 

were performed (Kuzmichev et al., 2018). 

 

Figure 2.8: Polystyrene nanoparticles (PSNPs) characterizations (a) SEM micrograph and (b) 

Nanoparticle tracking analysis.  

2.8. WF-SPRM Data Analysis 

The data analysis in WF-SPRM is based on observing the perturbation in the propagation 

conditions of surface plasmons caused by nano-objects adsorption. WF-SPRM allows 

visualization of optical patterns resulting from the scattering of surface plasmon waves. 

When a particle binds to the sensor surface, it disturbs the evanescent field of the surface 

plasmon wave, leading to local changes in reflectivity, manifesting as a spot in the image (Yu 

et al., 2014). ImageJ software is employed to determine the detection signal associated with 

the nanoparticle binding event (Rasband, 1997-2018). The image processing passes through 

four stages using Image J software (Rasband, 1997-2018): a raw image, removing background, 

generated particle candidates, and finally, particle analysis, including time dependence of 

particle detection to observe the binding events (Figure 2.9) (Libuschewski, 2017; Siedhoff, 

2016). The signal intensity increases suddenly at the center of the binding event. The intensity 

of the scattering waves surrounding the particle is gradually decreasing from the centre 

outwards (Figure 2.9d). 

After the particle is bound to the metal surface, the evanescent field of the SPWs is disturbed 

due to scattering with a particle (Yu et al., 2014). Localized variations in reflectivity caused 

by the deformation of the SPWs' evanescent field result in a bright spot in the image that is 

surrounded by concentric surface plasmon waves, as discussed in (Valle et al., 1997) (Figure 

2.9d). The WF-SPRM data is collected as a matrix of pixel intensity at successive time points, 

allowing for analysis of the time-dependent relative intensity before and after particle 

binding on the sensor surface (Figure 2.9d). The intensity shows low values before PSNPs 
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bind to the sensor surface. However, at approximately 36 seconds, the local intensity 

increases, indicating the moment when PSNPs are bound to the surface. 

 

Figure 2.9: The image processing passes through four stages: (a) a raw image, (b) removing 

background, (c) generating particle candidates, and (d) and finally, particle analysis; particle analysis 

includes time dependence of particle detection. 

2.9. WF-SPRM Results: Silver versus Gold 

The WF-SPRM measurements for silicaNP with different sizes, 100, 200, and 300 nm, detected 

by Au and Ag layers were performed at the same conditions, including laser wavelength and 

resonance angle optimization to compare the SPR sensitivity of Au and Ag layers. The time 

dependence of the local intensity of silicaNP with different sizes, 100, 200, and 300 nm, 

detected by Au and Ag layers, was measured three times, and the average value is illustrated 

in Figure 2.10a. The magnitude of the intensity step is proportional to the size of the detected 

particles. Additionally, the intensity step magnitude of silicaNP detected by the Ag layer is 

higher than the silicaNP detected by the Au layer.   

The WF-SPRM experimental results show that two parameters affect the signal intensity, the 

first being the metal sensor surface type. The signal intensity of the 100 silicaNP detected by 

the Au layer is about 79 a.u., whereas the signal intensity of 100 silicaNP detected by the Ag 

layer is about 226 a.u. (Figure 2.10b). This can be attributed to the changing in overlap 
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between the adsorbed particle and the evanescent field. In addition, the second parameter is 

the optical particle size, where the signal intensity of silicaNP detected by the Au layer 

increases from about 79 a.u. to about 204 a.u. as silicaNP size increases from 100 to 300 nm. 

On the other hand, the signal intensity of silicaNP detected by the Ag layer increases from 

about 226 a.u. to about 373 a.u. as silicaNP size increases from 100 to 300 nm. The signal 

intensity for silicaNP detected by Au and Ag layers can be fitted by a straight line between 

100 and 300 nm, indicating the fundamental difference between the Mie scattering, which 

would result in a quadratic intensity dependence and the signal-generating method. 

 

Figure 2.10: WF-SPRM results: silver versus gold. (a) The time dependence of the local intensity of 

silicaNP with different sizes, 100, 200, and 300 nm, was detected by Au and Ag layers. (b) 

Experimental intensity of detected silicaNP by Au and Ag layer as a function of silicaNP size. 

2.10. Coating metal layer with a dielectric layer 

Coating the metal layer with a dielectric layer is a highly effective modification to enhance 

the sensitivity of the SPR sensor (Menegazzo et al., 2011; Yılmaz et al., 2017). In this section, 

the refractive index, extinction coefficient, and thickness of the dielectric layer are optimized 

to achieve improved sensitivity. Initially, the sensitivity enhancement resulting from the 

metal coating with a dielectric layer is explained (Mudgal et al., 2020). The propagation 

constant (𝛽𝑒𝑣) can characterize the propagation of evanescent waves and given by Equation 

(2.28) (Anower et al., 2021), 

𝛽𝑒𝑣 =
2𝜋

𝜆𝑙𝑖𝑔ℎ𝑡
𝑛𝑝𝑟𝑖𝑠𝑚 sin𝜃       (2.28) 

Here, 𝑛𝑝𝑟𝑖𝑠𝑚 and 𝜃 represent the refractive index of the prism and the incident light angle at 

the metal surface, respectively, and 𝜆𝑙𝑖𝑔ℎ𝑡 is the light wavelength. Additionally, the 
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propagating constant of the surface plasmon wave for the SPR sensor with a single metal 

layer and sensing medium is given by Equation (2.29) (Anower et al., 2021),  

𝛽𝑆𝑃𝑊 =
2𝜋

𝜆𝑙𝑖𝑔ℎ𝑡
√

𝑛𝑚𝑒𝑡𝑎𝑙
2 𝑛𝑠𝑚

2

𝑛𝑚𝑒𝑡𝑎𝑙
2 +𝑛𝑠𝑚

2        (2.29) 

Here, 𝑛𝑚𝑒𝑡𝑎𝑙 and 𝑛𝑠𝑚 represent the refractive indices for metal and sensing medium, 

respectively. Equations (2.28) and (2.29) can be connected to get the resonance SPR angle as, 

𝜃𝑆𝑃𝑅 = sin−1 (
1

𝑛𝑝𝑟𝑖𝑠𝑚
√

𝑛𝑚𝑒𝑡𝑎𝑙
2 𝑛𝑠𝑚

2

𝑛𝑚𝑒𝑡𝑎𝑙
2 +𝑛𝑠𝑚

2 )      (2.30) 

In addition, by coating the metal surface with a dielectric layer of refractive index (𝑛𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐) 

in the SPR sensor changes the SPR angle equation to (Akib et al., 2021), 

𝜃𝑆𝑃𝑅 = sin−1 (
1

𝑛𝑝𝑟𝑖𝑠𝑚
√

𝑛𝑚𝑒𝑡𝑎𝑙
2 𝑛𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

2 𝑛𝑠𝑚
2

𝑛𝑚𝑒𝑡𝑎𝑙
2 +𝑛𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

2 +𝑛𝑠𝑚
2 )     (2.31) 

The sensitivity of SPR sensors (S) is calculated by 𝑆 = 𝛥𝜃/𝛥𝑛, where: 𝛥𝜃 is the SPR angle shift, 

and Δ𝑛 is the refractive index change. As seen in Equation (2.31), the effect of the increasing 

effective refractive index on the SPR angle shift can be analyzed. As shown in Figure 2.11a, 

increasing the refractive index value of the dielectric layer increases the SPR angle. The linear 

fit of the SPR angle shifts as a function of refractive index changes, representing the 

sensitivity of the SPR sensor (Figure 2.11b). The sensitivity and detection accuracy (DA =

1/LW), with LW is the linewidth of the reflectivity curve, of the SPR sensor of the prism-Ti-

gold system is 119.5 deg.RIU-1 and 0.70 deg.-1, respectively. Coating the gold layer with a 

dielectric layer with a refractive index lower than 1.8 decreases the sensitivity and DA. 

However, increasing the refractive index above 1.8 significantly increases the SPR sensor 

sensitivity (Figure 2.11). In contrast, the detection accuracy decreases continuously with 

increasing refractive index of the dielectric layer due to the concomitant increase in the line 

width of the SPR signal.  

 

 

Figure 2.11: (a) SPR reflectivity curve for Kretschmann’s configuration of the prism-Ti-gold-dielectric 

system for selected refractive indices of a dielectric layer, (b) SPR angle shift versus the refractive 

index change of selected refractive indices of a dielectric layer, and (c) Sensitivity and DA variation as 

a function of refractive indices of a dielectric layer of prism-Ti-gold- dielectric system. 
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The effect of extinction coefficient and thickness variation is also studied to optimize the 

dielectric layer coated with the Au-layer to get higher sensitivity (Figure 2.12). The sensitivity 

does not depend on the extinction coefficient value. However, an increase in the extinction 

coefficient value of the dielectric layer decreases the detection accuracy (Figure 2.12a). 

Therefore, it is concluded that the lower extinction coefficient with a higher refractive index 

of the dielectric layer is considered a target for coating the Au-layer to get higher sensitivity 

with an acceptable detection accuracy of SPR sensors. In addition, to achieve high sensitivity 

with an acceptable detection accuracy for SPR sensors, the thickness of the dielectric layer 

should be in the range of 15-20 nm (Figure 2.12b). 

 

Figure 2.12: Sensitivity and DA variation as a function of (a) extinction coefficient and (b) thickness of 

a dielectric layer of prism-Ti-gold- dielectric system. 

Subsequently, PSNPs were employed as an example for real-time measurements in two 

systems: prism/Ti(5 nm)/Au(45 nm) and prism/Ti(5 nm)/Au(45 nm)/dielectric(𝑛 = 1.9, 𝑘 =

0.01, 20 𝑛𝑚). The signal-to-noise ratio (S/N) and the linewidth in the line profile plot for three 

individually bound PSNPs to the surface are calculated to investigate the efficiency of the 

SPR sensor (Figure 2.13). The signal-to-noise ratio of the prism/Ti(5 nm)/Au(45 

nm)/dielectric(𝑛 = 1.9, 𝑘 = 0.01, 20 nm) system is 265, which outperformed that of the 

prism/Ti(5 nm)/Au(45 nm) system (S/N = 150), thereby confirming our theoretical findings. 
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Figure 2.13: Line profile plot of PSNPs detected by Au layer and Au/n=1.9 layers. 

2.11. Characterizations of Dielectric Layers 

 Before we proceed to the following chapters, the characterization techniques for the 

dielectric layers are presented to understand the importance of each technique. The chemical 

structure and composition of the conductive polymer composite, as well as the 

polyelectrolyte brushes, are investigated using Fourier transform infrared spectroscopy, 

nuclear magnetic resonance spectroscopy, and X-ray photoelectron spectroscopy. For 

instance, these spectroscopic techniques are used to investigate the binding between the 

polymer and the fillers, as well as investigate the binding between the polyelectrolyte brushes 

and the gold through the thiolated group. Additionally, the morphological structure of the 

dielectric layers is examined using a scanning electron microscope and atomic force 

microscope. For instance, the switchable process between collapsed form and stretched form 

of polyelectrolyte brushes is investigated using an atomic force microscope.  

Based on the discussion in the previous section, Coating the metal layer with a high refractive 

index dielectric layer yields high SPR sensor sensitivity. Therefore, the refractive index of the 

dielectric layer is investigated by analyzing the transmittance and reflectance spectra that are 

measured using UV-Vis spectroscopy.  

2.11.1. Fourier transform infrared spectroscopy (FTIR) 

Infrared (IR) spectroscopy is one of the most well-known and widely used spectroscopic 

methods due to its usefulness in determining and identifying compounds' structures. It is 

used to determine functional groups in molecules. The chemical properties of the synthesized 
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films were investigated by studying the vibrational bands obtained from FTIR spectrometers 

(Bruker VERTEX 80/80v Vacuum FTIR Spectrometers) in the spectral range of 4000-400 cm-1 

at ambient conditions. 

2.11.2. Nuclear magnetic resonance spectroscopy (NMR) 

Nuclear magnetic resonance (NMR) spectroscopy is a spectroscopic technique used to study 

molecular structure by examining the interaction of an oscillating radio-frequency 

electromagnetic field with nuclei in an external magnetic field. An NMR spectrum can 

provide detailed information about molecular structure and dynamics, information that is 

difficult to obtain by any other method. The chemical properties of the synthesized films 

were investigated using 1H NMR measurements (600.13 MHz, Bruker AVANCE III NMR 

spectrometer). 1H NMR measurements were conducted at 600.13 MHz using A 5 mm high-

resolution multi-channel and broadband (5 mm BBO model) equipped with Z-gradient. 

2.11.3. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic 

technique based on the photoelectric effect that can identify the elements within a material, 

their chemical state, and the overall electronic structure and density of the electronic states 

in the material. The near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) 

measurements were performed at pressures of 1 mbar and room temperature. 

2.11.4. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a characterization technique used to investigate and quantify the 

crystalline nature of materials based on the X-ray diffraction from the atom planes within the 

materials. Powder X-ray diffraction (XRD) is a universal characterization technique for thin 

films and nanomaterials (Debye et al., 1916). Powder XRD analysis provides essential 

information about the crystal structure of the nanomaterials, such as phase identification, 

degree of crystallinity, crystallite size, microstructure, mechanical properties, morphology, 

and sample purity. The crystal structure of the films was investigated using powder X-ray 

diffraction (XRD, Malvern Panalytical Ltd.) by CuKα1 ray (𝜆 = 0.1540598 nm) in angles range 

of 10°-70° with a step of 0.02°. 

2.11.5. Scanning electron microscope (SEM) 

The SEM is a tool for creating images of the otherwise invisible worlds of micro-space (1 

micrometer = 10-6m) and nano-space (1 nanometer = 10-9m). SEMs can magnify an object from 

about 10 times up to 300,000 times. A scale bar is usually provided on an SEM image. The 
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scale bar is used to calculate the sizes of features in the image. The film morphology was 

investigated using a scanning electron microscope (SEM, FEI Quanta FEG 450). 

2.11.6. Atomic force microscope (AFM) 

The Atomic Force Microscope (AFM) scans a probe across a sample surface. The AFM probe 

consists of a sharp tip at the end of a flexible cantilever that protrudes from a holder plate 

called a holder chip. The tip is typically pyramidal or conical in shape and is four to five µm 

in height with a diameter at the apex of 10 to 20 nm, and is positioned at the end of a 

cantilever, which is typically 100 to 200 µm long. Either the probe or sample is mounted on 

a piezoelectric scanner, which can move in the x, y, and z directions, and is used to raster 

scan the probe across the sample surface to acquire an image in 3 dimensions. The film 

morphology was investigated using atomic force microscopy (AFM) (SPM SmartSPM™-

1000). 

2.11.7. Thermogravimetric analysis (TGA) 

Thermal analysis measures physical or chemical changes in a material as a function of 

temperature. Thermogravimetric analysis continuously measures the weight of a sample as 

a function of temperature and time. The thermal stability was measured using 

thermogravimetric analysis (TGA) (NETZSCH Premier Technologies). 

2.11.8. UV-Vis spectroscopy 

The optical properties of films are defined as the changes in the light upon interacting with 

the films. Many factors influence the optical properties of the films, such as surface nature, 

film thickness, electronic structure, and the interface between the film and substrate and the 

film and air. Optical properties were investigated by analyzing transmittance and reflectance 

spectra measured using a UV–Vis spectrophotometer (Hitachi U-3900H) with a total internal 

sphere. These properties relate to the optical constants, such as refractive index and extinction 

coefficient. 

2.11.9. Four-point probe 

The 4-point probe contains four electrodes organized in an equidistant linear array. The 

electrical conductivity was measured by a 4-point probe (Microworld Inc.) connected with a 

high-resolution multimeter (Keithley 2450 Sourcemeter) for various temperatures from 298-

328 K. 

 

 



 

3 Work Published in the Cumulative Thesis 27 

 

 

 

 

 

CHAPTER 3 

3. WORK PUBLISHED IN THE CUMULATIVE THESIS 

 

This cumulative thesis comprises seven full papers. The author of this thesis is the first author 

of all papers. The thesis is structured as follows:  

3.1. Modeling and Analysis of Discrete Particle Detection 

In (Al-Bataineh et al., 2024a), titled “Modeling and analysis of discrete particle detection in 

wide-field surface plasmon resonance microscopy,” we focus firstly on designing the wide-

field surface plasmon resonance microscope as well as optimizing the main parameters for 

building a highly sensitive wide-field surface plasmon resonance microscope, including laser 

wavelength, prism refractive index, the numerical aperture of the objective, and the gold 

layer thickness (Figure 3.1a). Additionally, the flow rate of the nanoparticle stock solution is 

determined through the particle transfer model (Figure 3.1b). After that, the enhancement of 

the detection measurements, as a result of signal-to-noise optimization, is demonstrated by 

applying different parameters for SPR detection. Following the measurements of the wide-

field surface plasmon resonance microscope, the image processing is described (Figure 3.1c). 

Finally, the particle analysis, including the time dependence of particle detection, is 

presented (Figure 3.1d).  

An effective medium model describes the surface plasmon resonance (SPR) sensor principle, 

treating molecules bound on the sensor surface as an effective medium with an effective 

refractive index and thickness (Figure 3.2a). On the other hand, a discrete particle model of 

SPR is introduced to describe the detection principle for discrete particles (Figure 3.2b). 

Theoretical, numerical, and experimental analyses are conducted to describe the intensity 

profiles of single and double nanoparticles from the discrete particle model. Finally, the 

influence of coating the gold layer with a dielectric layer on the SPR sensitivity is investigated 

for varying refractive indices. 
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Figure 3.1: (a) The design of the wide-field surface plasmon resonance microscope. (b) Particle transfer 

model. (c) The image processing. (d) Particle analysis: particle analysis includes time dependence of 

particle detection. 

Many models have been reported to help us understand discrete particle detection in the 

physics frame. All of these models were derived based on the scattering of the propagating 

surface plasmon waves by the detecting particle. In their models, some literature used fast 

Fourier transform imaging to fit the discrete particle detection (Ma et al., 2020; Yu et al., 2014; 

Yu et al., 2017). On the other hand, some literature used Green’s function to fit discrete 

particle detection (Evlyukhin et al., 2005; Evlyukhin et al., 2015; Novotny et al., 1997). 

However, in (Al-Bataineh et al., 2024a), we propose a new method for modeling and analysis 

of the discrete particle detection of WF-SPRM. Using the finite element method, we analyzed 

the resultant electric field from the scattering of the propagating surface plasmon waves by 

the detecting particle. The design and analysis of a proposed model for the SPR sensor are 

conducted using COMSOL Multiphysics. The calculated conditions of COMSOL 

Multiphysics are adjusted in the same way as the experimental conditions, with free 

triangular meshes and element size of 6.09 ×10-5 - 0.03 μm. After that, we fit the experimental 

data using the derived model based on the resultant electric field. From the fitting process, 

we can investigate many essential parameters for WF-SPRM measurements, including 

decaying constant and phase shift. 
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Figure 3.2: (a) An effective medium model of the surface plasmon resonance sensor. (b) A discrete 

particle model of the surface plasmon resonance sensor. 

3.2. Improving the Sensitivity of WF-SPRM: Conductive Polymer 

As discussed in Section 2.10, coating the metal layer with a dielectric layer is a highly effective 

modification to enhance the sensitivity of the SPR sensor (Menegazzo et al., 2011; Yılmaz et 

al., 2017). Many studies have been focused on using polyaniline nanocomposite films to 

enhance the sensitivity of the SPR sensor. For instance, (Usman et al., 2019c) have reported 

that the functionalization of the SPR sensor with the PANI/chitosan demonstrates an 

interesting application of the sensor for detecting a low concentration of acetone vapor. They 

proved that coating the gold layer with PANI/chitosan enhances the sensitivity of the 

conventional SPR sensor for acetone vapor. Additionally, in (Al-Bataineh et al., 2023c), we 

proved theoretically that coating the gold layer with nano-SnO2/polyaniline composite films 

enhances the sensitivity of the SPR sensor.  

To the best of our knowledge, before (Al-Bataineh et al., 2022), titled “Surface Plasmon 

Resonance Sensitivity Enhancement Based on Protonated Polyaniline Films Doped by 

Aluminium Nitrate,” there was no attempt to investigate the enhancement of the WF-SPRM 

sensitivity using conjugated polymer nanocomposite films. In our study, we enhanced the 

sensitivity of the discrete particle imaging of WF-SPRM by coating the gold layer with 

polyaniline/aluminum nitrate nanocomposite films. The sensitivity of the WF-SPRM was 

investigated using a theoretical approach and experimental measurements. 

The modeling (simulation) of SPR measurements confirmed that the inclusion of growing 

concentrations of aluminum nitrate in polyaniline/aluminum nitrate nanocomposite films 

enhances the sensitivity of the sensor. Additionally, the experimental results confirmed that 

coating the cold layer with polyaniline/aluminum nitrate nanocomposite film increases the 

signal-to-noise ratio, which means an increase in sensor sensitivity.  
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3.3. Improving the Sensitivity of WF-SPRM: Polyelectrolyte Brushes 

Polyelectrolyte brushes (PEBs) are charged poly acids or bases grafted to the substrate 

surface. To the best of our knowledge, before our work, there was no attempt to investigate 

the enhancement of the WF-SPRM sensitivity using polyelectrolyte brushes.  

Coating the metal layer with a dielectric layer is a highly effective modification to enhance 

the sensitivity of the SPR sensor (Menegazzo et al., 2011; Yılmaz et al., 2017). As mentioned 

in Section 2.10, coating the metal layer with a dielectric layer with a high refractive index and 

low extinction coefficient is considered a target for coating the metal layer to get higher 

sensitivity with an acceptable detection accuracy of SPR sensors. Additionally, several 

researchers have stated that the proteins bind to PEBs even when they have the same net 

charge (Ballauff et al., 2006).  

Here, we investigate the influence of coating the gold/silver layer with polyelectrolyte 

brushes with varying refractive indices on the SPR sensitivity (Figure 3.3). Different 

polyelectrolyte brushes, like polyacrylic acid (PAA), polyethylene oxide - polyacrylic acid 

(PEO/PAA), and polyacrylic acid/iodine (PAA/I2), are used to validate the enhancement of 

the SPR sensitivity. Validation experiments are performed using polystyrene and silica 

nanoparticles of varying sizes.  

 

 

 

 

 

 

Figure 3.3: Wide-field surface plasmon resonance microscope based on polyelectrolyte brushes. 
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(Al-Bataineh et al., 2023a), titled “Switchable Polyacrylic Acid Polyelectrolyte Brushes for 

Surface Plasmon Resonance Applications,” presented wide-field surface plasmon resonance 

microscope sensors based on a gold layer coated with polyacrylic acid polyelectrolyte 

brushes (PAA PEBs) to enhance the sensitivity of nanoobject detection. Firstly, the switching 

behavior of the PAA PEBs against changes in the pH values was investigated by analyzing 

the chemical, morphological, optical, and electrical properties. After that, the sensitivity of 

the SPR sensing device was investigated using a theoretical approach, as well as experimental 

measurements. Finally, we concluded that coating an Au-layer with PAA PEBs enhances the 

sensitivity of the SPR sensing device and improves the spatial resolution of the recorded 

image.  

(Al-Bataineh et al., 2024b), titled “Wide-field surface plasmon resonance microscope based 

on polyethylene oxide/polyacrylic acid brushes”, presented a wide-field surface plasmon 

resonance microscope (WF-SPRM) based on polyethylene oxide/polyacrylic acid (PEO/PAA) 

polyelectrolyte brushes (PEBs) for particle detection application. Morphological, chemical, 

and crystal structural analyses confirm that the PEO/PAA brushes undergo a transition from 

a collapsed to a stretched state as the solvent pH is increased from 1 to 10. Theoretical and 

experimental approaches study the sensitivity of WF-SPRM utilizing Au-(PEO/PAA) 

polyelectrolyte layers. We concluded that coating an Au-layer with PEO/PAA PEBs enhances 

the sensitivity of the SPR sensing device and improves the spatial resolution of the recorded 

image. Finally, the discrete particle model is presented to describe the discrete particle 

detection by WF-SPRM, demonstrating a good agreement between the calculated intensity 

profile and experimental data. 

The silver-based sensor has superior accuracy and a sharp resonance curve, which provides 

a stronger contrast than the gold sensor (Srivastava et al., 2020). Therefore, in (Al-Bataineh et 

al., 2024c), titled “Developing surface plasmon resonance imaging for discrete particle 

detection based on a silver layer coated with polyacrylic acid/iodine polyelectrolyte brushes,” 

we presented a wide-field surface plasmon resonance microscope (WF-SPRM) based on a 

silver layer coated with polyacrylic acid/iodine (PAA/I2) polyelectrolyte brushes (PEBs) for 

particle detection application. The PAA/I2 PEBs were used as a coating for the Ag layer to 

overcome silver oxidation and improve the WF-SPRM's sensitivity (Karki et al., 2022; Meradi 

et al., 2022). Our results provide insight into the enhancement of sensitivity and capabilities 

of WF-SPRM for discrete particle detection across a range of biomedical applications. 

Additionally, we present a mathematical model for SPR detection of discrete particles. The 

proposed model aligned with a curve fitting process to describe the SPR sensing profile for 

adsorbed particles in discrete particle detection. The calculated intensity profiles for the 

silicaNP with different sizes by Ag layer and Ag-PAA/I2 layers describe the experimental 

profile well, supporting the validity of the model we deduced.  
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3.4. Surface Plasmon Coupling Between LSPs and PSPs 

Finally, the surface plasmon coupling behavior between the localized surface plasmons 

(LSPs) of different shapes and sizes of metal nanostructures and the propagating surface 

plasmons (PSPs) of the metal surface is investigated by employing experimental, simulation, 

and theoretical approaches. To the best of our knowledge, before our work, there was no 

attempt to investigate the surface plasmon coupling behavior between the localized surface 

plasmons (LSPs) of the nanostructures and the propagating surface plasmons (PSPs) of the 

metal surface. 

In (Al-Bataineh et al., 2023b), titled “Surface plasmon coupling between wide-field SPR 

microscopy and gold nanoparticles,” the coupling behavior of the wide field surface plasmon 

microscopy (WF-SPRM) with single-, two-, and multiple-gold nanoparticles (AuNPs) with 

different AuNPs sizes is investigated using theoretical, simulation, and experimental 

approaches. A discrete particle model of SPR is used to understand the interaction between 

an Au‑layer and a single AuNP and double AuNPs. Finally, it is demonstrated that 

plasmonic multiple particle scattering can be represented by an effective media, which is 

described by Maxwell‑Garnet equations. 

(Al-Bataineh et al., 2024d), titled “Surface Plasmon Coupling Between Different Shapes of 

Silver Nanostructures and Wide Field SPR Microscopy” presents the surface plasmon 

coupling behavior between the LSPs of different shapes of AgNSs, and the PSPs of the Ag 

surface are investigated using a wide-field surface plasmon resonance microscope, finite 

element method, and derived method based on scattering theory. The intensity distribution 

of the binding event between the AgNS and the Ag surface is calculated by fitting a curve to 

describe the surface plasmon coupling between AgNSs and the Ag layer. 
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CHAPTER 4 

4. DISCUSSION AND CONCLUSIONS 

Detecting and exploring nano-objects, especially at low concentrations, including viruses and 

extracellular vesicles (ECVs), remain challenging in analytical science. SPR sensors have 

gained significant attention due to their high sensitivity, real-time measurements, label-free 

detection, reproducibility, and cost-effectiveness. Wide-field surface plasmon resonance 

microscopy (WF-SPRM) operates based on the principles of SPR using the classical 

Kretschmann's configuration. However, it offers a distinct detection method and information 

acquisition, enabling the detection and exploration of individual nano-objects in solutions 

and gas media bound to the sensor surface. WF-SPRM thus allows for the detection of low 

concentrations of nano-objects. 

A strong SPR signal is generated in the laser wavelength range of 600-800 nm, and to achieve 

this, a glass prism with a refractive index of 1.725 is selected. A high single numerical 

aperture objective of 2.5 is used to combine both illumination and imaging optics. The gold 

and silver thicknesses range of 45 nm and 50 nm were selected, respectively, to achieve higher 

detection accuracy. Polystyrene nanoparticles with an average size of 200 nm serve as an 

example for real-time WF-SPRM measurements. The first step in the WF-SPRM data analysis 

is suppressing image background and noise. This is achieved by frame averaging and 

normalization to the local light intensity. The averaged signals are then subtracted in each 

frame, and the time dependence of the difference is plotted. Subsequently, the time-

dependent relative intensity before and after the binding of particles to the sensor surface is 

measured. 

The effective mathematical model describes the SPR sensor principle, where molecules 

bound to the sensor surface are treated as an effective medium with an effective refractive 

index and thickness. Additionally, a discrete particle model of SPR describes the principles 

of discrete particle detection. Theoretical, numerical, and experimental analyses of the SPR 

detection principle are performed, considering discrete particle detection. The calculated 
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intensity profiles of single nanoparticles and 2-nanoparticles from the discrete particle model 

agree well with the experimental data. 

Coating the metal layer with a dielectric layer is a highly effective modification to enhance 

the sensitivity of the SPR sensor. Coated the metal layer with dielectric layer with high 

refractive index and low extinction coefficient is considered a target for coating the metal 

layer to get higher sensitivity with an acceptable detection accuracy of SPR sensors. The 

influence of the coating metal sensing surface (gold/silver) with polyaniline/aluminum 

nitrate (PANI/Al(NO3)3) nanocomposite film, polyacrylic acid polyelectrolyte brushes (PAA 

PEBs), polyethylene oxide/polyacrylic acid polyelectrolyte brushes (PEO/PAA PEBs), 

polyacrylic acid/iodine polyelectrolyte brushes (PAA/I2 PEBs) on the sensitivity of the WF-

SPRM was investigated.  

Figure 4.1 illustrates the signal-to-noise ratio of WF-SPRM based on bare Au, Au – 

PANI/Al(NO3)3, Au – PAA PEBs, Au – PEO/PAA PEBs, bare Ag, and Ag – PAA/I2 PEBs. First, 

the signal-to-noise ratio of WF-SPRM based on the Au layer is 6 ± 1, increasing after coating 

with PANI/Al(NO3)3 nanocomposite film to 10 ± 1. In addition, the linewidth of the recorded 

image decreased from 5 pixels to 4 pixels using the Au – PANI/Al(NO3)3 layers. After that, 

PAA PEBs were deposited on an Au layer using a thiol bound (PAA-SH), confirmed by XPS 

and NMR spectroscopy. The signal-to-noise ratio of WF-SPRM based on the Au layer coated 

with PAA PEBs to 18. In addition, the linewidth of the recorded image decreased from 6 

pixels to 5 pixels using the Au-PAA layers. The sensitivity of the WF-SPRM based on Au-

(PEO/PAA PEBs) layers is explored through theoretical and experimental approaches. The 

signal-to-noise ratio for the Au-(PEO/PAA PEBs) layer increases from 6 ±  1 to 20 ±  1 

compared to the Au layer. For now, we can conclude that coating the Au layer with 

PANI/Al(NO3)3, PAA PEBs, and PEO/PAA PEBs enhances the sensitivity of the WF-SPRM. 

The higher refractive index is for PEO/PAA PEBs, which leads to a higher signal-to-noise 

ratio.  

In addition, the signal-to-noise ratio of WF-SPRM based on bare Ag is found to be 8 ±  1, 

which is higher than the signal-to-noise ratio of WF-SPRM based on bare Au. Coating the Ag 

layer with PAA/I2 PEBs increases the signal-to-noise ratio to 25 ±  1. Therefore, we can 

conclude that WF-SPRM based on Ag-PAA/I2 PEBs has the highest signal-to-noise ratio 

compared to other sensing substrate systems. Additionally, the signal intensity of silicaNP 

detected by the Ag layer increases from about 226 a.u. to about 373 a.u. as silicaNP size 

increases from 100 to 300 nm. On the other hand, the signal intensity of silicaNP detected by 

the Ag-PAA/I2 layers increases from about 454 a.u. to about 820 a.u. as silicaNP size increases 

from 100 to 300 nm. Finally, we introduced a mathematical model to describe the SPR sensing 

mechanism based on discrete particles, nanostructures, viruses, or cells. The calculated 
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intensity profiles for the silicaNP with different sizes by Ag layer and Ag-PAA/I2 layers 

describe the experimental profile well, supporting the validity of the model we deduced. 

 

Figure 4.1: Comparison of the signal-to-noise ratio of WF-SPRM based on bare Au, Au – 

PANI/Al(NO3)3, Au – PAA PEBs, Au – PEO/PAA PEBs, bare Ag, and Ag – PAA/I2 PEBs. 

The surface plasmon coupling between the localized surface plasmons (LSPs) of metal 

nanostructures and propagating surface plasmons (PSPs) of the metal layer was investigated. 

Therefore, the coupling behavior of WF-SPRM with single, double, and multiple gold 

nanoparticles (AuNPs) of varying sizes was investigated through a combination of 

theoretical, simulation, and experimental approaches. When AuNPs bind to the Au surface, 

it disrupts the system's symmetry. Furthermore, plasmon coupling occurs between the 

AuNPs and the Au surface, leading to the generation of an induced charge in the Au surface, 

which interacts with AuNPs. The signal intensity of a single AuNP increases from 208 a.u. to 

583 a.u. as the particle size increases from 40 nm to 80 nm, indicating that the signal-building 

mechanism is based on Rayleigh scattering theory. A discrete particle model of SPR is used 

to understand the interaction between the Au-layer and a single AuNP. The calculated 

intensity profile of the single AuNP from the discrete particle model aligns with the 

experimental data. Additionally, the superposition of surface plasmon waves between two 

AuNPs is studied using the finite element method and experimental data from WF-SPRM. 

The surface plasmon waves around the two particles result from the superposition of electric 

fields between these waves. Combining plasmon intensities of two AuNPs with an initial 

phase difference (𝜑) as |𝑎 + 𝑎|2 (or |2𝑎|2) yields a quantum superposition of |2𝑎|2 = |𝑎|2 +

|𝑎|2 + 2|𝑎|2 cos𝜑, resulting in complex and cumulative superposed plasmon intensities. 
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Finally, the multiple particles near the Au layer are represented as effective media, described 

by Maxwell-Garnet equations. The sensitivity of 40 nm AuNPs is 50.6 deg./RIU, and this 

sensitivity increases linearly to 93.5 deg./RIU for the detection of 80 nm AuNPs. 

In addition, the surface plasmon coupling behavior between the localized surface plasmons 

(LSPs) of different shapes of silver nanostructures (AgNSs) and the propagating surface 

plasmons (PSPs) of the silver surface was investigated by employing experimental, 

simulation, and theoretical approaches. Different shapes of AgNSs, including sphere, 

triangle plate, and hexagonal plate, are synthesized using a one-step solvothermal reduction 

method with an average particle size of 40, 130, and 190 nm, respectively. XRD patterns 

indicate that all AgNSs exhibit polycrystalline face-centered cubic (fcc) structures with 

preferred (111) orientation. The LSPs of different AgNSs are investigated using UV-Vis 

spectroscopy and the finite element method, where the spherical AgNSs exhibit a single 

Gaussian absorption band at 410 nm. In contrast, the triangle and hexagonal AgNSs exhibit 

multiple Gaussian absorption bands, representing different modes of plasmon excitation of 

out-of-plane quadrupole resonance, in-plane dipole, and in-plane quadrupole resonance. 

Finally, the surface plasmon coupling behavior between the LSPs of different shapes of 

AgNSs and the PSPs of the Ag surface is investigated using wide-field surface plasmon 

resonance microscopy (WF-SPRM), finite element method and derived method based on 

scattering theory. When the AgNSs bound to the Ag surface, the LSPs of the AgNSs are 

coupled with the PSPs of the Ag surface through near-field coupling, increasing the induced 

charge of the Ag surface and consequently disrupting the electric field symmetry and 

interacting with the free electrons of the AgNSs, which increases the electric field between 

the Ag surface and AgNSs. The intensity distribution of the binding event between the AgNS 

and the Ag surface is calculated by fitting a curve to describe the surface plasmon coupling 

between AgNSs and the Ag layer. 
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CHAPTER 5 

5. APPENDIX I: ORIGINAL PAPERS 

 

 

Section Paper Title Contribution 

5.1 Original Paper I: Modeling and analysis of discrete particle 

detection in wide-field surface plasmon resonance microscopy 

(Al-Bataineh et al., 2024a) 

- Development of concept 

- Development of model 

- Conduct of experiment 

- Discussion of results 

- Co-authoring of manuscript 

5.2 Original Paper II: Surface Plasmon Resonance Sensitivity 

Enhancement Based on Protonated Polyaniline Films Doped by 

Aluminium Nitrate (Al-Bataineh et al., 2022) 

- Development of concept 

- Conduct of experiment 

- Discussion of results 

- Co-authoring of manuscript 

5.3 Original Paper III: Switchable Polyacrylic Acid Polyelectrolyte 

Brushes for Surface Plasmon Resonance Applications (Al-

Bataineh et al., 2023a) 

- Development of concept 

- Conduct of experiment 

- Discussion of results 

- Co-authoring of manuscript 

5.4 Original Paper IV: Wide-field surface plasmon resonance 

microscope based on polyethylene oxide/polyacrylic acid brushes 

(Al-Bataineh et al., 2024b) 

- Development of concept 

- Conduct of experiment 

- Discussion of results 

- Co-authoring of manuscript 

5.5 Original Paper V: Developing surface plasmon resonance 

imaging for discrete particle  detection based on a silver layer 

coated with polyacrylic acid/iodine  polyelectrolyte brushes (Al-

Bataineh et al., 2024c) 

- Development of concept 

- Development of model 

- Conduct of experiment 

- Discussion of results 

- Co-authoring of manuscript 

5.6 Original Paper VI: Surface plasmon coupling between wide-field 

SPR microscopy and gold nanoparticles (Al-Bataineh et al., 2023b) 

- Development of concept 

- Development of model 

- Conduct of experiment 

- Discussion of results 

- Co-authoring of manuscript 
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5.7 Original Paper VII: Surface Plasmon Coupling Between Different 

Shapes of Silver Nanostructures and Wide Field SPR Microscopy 

(Al-Bataineh et al., 2024d) 

- Development of concept 

- Development of model 

- Conduct of experiment 

- Discussion of results 

- Co-authoring of manuscript 
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5.1. Original Paper I: (Al-Bataineh et al., 2024a) 
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5.2. Original Paper II: (Al-Bataineh et al., 2022) 
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5.3. Original Paper III: (Al-Bataineh et al., 2023a) 
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5.4. Original Paper IV: Al-Bataineh et al., 2024b) 
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5.5. Original Paper V: (Al-Bataineh et al., 2024c) 

Qais M. Al-Bataineh, Gaith Rjoub, Ahmad D. Telfah, Ahmad A. Ahmad, Carlos J. Tavares, Roland Hergenröder, 

Developing surface plasmon resonance imaging for discrete particle detection based on a silver layer coated with polyacrylic 

acid/iodine polyelectrolyte brushes. Applied Surface Science 682 (2024): 161755. 

https://doi.org/10.1016/j.apsusc.2024.161755 (Al-Bataineh et al., 2024c) 

  

https://doi.org/10.1016/j.apsusc.2024.161755
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5.6. Original Paper VI: (Al-Bataineh et al., 2023b) 
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5.7. Original Paper VII: (Al-Bataineh et al., 2024d) 

Qais M. Al-Bataineh, Ihsan Aljarrah, Ahmad A. Ahmad, Gaith Rjoub, Ahmad D. Telfah, Roland Hergenröder, 

Surface Plasmon Coupling Between Different Shapes of Silver Nanostructures and Wide Field SPR Microscopy. Submitted 

to Journal of Materials Science. (Al-Bataineh et al., 2024d) 
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CHAPTER 6 

6. APPENDIX II: SUPPLEMENTARY MATERIALS 

6.1. Supplementary Materials: Original Paper I: (Al-Bataineh et al., 2024a) 

S1. Optimization of laser wavelength for Au-layer 

The ability of electromagnetic waves at different wavelengths from 200 nm (UV region) to 1500 nm 

(IR region) to excite the surface plasmon polaritons is investigated. A Kretschmann’s configuration is 

proposed based on glass prism (𝑛 = 1.725)/gold layer (𝑛 = 0.15 + 𝑖4.91)/ water (𝑛 = 1.33). The 

minimum reflectivity (𝑅min) and SPR angle as a function of incident light wavelength, deduced from 

Figure S1, are plotted in Figure S2. As 𝑅min decreases, the amount of surface plasmon polaritons 

excitation increases due to the absorption of a large amount of incident light by the gold layer, 

resulting in the generation of an evanescent field (Mukhtar et al., 2014). At incident light of 

wavelengths in the range of 200-300 nm, there is no observed SPR signal. When increasing the 

wavelength to 400 nm (blue light), a small drop with 𝑅min ≈ 0.78 is registered, indicating the generation 

of a weak evanescent field due to the small surface plasmon polaritons excitation. Therefore, the light 

in the UV region is unsuitable for generating SPR signals.  

 

Figure S1: SPR curves of p-polarized light with various wavelengths incident through the 50 nm thickness of Au-

coated triangular prism (a) UV-region (200-400 nm) (b) visible region (450-800 nm) (c) IR-region (λ=850-1500 nm). 
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Figure S2: Response of 𝑅𝑚𝑖𝑛 and SPR angle as a function of light excitation wavelength. 

An increase in the wavelength to 550 nm (green light) increases the SPR signal with 𝑅min ≈ 0.49. In 

addition, a strong SPR signal is generated in the wavelength range of 600-800 nm (red to near-IR light), 

validating the use the red light to excite maximum surface plasmon polaritons. This is attributed to 

the strong coupling between the photon and the surface electron in this wavelength range, leading to 

a pull of these electrons along the gold surface (Novotny et al., 2012). However, increasing the 

wavelength above 800 nm (infrared light) decreases the SPR signal again.  

S2. Optimization of gold layer thickness 

Kretschmann’s configuration of the prism-Ti(5 nm)-Au(various thicknesses from 20 to 60 nm) system 

is simulated to optimize the thickness for high SPP excitation (Figure S3a). In this section, two main 

factors are considered to optimize the gold layer thickness, which are 𝑅min and detection accuracy 

(DA = 1/FWHM) (Akib et al., 2021). The minimum values of 𝑅min and a higher detection accuracy was 

generated in the thickness range of 40-45 nm, which is accepted with A. Zybin et al. study (Zybin et 

al., 2017) (Figure S3b, c).  

 

Figure S3: (a) SPR reflectivity curve for Kretschmann configuration of the prism-Ti(5 nm)-gold system for 

different gold layer thicknesses, (b) Response of 𝑅𝑚𝑖𝑛 and SPR angle as an Au-layer thickness, and (c) Response 

of LW and DA as an Au-layer thickness. 
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S3. WFSPR instruments 

 

 

Figure S4: Response of 𝑅𝑚𝑖𝑛 and SPR angle as a function of light excitation wavelength. 

 

Figure S5: Gold-sensor substrate preparation (a) fitted gold-sensor substrate to the sizes of the flow cell, (b) 

diamond cutter, (c) wafer cleaving pliers, (d) using RI matching immersion liquid, (e) PDMS gaskets, and (f) the 

final gold-sensors substrate connected to glass prism and flow cell.  

S4. Coating gold layer with a dielectric layer 

As shown in Figure S6a, increasing the refractive index value of the dielectric layer increases the SPR 

angle. The linear fit of the SPR angle shifts as a function of refractive index changes represents the 

sensitivity of the SPR sensor (Figure S6b). The sensitivity and detection accuracy (DA = 1/LW) of the 

SPR sensor of the prism-Ti-gold system is 119.5 deg.RIU-1 and 0.70 deg.-1, respectively. Coating the 

gold layer with a dielectric layer with a refractive index lower than 1.8 decreases the sensitivity and 

DA. However, increasing the refractive index above 1.8 significantly increases the SPR sensor 

sensitivity (Figure S6c). In contrast, the detection accuracy decreases continuously with increasing 

refractive index of the dielectric layer due to the concomitant increase in the line width of the SPR 

signal.  
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Figure S6: (a) SPR reflectivity curve for Kretschmann’s configuration of the prism-Ti-gold-dielectric system for 

selected refractive indices of a dielectric layer, (b) SPR angle shift versus the refractive index change of selected 

refractive indices of a dielectric layer, and (c) Sensitivity and DA variation as a function of refractive indices of a 

dielectric layer of prism-Ti-gold- dielectric system. 

The effect of extinction coefficient and thickness variation is also studied to optimize the dielectric 

layer coated the Au-layer to get higher sensitivity with accepted detection accuracy (Figure S7). The 

sensitivity does not depend on the extinction coefficient value. However, an increase in the extinction 

coefficient value of the dielectric layer decreases the detection accuracy (Figure S7a). Therefore, it is 

concluded that the lower extinction coefficient with a higher refractive index of the dielectric layer is 

considered a target for coating the Au-layer to get higher sensitivity with an acceptable detection 

accuracy of SPR sensors. In addition, to get high sensitivity with an acceptable detection accuracy of 

SPR sensors, the thickness of the dielectric layer should be in the range of 15-20 nm (Figure S7b). 

 

Figure S7: Sensitivity and DA variation as a function of (a) extinction coefficient and (b) thickness of a dielectric 

layer of prism-Ti-gold- dielectric system. 
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6.2. Supplementary materials: Original Paper IV: (Al-Bataineh et al., 2024b) 

S1. The “grafting to” method 

 

Figure S1: Illustration of the method used for simultaneous grafting of PEO/PAA on a gold substrate. 

S2. Chemical structure of PEO/PAA PEBs 

The interaction between PEO/PAA blends at pH 7 is investigated using FTIR (Figure S2). The 

absorption band at 1558 cm-1 corresponds to the symmetric COO− bonds of PAA  (Aulich et al., 2010), 

and the absorption band at 1091 cm-1 corresponds to the ether bond (C − O − C) of PEO. Both 

absorption bands are observed in all PEO/PAA films, which confirms that the blend films are 

composed of PEO and PAA. Upon the formation of interpolymer hydrogen bonds among PAA chains, 

the absorption bands of symmetric COO− bonds of this polymer are shifted to a lower wavenumber 

(Figure S2a) (Zou et al., 2019). In addition, the absorption bands at 2866 cm-1 corresponding to the 

hydroxyls have different wavenumber in the PEO/PAA compared to PEO and PAA, which confirms 

the formation of interpolymer hydrogen bonds between PEO and PAA (Figure S2b). The formation of 

interpolymer hydrogen bonds is ascribed to the interactions between the ether oxygen atoms in PEO 

and carboxylic acid groups in PAA (Figure S2c).   

 

 

Figure S2: FTIR spectra of the PEO/PAA blend films in the wavenumber region of (a) 1800-1000 cm-1 and (b) 3600-

2500 cm-1. (c) The structure schematic drawing of interpolymer hydrogen bonds formed between PEO and PAA.  

 

S3. NAP-XPS experiments  
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The measured C1s, O1s, S2p, and S2s core-level XPS peaks of PEO/PAA–SH PEBs at pH 7 are used to 

investigate the thiol group bindings. XPS C1s peaks of PAA–SH PEBs correspond to C − C, C − H bonds 

at 284.6 eV, and −COO− at 285.9 eV (Figure S3a). The O1s photoelectron peaks appear at 532.9 eV (C =

O), 534.4 eV (O − OH), and 536.9 eV (C − O) (O = C − O−) (Figure S3b). Finally, S2p and S2s 

photoelectron peaks confirm the existence of the –SH group on the PAA matrix through two peaks at 

161.8 eV and 228.8 eV. The first peak can be convoluted into two sub-peaks of C − SH and C − S − R, 

whereas the second peak can be convoluted into two sub-peaks of S − H and unbound sulfur atoms 

(Figures S3c, d). 

 

Figure S3: Deconvoluted XPS (a) C1s, (b) O1s, (c) S2p, and (d) S2s core-level spectra of PEO/PAA-SH PEBs. 

S4. Surface wettability 

The surface wettability was investigated using water contact angle measurements for a water droplet 

(pH = 7) of size 10 µL. Measurements were taken on both sides of the droplet to ensure the results' 

consistency. Figure S4 shows the water contact angle for PEO/PAA PEBs as a function of pH value. 

 

Figure S4: Contact angle measurements of PEO/PAA PEBs as a function of pH value. 

S5. Crystal structure of PEO/PAA PEBs 

The crystallinity of PEO/PAA PEBs with different pH values was investigated using XRD 

measurements with CuKα X-ray radiation with a wavelength of 0.1540598 nm (Figure S5). At a pH of 

1, the PEO/PAA PEBs show an amorphous structure. Increasing pH from 1 to 10 increases the crystal 
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to the amorphous ratio of the PEO/PAA PEBs, which means that the PEO/PAA PEBs at pH higher than 

4 have a semi-crystalline structure (Figure S5). The two main peaks of PEO/PAA PEBs at pH of 4 are 

observed at Bragg angles of 19.72° and 23.78°, corresponding to (120) and (112) atomic planes, 

respectively (Azli et al., 2015; Polu et al., 2016). Increasing pH to 10 shifts the diffraction peaks to lower 

angles. The crystallinity degree of PEO/PAA PEBs at pH 4 is 45.4%, increasing to 58.8% as pH increases 

to 10 due to the new formation of PEBs from collapsed to stretching. In addition, the crystallite size 

(𝐷) and the microstrain (𝜀) of the PEO/PAA PEBs at pH of 4 are 7.7 nm and 0.0049. Increasing the pH 

to 7 decreases the crystallite size to 6.2 nm and increases the microstrain to 0.0059. Additional increase 

in the pH to 10 leads to increases in the crystallite size to 9.0 nm and increases in the microstrain to 

0.0041. 

 

Figure 7: XRD pattern for PEO/PAA PEBs for different pH values.  
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6.3. Supplementary materials: Original Paper V: (Al-Bataineh et al., 2024c) 

S1. Methods 

 

Supplementary Figure 1: Sensor substrate preparation. (a) Glass prism, (b) fitted gold-sensor substrate to the 

sizes of the flow cell, (c) using RI matching immersion liquid, (d) PDMS gaskets, (e) flow cell, and (f) the final 

gold-sensors substrate connected to glass prism and flow cell.  

 
Supplementary Figure 2: (a) Diamond cutter and (b, c) designed steel plate to cut gold slides in smaller pieces, 

which can be placed into the flow cell. 
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S2. Optimization Of Laser Wavelength 

The ability of electromagnetic waves in the wavelength range of 200-1500 nm to excite the surface 

plasmon polaritons is investigated using Winspall software (RES-TEC). The ability of electromagnetic 

waves in the wavelength range of 200-1500 nm to excite the surface plasmon polaritons is investigated. 

A Kretschmann’s configuration is proposed based on glass prism (𝑛 = 1.725)/gold layer (𝑛 = 0.15 +

𝑖4.91)/ water (𝑛 = 1.33) and glass prism (𝑛 = 1.725)/silver layer (𝑛 = 0.1726 + 𝑖3.421)/ water (𝑛 =

1.33). The minimum reflectivity (𝑅min) and SPR angle for Au-layer as a function of incident light 

wavelength, deduced from Supplementary Figure 3, are plotted in Supplementary Figure 4. On the 

other hand, the minimum reflectivity (𝑅min) and SPR angle for the Ag-layer as a function of incident 

light wavelength, deduced from Supplementary Figure 5, are plotted in Supplementary Fig. 6. As 𝑅min 

decreases, the amount of surface plasmon polaritons excitation increases due to the absorption of a 

large amount of incident light by the Au- and Ag-layer, resulting in the generation of an evanescent 

field (Mukhtar et al., 2014). A strong SPR signal is generated by Au- and Ag-layer in the wavelength 

range of 600-800 nm and 600-700 nm, respectively, validating the use of red light to excite maximum 

surface plasmon polaritons. This is attributed to the strong coupling between the photon and the 

surface electron in this wavelength range, leading to a pull of these electrons along the gold surface 

(Novotny et al., 2012).  

 
Supplementary Figure 3: SPR curves of p-polarized light with various wavelengths incident through the 50 nm 

thickness of Au-coated triangular prism (a) UV-region (200-400 nm) (b) visible region (450-800 nm) (c) IR-region 

(λ=900-1500 nm). 

 
Supplementary Figure 4: Response of 𝑅𝑚𝑖𝑛 and SPR angle for Au-layer as a function of light excitation 

wavelength. 

40 45 50 55 60 65
0.0

0.2

0.4

0.6

0.8

1.0

40 45 50 55 60 65
0.0

0.2

0.4

0.6

0.8

1.0

40 45 50 55 60 65
0.0

0.2

0.4

0.6

0.8

1.0

R
ef

le
ct

iv
it

y

2q [degree]

 200nm

 250nm

 300nm

 350nm

 400nm

a
UV-region Visible-region IR-region

b c

R
ef

le
ct

iv
it

y

2q [degree]

 450nm

 500nm

 550nm

 600nm

 650nm

 700nm

 750nm

 800nm

R
ef

le
ct

iv
it

y

2q [degree]

 900nm

 1000nm

 1100nm

 1200nm

 1300nm

 1400nm

 1500nm

200 400 600 800 1000 1200 1400 1600

0.0

0.2

0.4

0.6

0.8

1.0

 Minimum reflectivity

 SPR angle

light excitation wavelength l [nm]

M
in

im
u

m
 r

ef
le

ct
iv

it
y

 (
R

m
in

)

59.6

59.8

60.0

60.2

60.4

60.6

60.8

61.0

61.2

61.4

61.6

61.8

62.0

S
P

R
 a

n
g

le
 [

o
]

UV Visible IR



 

  126 

 
Supplementary Figure 5: SPR curves of p-polarized light with various wavelengths incident through the 50 nm 

thickness of Ag-coated triangular prism (a) UV-region (200-400 nm) (b) visible region (450-800 nm) (c) IR-region 

(λ=900-1500 nm). 

 
Supplementary Figure 6: Response of 𝑅𝑚𝑖𝑛 and SPR angle for Ag-layer as a function of light excitation 

wavelength. 

S3. Optimization of Au- and Ag-layer thickness 

Kretschmann’s configuration of the prism-Ti(5 nm)-Au/Ag(various thicknesses from 20 to 60 nm) 

system is simulated to optimize the thickness for high SPP excitation (Supplementary Figure 7). In this 

section, the minimum reflectivity (𝑅min) are considered to optimize the gold layer thickness. The 

minimum values of 𝑅min is generated in the thickness of 45 nm, which is accepted with A. Zybin et al. 

study (Zybin et al., 2017).  

 
Supplementary Figure 7: Response of 𝑅𝑚𝑖𝑛 of the SPR curves as an Au- and Ag-layers thickness. 
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S4. Particle Transfer Model 

The particle transfer model was derived using Navier-Stokes equations with laminar flow conditions 

(Kuzmichev et al., 2018). The Poiseuille flow velocity (𝑢(𝑟 , 𝑡) = (𝑢𝑥, 𝑢𝑦 , 𝑢𝑧)) is given by: 

 𝑢𝑥 = 4𝑢𝑚𝑎𝑥 (
𝑧

ℎ
−

𝑧2

ℎ2) , 𝑢𝑦 = 𝑢𝑧 = 0       (S1) 

where the x-axis is a flow direction, and the z-axis is perpendicular to the sensor surface. ℎ is the height 

of the flow cell (Supplementary Figure 8). The velocity reaches a maximum in the middle of the 

channel (𝑢𝑚𝑎𝑥 = 𝑢𝑥ℎ/2) and approaches zero at boundaries (𝑢𝑥(0) = 𝑢𝑥(ℎ) = 0). Additionally, a 

concentration gradient is large only within a thin boundary diffusion layer (𝛿 ≪ ℎ) at the sensor 

interface; therefore, 𝑧2/ℎ2 can be neglected because 𝑧2/ℎ2 ≪ 𝑧/ℎ. 

Now, the linear approximation 𝑢𝑥 ≈
6𝑢

ℎ
𝑧 in the diffusion layer (𝑧 ≪ ℎ) is applied, where 𝑢̅ = (

2

3
) 𝑢𝑚𝑎𝑥, 

which is used because it can be related directly to the volumetric flow rate 𝑉, where: 𝑢̅ = 𝑉/ℎ𝑤, where 

𝑤 is the width of the flow cell. The continuity equation is given by: 

𝜕𝐶

𝜕𝑡
= −∇(𝑗 𝑑𝑖𝑓𝑓 + 𝑗 𝑎𝑑𝑣)         (S2) 

where: 

𝑗 𝑑𝑖𝑓𝑓 = −𝐷∇𝐶(𝑟 , 𝑡)         (S3) 

𝑗 𝑎𝑑𝑣 = 𝐶(𝑟 , 𝑡)𝑢⃗           (S4) 

The governing equation, omitting y-dependence (𝐶(𝑟 , 𝑡) = 𝐶(𝑥, 𝑧)) could be derived. Assuming the 

stationary state 𝜕𝐶 𝜕𝑡⁄ = 0. The boundary conditions were re-established from (Levich et al., 1963): 

{
𝐶(𝑥, 𝑧 ≫ 𝛿) = 𝐶0

𝐶(𝑥, 0) = 0
         (S5)  

The equation is the bulk concentration out of the diffusion layer, whereas the second equation 

represents the zero concentration at the sensor, corresponding to the consideration of the sensor as an 

infinite sink. Defining a new variable: 

𝜂(𝑥, 𝑧) = (
3𝑢

ℎ𝐷𝑥
)
1/2

𝑧         (S6) 

We obtain the following concentration profile: 

𝐶(𝜂) = 𝑃 (
1

3
,
2

9
𝜂3)𝐶0         (S7) 

where: 𝑃 (
1

3
,
2

9
𝜂3) regularized incomplete gamma function. For given boundary conditions, we obtain, 

𝑗(𝑥) = 𝐷
𝜕𝐶

𝜕𝑧
|
𝑧=0

=
18

1
3

𝛤(
1

3
)
(
𝑢𝐷2

ℎ𝑥
)

1

3
𝐶0        (S8) 

With numerical coefficient 
18

1
3

𝛤(
1

3
)
≈ 0.98. Under optimal ionic strength conditions, experiments at flow 

rates in the range 60−673 μL/min for silicaNPs were performed. 
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Supplementary Figure 8: Wide-field surface plasmon resonance microscope setup with flow rate conditions. 

S5. Signal-To-Noise Optimization 

The enhancement of the detection measurements, a result of signal-to-noise optimization, is 

demonstrated by applying different parameters for SPR detection. The SPR signal is generated from 

the refractive index variation (∆𝑛) and can be given by (Zybin et al., 2007): 

𝑆 = 𝜂 (
𝑑(𝐼0𝑅)

𝑑𝑛
) ∆𝑛 = 𝜂𝐼0

𝑑𝑅

𝑑𝑛
∆𝑛        (S9) 

where: 𝜂 is the quantum efficiency of the photodetector and 𝐼0 is the illumination intensity. There are 

different sources of noise sources, depending on the experimental parameters. The shot noise can be 

given by, 

𝑁 = √𝜂𝐼0𝑅          (S10) 

Comparing equations (S9) and (S10), the signal-to-noise ratio (S/N) is given by, 

𝑆/𝑁 = √
𝜂𝐼0

𝑅

𝑑𝑅

𝑑𝑛
∆𝑛         (S11) 

On the other hand, the CCD detector’s illumination intensity must be fitted to the SPR reflectivity. 

Assume that the optimum illumination intensity is, 

𝐼0
𝑜𝑝𝑡

= 𝐼𝐶𝐶𝐷/𝑅          (S12) 

Therefore, the optimum signal-to-noise ratio becomes,  

𝑆/𝑁 = √𝜂𝐼𝐶𝐶𝐷
𝑑𝑅/𝑑𝑛

𝑅
∆𝑛         (S13) 

To minimize the signal-to-noise ratio, the SPR angle is set to be four times the intensity of the resonance 

angle (4𝑅𝑚𝑖𝑛). Therefore, the measuring point is adjusted to 4𝑅𝑚𝑖𝑛 into the linear region of the 

reflectivity curve by rotating the angle of incidence counter-clockwise (Zybin et al., 2005).  
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S6. Image J with plugin code 

 

// "SubtractMeasuredBackground" 

  // For each image in a stack, this macro subtracts the  

  // background level calculated from the current selection.  

  // Note that the selection may be a composite (discontinuous)  

  // selection that was created by holding down the shift key. 

  macro "Subtract Measured Background 1" { 

      if (selectionType==-1) 

         exit("This macro requires an area selection"); 

  getBoundingRect(x, y, width1, height1); 

      for (i=1; i<=nSlices; i++) { 

          setSlice(i); 

          value=0; 

          width = getWidth; 

          height = getHeight; 

          av=0; 

          k=0; 

              for (y=0; y<height1; y++) { 

                 for (x=0; x<width1; x++) { 

  //                  value = getPixel(x,y)+value; 

                      k++; 

                      av=av+(getPixel(x,y)-av)/k; 

                 } 

 

              } 

  //            av = value/height/width; 

 

 

                for (y=0; y<height; y++) { 

                  for (x=0; x<width; x++) { 

                    value = getPixel(x,y)/av*6000; 

                    setPixel(x, y, value); 

                  }  

                } 

     showProgress(i, nSlices); 

 

      } 

  } 

 

//  // This macro subtracts the mean gray level calculated  

//  // from user-defined selections that have been added to the 

//  //  ROI Manager. It works with both single images and a stacks. 

//  macro "Subtract Measured Background 2" { 

//     n = roiManager("count"); 

//      if (n==0) 

//          exit("This macro requires at least one ROI Manager entry"); 

//      sum = 0; 

//      for (i=0; i<n; i++) { 

//          roiManager("select", i); 
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//          getStatistics(area, mean); 

//          sum += mean; 

//      } 

//      average = sum/n; 

//      run("Select None"); 

//      run("Subtract...", "stack value="+average); 

//  } 

 

S7. Iodine complexation with PAA 

The 1H-NMR spectra of PAA and PAA/I2 PEBs with I2 concentration of 8 wt.% are shown in 

Supplementary Figure 9a. The signals in the PAA PEBs at 1.10, 1.0-1.7, and 2.01 ppm represent CH3, 

CH2, and CHCOOH protons, respectively. Adding I2 into PAA PEBs leads to shifting the signal of 

CHCOOH protons into high chemical shifts, which indicates that the protons in PAA have higher 

electron density, and consequently, the interaction between the iodine and PAA is charge transfer, 

forming charge transfer complexes (Danyluk et al., 1962).  

Supplementary Figures 9b and 9c show the FTIR spectrum for PAA/I2 PEBs for different I2 

concentrations in the range of 1000-2000 cm-1 and 2500-4000 cm-1, respectively. The bending C–H 

vibrational band in the PAA is at 1284 cm-1. The vibrational bands at 1408 and 1560 cm-1 are attributed 

to the symmetric and asymmetric COO− of carboxylate, respectively, while COOH of carboxylate is 

located at 1718 cm-1. Finally, the CHx and OH bonds appeared at 2930 and 3340 cm-1, respectively (Yi et 

al., 2017). Increasing I2 concentrations into PAA/I2 PEBs leads to variations in linewidths, intensities, 

and vibrational bands position of all absorption bands due to the high electronegativity of iodine 

atoms that substantially influence the frequencies of the neighboring group in the PAA PEBs (Bazaka 

et al., 2017). In addition, the vanishing of CHx vibrational band means that the iodide (I−) and triiodide 

(I3
−) are connecting with the carbon atoms in the carboxylate. 

 

Supplementary Figure 9: Iodine complexation with PAA. (a) 1H NMR spectra for pure PAA and PAA/I2 PEBs. 

FTIR absorbance spectra pure PAA and PAA/I2 PEBs in the range of (b) 1000-2000 cm-1 and (c) 2500-4000 cm-1. 

S8. WF-SPRM results: silver versus gold 

The time dependence of the local intensity of silicaNP with different sizes, 100, 200, and 300 nm, 

detected by Au and Ag layers, was measured three times, and the average value is illustrated in 

Supplementary Fig. 10a. The intensity step magnitude is proportional to the size of the detected 
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particles. Additionally, the intensity step magnitude of silicaNP detected by the Ag layer is higher 

than the silicaNP detected by the Au layer.   

The WF-SPRM experimental results show that two parameters affect the signal intensity, the first being 

the metal sensor surface type. The signal intensity of the 100 silicaNP detected by the Au layer is about 

79 a.u., whereas the signal intensity of 100 silicaNP detected by the Ag layer is about 226 a.u. 

(Supplementary Fig 10b). This can be attributed to the resultant evanescent field generated by the Ag 

sensor surface into the detection medium, which is stronger and penetrates deeper than the Au sensor 

surface. In addition, the second parameter is the particle size, where the signal intensity of silicaNP 

detected by the Au layer increases from about 79 a.u. to about 204 a.u. as silicaNP size increases from 

100 to 300 nm. On the other hand, the signal intensity of silicaNP detected by the Ag layer increases 

from about 226 a.u. to about 373 a.u. as silicaNP size increases from 100 to 300 nm. The signal intensity 

for silicaNP detected by Au and Ag layers can be fitted by a straight line between 100 and 300 nm, 

indicating the fundamental difference between the Mie scattering and the signal-generating method. 

However, the dependence's regularity suggests that the images correspond to single particles rather 

than agglomerates. 

 
Supplementary Figure 10: WF-SPRM results: silver versus gold. (a) The time dependence of the local intensity 

of silicaNP with different sizes, 100, 200, and 300 nm, detected by Au and Ag layers. (b) Experimental intensity 

of detected silicaNP by Au and Ag layer as a function of silicaNP size. 

S9. Coating metal layer with a dielectric layer 

Coating the metal layer with a dielectric layer is a highly effective modification to enhance the 

sensitivity of the SPR sensor (Menegazzo et al., 2011; Yılmaz et al., 2017). In this section, the sensitivity 

enhancement resulting from the coating of a dielectric layer on the metal layer is explained (Mudgal 

et al., 2020). The propagation constant (𝛽𝑒𝑣) can characterize the propagation of evanescent waves and 

given by (Anower et al., 2021), 

𝛽𝑒𝑣 =
2𝜋

𝜆𝑙𝑖𝑔ℎ𝑡
𝑛𝑝𝑟𝑖𝑠𝑚 sin 𝜃         (S14) 

Here, 𝑛𝑝𝑟𝑖𝑠𝑚 and 𝜃 represent the refractive index of the prism and the incident light angle at the metal 

surface, respectively, and 𝜆𝑙𝑖𝑔ℎ𝑡  is the light wavelength. Additionally, the propagating constant of the 

surface plasmon wave for the SPR sensor with a single metal layer and sensing medium is given by 

(Anower et al., 2021),  
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𝛽𝑆𝑃𝑊 =
2𝜋

𝜆𝑙𝑖𝑔ℎ𝑡
√

𝑛𝑚𝑒𝑡𝑎𝑙
2 𝑛𝑠𝑚

2

𝑛𝑚𝑒𝑡𝑎𝑙
2 +𝑛𝑠𝑚

2         (S15) 

Here, 𝑛𝑚𝑒𝑡𝑎𝑙  and 𝑛𝑠𝑚 represent the refractive indices for metal and sensing medium, respectively. 

Equations S14 and S15 at resonance can be connected to get the resonance SPR angle as, 

𝜃𝑆𝑃𝑅 = sin−1 (
1

𝑛𝑝𝑟𝑖𝑠𝑚
√

𝑛𝑚𝑒𝑡𝑎𝑙
2 𝑛𝑠𝑚

2

𝑛𝑚𝑒𝑡𝑎𝑙
2 +𝑛𝑠𝑚

2 )       (S16) 

In addition, by coating the metal surface with a dielectric layer of refractive index (𝑛𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐) in the 

SPR sensor changes the SPR angle equation to (Akib et al., 2021), 

𝜃𝑆𝑃𝑅 = sin−1 (
1

𝑛𝑝𝑟𝑖𝑠𝑚
√

𝑛𝑚𝑒𝑡𝑎𝑙
2 𝑛𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

2 𝑛𝑠𝑚
2

𝑛𝑚𝑒𝑡𝑎𝑙
2 +𝑛𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

2 +𝑛𝑠𝑚
2 )      (S17) 

The sensitivity of SPR sensors (S) is calculated by 𝑆 = 𝛥𝜃/𝛥𝑛, where: 𝛥𝜃 is the SPR angle shift, and Δ𝑛 

is the refractive index change. As seen in Equation (S17), the SPR angle shift increases with an increase 

in the effective refractive index of the system. 

 

S10. Binding investigations between PAA/I2 and silicaNPs 

FTIR spectra of silicaNPs, PAA/I2, and PAA/I2/silicaNPs were used to investigate the binding between 

PAA/I2 and silicaNPs (Supplementary Figure 11). SilicaNPs have three main vibrational bands at 450, 

910, and 1060 cm-1 corresponding to Si – O, Si – OH, Si – O – Si bonds, respectively. On the other hand, 

PAA/I2 has four main vibrational bands at 670, 1400, 1556, and 1710 cm-1, corresponding to bending C 

– H, asymmetric COO−, symmetric COO−, and COOH, respectively. There are no additional peaks for 

PAA/I2/silicaNPs, indicating that the binding force between the silicaNPs and the PAA/I2 PEBs is not 

a chemical bond. 

 

Supplementary Figure 11: Binding investigations between PAA/I2 and silicaNPs. FTIR spectra of silicaNPs, 

PAA/I2, and PAA/I2/silicaNPs in the wavenumber range of 400 – 2000 cm-1. 
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S11. Confirmation of single silica nanoparticles with SEM. 

 
Supplementary Figure 12: Confirmation of single silica nanoparticles with SEM. (a-c) WFSPRM and (d-f) SEM 

images of nanoparticles of different sizes (100 nm, 200 nm, and 300 nm, respectively). 

S12. Effective Mathematical Model 

The effective medium model of the SPR sensor treated the detected molecules near the sensor surface 

as an effective medium with an effective refractive index and thickness (Supplementary Figure 13a). 

When light transmits the Ag layer, p-polarized SPR waves are generated at the metal/dielectric media 

interface. When the polarized light illuminates the Ag layer through the glass prism, the light reflection 

varies by changing the incident angle until it reaches the minimum at the resonance angle (𝜃𝑅), 

indicating surface plasmon excitation that induces surface plasmon resonance, where the p-polarized 

light interacts with the free electron of a metal film, resulting in free electron oscillations (Peterson et 

al., 2014). The reflectivity curve of the SPR phenomenon is calculated using the transfer matrix method. 

The SPR phenomenon is described using Maxwell's equations in (x, 0, z) as follows: 

𝐸𝑖(𝑟 , 𝑡) = (𝐸𝑖𝑥 , 0, 𝐸𝑖𝑧)[𝑒
−|𝑍|𝑘𝑖𝑧𝑒𝑖(𝑥𝑘𝑖𝑥−𝜔𝑡)]       (S18) 

𝐻𝑖(𝑟 , 𝑡) = (0, 𝐻𝑖𝑦 , 0)[𝑒−|𝑍|𝑘𝑖𝑧𝑒𝑖(𝑥𝑘𝑖𝑥−𝜔𝑡)]       (S19) 

where: 𝜔 is the frequency, 𝐸 is the electric field vector, 𝐻 is the magnetic field vector, 𝑘𝑖𝑧 and 𝑘𝑖𝑥 are 

the z and x wave vector components. Applying the continuity conditions, 

𝑘𝑖𝑧 = √𝜀𝑖 (
𝜔

𝑐
)
2

− 𝑘𝑖𝑥
2          (S20) 

and, 

𝑘𝑧1

𝜀𝑚
𝐻1𝑦 +

𝑘𝑧2

𝜀𝑑
𝐻2𝑦 = 0         (S21) 

𝐻1𝑦 − 𝐻2𝑦 = 0          (S22) 

When the determinant is equal to zero, 

𝑘𝑧1𝜀𝑑 + 𝑘𝑧2𝜀𝑚 = 0         (S23) 

At 𝐾𝑥1 = 𝐾𝑥2 = 𝐾𝑥, the expression becomes: 
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𝐾𝑥 =
𝜔

𝑐
√

𝜀𝑚𝜀𝑑

𝜀𝑚+𝜀𝑑
          (S24) 

Equation (S24) represents the SPW vector 𝐾𝑥 = 𝐾𝑠𝑝, illustrating the surface plasmon generation. 𝜀𝑚 

and 𝜀𝑑 are the dielectric constants of the metal and dielectric layers. The transfer matrix method is used 

to investigate the reflectivity curve of the N-layer Kretschmann configuration model as follows 

(Maurya et al., 2015), 

(
𝑈1

𝑉1
) = 𝑀 (

𝑈𝑁−1

𝑉𝑁−1
)         (S25) 

where: (𝑈1, 𝑉1) and (𝑈𝑁−1, 𝑉𝑁−1) are the borderline terms of the 1st and Nth layers of electromagnetic 

fields. Equation S26 represents the characteristic matrix (Maurya et al., 2015), 

∏ 𝑀𝐾
𝑁−1
𝐾=2 = (

𝑀11 𝑀12

𝑀21 𝑀22
)        (S26) 

where: 

𝑀𝐾 = (
cos𝛽𝑘 −

𝑖 sin𝛽𝑘

𝑞𝑘

−𝑖𝑞𝑘 sin 𝛽𝑘 cos 𝛽𝑘

)        (S27) 

𝑞𝑘 =
√𝜀𝑘−𝑛1

2 sin𝜃1
2

𝜀𝑘
         (S28) 

𝛽𝑘 =
2𝜋𝑑𝑘

𝜆
(√𝜀𝑘 − 𝑛1

2 sin 𝜃1
2)        (S29) 

Where: 𝑑𝑘 is the thickness of the 𝑘𝑡ℎ-layer, 𝜃𝑘 and 𝜆 are the incident angle and wavelength of the 

incident light. Subsequently, the complex reflection coefficient (𝑟𝑝) is given by, 

𝑟𝑝 = [(𝑀11 + 𝑀12𝑞5)𝑞1 −
(𝑀21+𝑀22𝑞5)

(𝑀11+𝑀12𝑞5)𝑞1
+ (𝑀21 + 𝑀22𝑞5)]     (S30) 

The reflectivity (𝑅𝑝) is obtained by,  

𝑅𝑝 = |𝑟𝑝|
2
          (S31) 

The sensitivity and the detection accuracy of the SPR sensor is given by: 

𝑆 =
∆𝜃𝑅

∆𝑛
 [deg.RIU-1]         (S32)  

𝐷𝐴 =
∆𝜃𝑅

∆𝐿𝑊
          (S33) 

The resonance angle for the Ag layer is 60.01° with linewidth of 0.64° (Supplementary Figure 13b, 

black line), which shifted to 61.78° with linewidth of 0.81° as presented silica layer of 10 nm thickness 

due to a variation in the refractive index of the media above the Ag layer (Supplementary Figure 13b, 

blue line). On the other hand, the resonance angle of Ag-PAA/I2 layers is 72.69° with linewidth of 2.91° 

(Supplementary Figure 13c, black line), which shifted to 77.20° with linewidth of 3.65° as presented 

silica layer of 10 nm thickness due to a variation in the refractive index of the media above the Ag layer 

(Supplementary Figure 13c, blue line). 

The sensitivity of the SPR-based Ag-PAA/I2 layers is higher than the SPR-based Ag layer due to the 

higher change in the resonance angle at presence of silica layer of Ag-PAA/I2 layers is 4.51°, whereas 

the resonance angle at presence of silica layer of Ag layer is 1.77°, making it easier to detect small 

changes in the refractive index. Additionally, the evanescent field generated by the Ag-PAA/I2 sensor 

into the detection medium is stronger and penetrates deeper into the detection medium compared to 
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Ag sensor, leading to higher sensitivity to refractive index changes to the sensor surface. The widely 

used method to detect the resonant angle shift in the SPR reflectivity curve at a fixed incident angle 

near the resonance angle. The reflectivity change (∆𝑅) is given by: 

∆𝑅(𝜃) = −
𝑑𝑅(𝜃)

𝑑𝜃
∆𝜃         (S34) 

To understand the generated evanescent field during SPR measurements at resonance angle, 

Kretschmann’s configuration of our systems is simulated using COMSOL Multiphysics software. At 

the resonance angle, the electric field is enhanced at the metal/water interface because of the maximum 

surface plasmon excitations. However, the resultant evanescent field generated by the Ag-PAA/I2 

sensor surface into the detection medium is stronger and penetrates deeper than the Ag sensor surface. 

The presence of the silica layer above the Ag or Ag-PAA/I2 layer increases the resultant evanescent 

field at the metal/silica interface (Supplementary Figure 13e, f). A significant rise in the electric field is 

generated at the metal/medium interface, and the electric field intensity decreases exponentially in the 

analyte-containing detected biomolecules. The resultant electric field of plasmons excited on the metal 

layer can be described in an exponential function as follows,  

|𝐸(ℎ)| = 𝐸𝑚𝑎𝑥 exp(−ℎ/𝐿𝑏𝑑)        (S35) 

with, 

𝐿𝑏𝑑 = 𝜆/𝑅𝑒 {2𝜋𝑖
𝑛𝑚

2

√𝑛𝑚
2 +𝑛𝑏

2
}        (S36) 

where: 𝐿𝑏𝑑 is the penetration depth, ℎ is the distance from the metal surface, 𝑛𝑚 is the metal refractive 

index, 𝑛𝑏 is the dielectric refractive index, λ is the illumination wavelength. From Equation (S35), the 

generated electric field is maximal at the metal/dielectric interface and decays exponentially into the 

dielectric medium. The decaying rate depends on the penetration depth 𝐿𝑏𝑑, which relates only to the 

optical refractive indices of the metal and the medium at a given illuminated wavelength. 
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Supplementary Figure 13: The effective medium model of the SPR sensor. (a) Schematic diagram of the effective 

medium model. (b) SPR reflectivity curves of the SPR sensor based on the Ag layer, with the black line 

representing the curve without a 10 nm thick silica layer and the blue line representing the curve with this layer, 

were calculated using Fresnel's equations. (b) SPR reflectivity curves of the SPR sensor based on the Ag-PAA/I2 

layers, with the black line representing the curve without a 10 nm thick silica layer and the blue line representing 

the curve with this layer, were calculated using Fresnel's equations. (d) The slope of the reflectivity curve. Electric 

field distributions along the Kretschmann's configuration of the structures based on (e) Ag layer and (f) Ag-

PAA/I2 layers at resonance angles.  

S13. Discrete Particle Model of The SPR Sensor 

 
Supplementary Figure 14: Discrete particle model of the SPR sensor. Experimental and calculated intensities 

vs. distance of silicaNP with (a) 100 nm by Ag layer, (b) 100 nm by Ag-PAA/I2 layers, (c) 200 nm by Ag layer, (d) 

200 nm by Ag-PAA/I2 layers, (e) 300 nm by Ag layer, and (f) 300 nm by Ag-PAA/I2 layers.  
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