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Abstract 

There are currently no point-of-care means accessible for non-invasive, real-time 

monitoring of cortisol levels. All available home test kits for cortisol testing require the patients 

to send out their samples to laboratories after collection and wait days or weeks in some 

instances to receive their results. Cortisol is an important stress biomarker that is at the core of 

many mental and physical disorders, and early detection of abnormal cortisol levels is crucial 

for their prevention. This work aims to fabricate a highly accessible, inexpensive, sensitive, 

and non-invasive point-of-care salivary cortisol sensor, utilizing a fiber optic evanescent wave 

sensor (FOEW) enhanced by the effect of localized surface plasmon resonance (LSPR). The 

development of this sensor presents an advanced analysis on the parameters affecting the 

performance of FOEW LSPR sensors fabricated via self-assembly of silver spherical 

nanoparticles. The analysis is based on a combination of numerical and analytical models 

validated with experiments. A numerical model is first used to solve Mie’s theory to study the 

absorption of light interacting with nanoparticles due to LSPR using ANSYS LUMERICAL. 

Nanoparticles ranging from 10 to 100 nm diameter were considered due to their LSPR 

properties at this range. Simulations show that silver spherical nanoparticles with 30 nm 

diameter exhibit the highest absorption efficiency, and that the magnitude of absorption 

correlates positively with the number of nanoparticles. An analytical model is then used to 

describe the adsorption kinetics and formation of a nanoparticle monolayer on the longitudinal 

surface of the fiber’s core based on diffusion transport process. The analytical adsorption 

model suggested that smaller nanoparticles result in higher final surface density. The 
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performance of the FOEW LSPR sensor signal was modeled utilizing smaller nanoparticle 

sizes (10 nm, 20 nm, and 30 nm) using COMSOL MULTIPHYSICS. Results show that 30 nm-

based FOEW LSPR have the highest absorption signal and refractive index sensitivity. The 

electromagnetic field decay length was modeled in ANSYS LUMERICAL as well, and the 

results showed that 30 nm nanoparticles have electromagnetic field decay length that engulfs 

the conjugated ligand and analyte, which is optimum for cortisol biosensing. The sensor 

response was also modeled by integrating the ligand-analyte interaction model with the FOEW 

LSPR sensor model. The modeling results agree with experiments performed on FOEW LSPR 

sensors fabricated using 30 nm diameter nanoparticles, which show enhanced LSPR signal and 

refractive index sensitivity compared to results obtained using 20 nm, and 10 nm diameter 

nanoparticles. Characterizations performed on the prepared fiber sensors using Atomic Force 

Microscopy (AFM) and Scanning Electron Microscopy (SEM) show significantly higher 

nanoparticle coverage for sensors fabricated using smaller nanoparticles, which validated the 

modeling results. A working cortisol biosensor was fabricated using the 30 nm based FOEW 

LSPR sensor by functionalizing the nanoparticles surface with Cysteamine Hydrochloride, 

allowing for the bioconjugation of anti-cortisol IgG antibodies. This sensor was reproducible 

with a sensitivity of 0.0128 𝑛𝑚/𝑛𝑀, a limit of detection of 0.1125 𝑝𝑀 and a limit of 

quantification of 0.3712 𝑝𝑀, covering the range cortisol found in saliva. The findings reported 

in this Thesis therefore present a promising technology for the fabrication of highly sensitive 

and cost-effective point-of-care cortisol monitoring devices. Which can be widely accessible 

and can help with the early detection of abnormal cortisol levels, allowing for the prevention 

of many mental and physical disorders. 
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Chapter 1 

Introduction: Motivation, Literature, and Objectives 

1.1 Motivation for a salivary cortisol biosensor 

Cortisol is a vital hormone for the physical and mental wellbeing. It is responsible for 

regulating body functions like metabolism, blood pressure, and blood sugar, while also 

responding to stress. Challenging physical or psychological situations triggers stress, affecting 

cortisol levels [1]. Abnormal cortisol levels cause various mental disorders that contribute to 

many diseases, and have been identified as a reason for depression [2]. As stated in [3], “About 

50% percent of patients with newly diagnosed depression have been observed to have 

excessive cortisol secretion”.  

Ideally, cortisol levels should be highest in the morning, gradually decreasing over the 

day, reaching their lowest point at night before sleep. This behavior, represented in Figure 1, 

is known as the cortisol circadian rhythm, which is mainly found in blood serum [4] and is 

controlled by the hypothalamic–pituitary–adrenal axis (HPA-axis) [5].  

 

Figure 1 – General Cortisol Circadian Rhythm, graph recreated with data from [6]   
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Cortisol can be found in other bodily fluids such as sweat, urine, and saliva, albeit with 

lower concentrations [7]. Consequently, blood serum cortisol measurement is considered the 

most common clinical cortisol determination method [8]. Due to the circadian rhythm of 

cortisol in the body, patients are required to perform the test multiple times a day [9]. This test 

requires the draw of blood, which is invasive and unpleasant, and thus further contribute to the 

patient’s mental or physical distress, which ultimately could affect the cortisol levels during 

testing [10].  

Cortisol can also be measured in urine, sweat, and saliva [7]. Urinary cortisol is usually 

measured over a 24-hour period, and the results reflect the average total cortisol production. 

This is useful in detecting abnormalities, such as (Addison’s Disease) or (Cushing’s 

Syndrome), where the average cortisol production is either extremely low or extremely high 

[7]. Nonetheless, most people suffering from irregular cortisol levels due to stress, depression, 

or anxiety do not fall into that category. Moreover, the results of this test might be misleading. 

Since the test returns the total average production of cortisol over a 24 hour period, an average 

reading for an ill individual, whose circadian rhythm is opposite to that of a healthy one, will 

be within normal range [11]. As for salivary cortisol, research show it mimics the circadian 

rhythm found in blood serum [4,12]. Additionally, cortisol in saliva is deemed a more reliable 

alternative to blood serum cortisol in testing, as it reflects the free unbound cortisol, which is 

a better indicator for diagnosing health issues [13]. Many studies proved that salivary cortisol 

tests can provide more than 90% accurate results in diagnosing certain diseases [14].  

Currently, “Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) is the 

method of choice for measuring salivary cortisol in laboratories. However, its use is limited by 
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the lack of a single, validated reference range and poorly developed assays” [7]. Additionally, 

LC-MS/MS is an expensive machine to build and operate. Other available clinical cortisol 

detection techniques include enzyme-linked immunosorbent assays (ELISA) [15], flow 

immunoassays [16], electrochemical immunosensors [17], chemiresistors [18], 

radioimmunoassay [19], and Raman spectroscopy [20], which measure cortisol levels within 

the physiological range, but are limited by their low sensitivity and specificity, complexity, 

cost, and long detection time [21]. It should be noted the weak Raman signal can be enhanced 

significantly using Surface Enhanced Raman Spectroscopy (SERS) [22]. 

Furthermore, there are currently no point-of-care monitoring options for cortisol. The 

current home test kits for cortisol testing require patients to collect the sample and send it to 

laboratories for testing. The overall process takes days, and in some instances weeks, before 

the patients can have their results. This defeats the purpose of monitoring the cortisol levels 

for stress, depression, and anxiety related cases, as the results should be instantaneous due to 

the circadian rhythm nature of cortisol.  

As mentioned in a recent study [23], “There is a great demand for a continuous real-

time cortisol sensor that is yet to be developed”. The author also states that “A cortisol 

monitoring device will be essential for personified pharmacological correction of the HPA-axis 

toward normal cortisol levels through a 24-h cycle” [23]. Therefore, it is crucial to develop a 

widely accessible, highly sensitive and specific cortisol monitoring device that can provide 

real-time detection of cortisol. Considering that saliva sample collection is a non-invasive and 

convenient process that can be done at the patients’ will multiple times a day, it is considered 
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the most preferred way for monitoring cortisol levels. Saliva samples are also easily handled 

and stored [24].  

For these reasons, this thesis aims to develop a point-of-care cortisol monitoring device 

that is highly sensitive, by fabricating a salivary cortisol sensor based on fiber optics 

evanescent wave (FOEW), combined with the effect of localized surface plasmon resonance 

(LSPR) of silver nanoparticles. The coming sections will explain why this type of sensor and 

sensing mechanism were chosen for this work. Modeling of the sensor concept is followed by 

experiments to verify, validate, and characterize the final sensor. This thesis will highlight the 

parameters that affect the sensor’s final sensitivity, during the fabrication stage and the testing 

stage, as well as including the optimization of the fabrication process for a fast and low-cost 

fabrication. 

1.2 Biosensors: Architecture and Technology 

Biosensors are devices designed to detect or quantify the presence of a specific 

biomarker in a sample. According to the National Cancer Institute (NCI), a biomarker is 

defined as “A biological molecule found in blood, other body fluids, or tissues that is a sign of 

a normal or abnormal process, or of a condition or disease. A biomarker may be used to see 

how well the body responds to a treatment for a disease or condition.” [25]. Figure 2 illustrates 

the typical architecture of biosensors.  

As shown in the figure, biosensors generally comprise of three rudimentary 

components: the sensing element, which consists of the receptor that recognizes and interacts 

with the biomarker under study, and the bio-interface which responds to this interaction; the 
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signal transducer, which converts the bio-recognition interaction response into electrical, 

mechanical, or optical signals that can be detected; and the output system, which processes the 

signals generated by the transducer and provides the final results for analysis or interpretation 

[26]. The performance of a biosensor is influenced by all three components [26,27]. 

 

Figure 2 – Illustration showing typical architecture of Biosensors – Created with BioRender.com 

1.2.1 Biosensing Detection Approach: Labeled vs Label-free Sensors 

The detection approaches in biosensors can be classified into two prominent methods: 

label-based and label-free biosensing, shown in Figure 3, each offering distinct advantages and 

considerations [26,27].  

 

Figure 3 – Illustration showing the difference between Label-free biosensing (a), and Label-based 

biosensing (b) – Created with BioRender.com 

In label-based biosensing, labels such as fluorescent markers or radioactive molecules 

like biotin, are attached to the biomarker to facilitate detection. Due to the inherent challenges 



 

6 

in detecting some organic biomarkers solely based on their fundamental physical 

characteristics, the incorporation of labels becomes necessary. Upon interaction between the 

biomarkers and the receptors, the transducer measures the amount of labels, which is a simple 

way of providing a quantitative measure of the bound target molecules [27]. The sensitivity of 

the sensor can also be significantly enhanced by designing a transducer mechanism that is very 

sensitive to the label molecule. As a results, label-based biosensing methods, such as ELISA 

and western blot, are used in most standard biological sensing applications and are considered 

the most common biosensing detection techniques [26,28].  

Nonetheless, labeled techniques in biosensing present several notable limitations that 

should be considered. These drawbacks encompass challenges related to the stability, safety, 

and cost of label molecules, as well as the complexity imposed by labeling that require multiple 

processing steps, reagents, and equipment. Additionally, the modification of the analyte during 

the labeling process, and the variability in labeling reaction yields further contribute to the 

limitations of labeled techniques [29]. In the context of fluorescent techniques for instance, 

photobleaching degrades the excitation efficiency of the fluorophores over repeated exposure 

to light, which limits the ability of the technique to provide quantitative measurements and 

requires the assay to be read after the binding occurs and only once, causing all information 

about the kinetics of the interaction to be lost [30].  

Due to the above limitations, it is evident that label-free approaches, such as LSPR and 

SPR biosensing, provide a promising alternative by addressing the limitations associated with 

labeled techniques, while enabling a more comprehensive and dynamic analysis of 

biomolecular interactions. Label-free biosensing detects the target molecules without the need 



 

7 

for specific labels. These techniques rely on the detection of changes in physical, electrical, 

optical, or chemical properties that occur when the target molecule binds to the biosensor 

surface, providing information on the binding kinetics, and allowing for real-time and fast 

monitoring of biomarker levels in the sample [27,29,30].   

Although label-based biosensors can be more sensitive, label-free biosensors cost less 

to fabricate, require fewer steps with less complexity, and fewer reagents. Combined with the 

ability to provide real-time information, label-free biosensors are best suited for portable 

devices designed for point-of-care applications [28]. For these reasons, the work presented in 

this thesis focuses on the development of a label-free cortisol biosensor. The difference 

between LSPR and SPR biosensing, along with the reasoning behind choosing LSPR 

specifically as a sensing mechanism for this work, will be explained in detail in the next 

section. 

1.3 Localized Surface Plasmon Resonance Sensing 

Localized Surface Plasmon Resonance is an optical phenomenon that occurs when light 

interacts with the conduction band of a noble metal nanoparticle that has a cross section smaller 

than the wavelength of light [31]. As shown in Figure 4, this causes the valance electrons to 

oscillate at resonance, resulting in an absorption within the ultraviolet-visible (UV-Vis) 

spectrum. The plasmon resonance frequency is a function of the nanoparticle material, size, 

shape, as well as the dielectric constant of the medium surrounding the nanoparticle [32] and 

its calculation will be explained in detail in Chapter 2. Surface Plasmon Resonance (SPR) is 
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the same phenomenon but occurs when the metal is deposited as a continuous thin film along 

a dielectric substrate [31].  

 

Figure 4 – Illustration of incoming light wave interacting with metallic nanoparticles and exciting 

localized surface plasmon resonance – Created with BioRender.com 

In biosensing applications, the ligand is conjugated on the nanoparticle, as shown in 

Figure 5, and the interaction between the ligand and analyte in the solution surrounding the 

nanoparticle affects local refractive index around the nanoparticle, thus causing a change in 

LSPR/SPR frequency. 

 

Figure 5 – Illustration showing SPR biosensing (left) and LSPR biosensing (right) – Created with 

BioRender.com 
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This is the basis of the sensing mechanism in LSPR/SPR Biosensors [31,33]. Unlike in 

SPR, where the induced plasmons oscillate along the metal-dielectric interface with 

electromagnetic field decay length in the order of 200 nm [34], LSPR occurs locally on the 

nanoparticle as shown in Figure 4 and the electromagnetic field decay length is in the order of 

6 nm (it should be noted that in both cases, the field is decaying exponentially) [35]. The shorter 

electromagnetic field decay length in LSPR localizes the sensitivity to the refractive index 

change close to the nanoparticle’s surface, thus reduces the interference from the refractive 

index of the bulk solution and enhances the sensors performance [31,33,36]. Additionally, SPR 

requires complex equipment and precise experimental setups to induce. In many cases, a prism 

is required to couple the light and increase the photons’ momentum [37–39], whereas LSPR 

will occur only by the interaction of light with a nanoparticle with a smaller cross section than 

the wavelength of light as mentioned earlier [32]. For these reasons, along with the simpler 

fabrication requirements of FOEW LSPR biosensors, which will be discussed in the next 

section, LSPR was chosen as the sensing mechanism for this Thesis.  

Silver nanoparticles are used in this work as they exhibit the highest sensitivity to 

changes in the local refractive index amongst plasmonic materials [40,41]. However, their 

toxicity to biological molecules should be thoroughly investigated before the 

commercialization of the sensor. Silver nanoparticles were reported to have cytotoxic and 

genotoxic effects [42]. This could potentially affect the integrity of the salivary sample, leading 

to altered biomarker readings and compromised sensor accuracy. The toxicity of silver 

nanoparticles to the user will be discussed in section 5.2 
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1.4 Fiber Optic Evanescent Wave Sensing 

Fiber optic evanescent wave sensors have been a subject of interest for biological, 

environmental, and chemical applications [43–45]. The concept of FOEW sensors is to utilize 

the phenomenon of total internal reflection (TIR), which fiber optics are designed to retain by 

employing Snell’s law [46]. In an optical fiber, the refractive index of the material surrounding 

the core, known as the cladding, is lower than the refractive index of the core. This allows TIR 

to occur for the electromagnetic rays coupled inside the fiber. However, the electric field 

associated with these electromagnetic rays extends into the material surrounding the core. This 

electric field is called the evanescent wave, and its magnitude decays exponentially with the 

radial distance from the core’s interface. The evanescent wave penetration depth is a measure 

of how far this field extends into the medium. The penetration depth is a function of the incident 

angle of light, wavelength, and refractive indices of both the core and the medium around it 

[47]. As shown in Figure 6, removing the cladding will expose the evanescent field and allow 

it to interact with the medium, fundamentally creating a sensor. 

 

Figure 6 – Illustration of Evanescent field in an optical fiber – Created with BioRender.com 

This is the concept of FOEW sensors. TIR will persist (even for an un-cladded fiber) 

as long as the refractive index surrounding the un-cladded portion is lower than the refractive 
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index of the core. If the refractive index of the medium is higher than that of the core, the 

coupled light will escape the fiber through the un-cladded portion into the medium. The signal 

will be lost, and the sensor will not operate effectively. In an absorbing medium, molecules 

close to the surface of the core and within the evanescent field penetration depth will interact 

with the evanescent wave, and absorb energy from it [48]. This causes an Attenuated Total 

Reflection (ATR) causing a loss in the light rays coupled inside the fiber at a specific 

wavelength. Detecting and analyzing the ATR provides accurate information about the 

properties of the absorbing medium. As stated in [49], an evanescent wave is not a propagating 

wave, despite being observed as if it propagates along the interface. The reason this is 

important to note is to highlight the nature of the evanescent wave. A propagating 

electromagnetic field can scatter when propagating in a scattering medium. Yet, research show 

that the TIR of an un-cladded fiber in a purely scattering medium would always remain total 

and will not be attenuated [49]. Hence, a FOEW sensor would only function in a medium that 

can absorb the evanescent wave. The output intensity of the light due to the interaction of the 

evanescent wave with the medium can be written as [48]: 

 𝐼𝑓 = 𝐼0𝑒(−𝑟𝐶𝐿𝑖𝑛𝑡) (1.1) 

Where 𝑟 is the ratio of the optical power available in the evanescent wave to the total 

guided power, said ratio depends on the penetration depth of the evanescent wave, C is a 

constant, and 𝐿𝑖𝑛𝑡 represents the interaction length, or the length of the sensing region. 

According to [48] " the sensitivity is proportional to the product rLint … this improved 

performance can be achieved while still employing a thin sensing layer, meaning that sensor 

response time is not adversely affected".  
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Consequently, the longer the sensing region is, the higher the sensitivity will be. In 

addition to being highly sensitive [43], [50], FOEW sensors are also very versatile as their 

performance can be further improved by modifying the sensing region. Studies done to 

enhance the sensitivity of FOEW sensors show how physical alterations to the fiber can 

improve the sensor’s performance. Tapering [51], bending [52,53], etching [54], grinding [55], 

coating [56], grating [57] and many other techniques have been successfully used in the 

literature. All these techniques have shown improved sensitives as they simply amplify the 

evanescent wave intensity and/or penetration depth, which in turn results in a significantly 

increased interaction with the medium, thus improving the sensors’ performance. Due to the 

unique advantages FOEW sensors hold, such as high sensitivity, low cost, compact size [58], 

safe detection, versatility, and real-time fast monitoring [44], this type of sensors has been used 

in this thesis to monitor salivary cortisol levels. 

1.5 FOEW LSPR Biosensor Fabrication and Sensing 

FOEW LSPR biosensors generally combine the concepts presented in sections 1.2, 1.3, 

and 1.4 as the foundation of the fabrication and sensing mechanism. A schematic showing the 

main fabrication steps of the FOEW LSPR biosensor and the signal corresponding to each step 

is shown in Figure 7. Firstly, a fiber optic is un-cladded to expose the core which allows for 

the evanescent field to penetrate to the medium around the core, metallic nanoparticles are then 

adsorbed on the fiber optic’s core that interact with evanescent field, allowing for an LSPR 

absorption signal to be detected as shown in Figure 7 (a). The ligand for the analyte under 

study is conjugated on the nanoparticles’ surface, causing a change in the local refractive index 
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around the nanoparticles and a shift in the LSPR’s absorption signal wavelength, creating a 

reference signal for the biosensor as shown in Figure 7 (b) [59]. 

 

Figure 7 – Illustration showing the fabrication and sensing concepts behind FOEW LSPR biosensors. 

a) LSPR absorption signal due to metallic nanoparticle adsorption on the sensing region. b) LSPR 

absorption signal wavelength shift due to ligand conjugation. c) LSPR absorption signal shift due to 

ligand-analyte interaction – Created with BioRender.com 

Finally, a sample containing a known concentration of the analyte is allowed to flow 

over the sensing region during testing. The interaction between the analyte and the ligand 

further changes the local refractive index around the nanoparticles, causing another shift in the 

LSPR’s absorption signal wavelength, which is represented in Figure 7 (c). This shift is 
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correlated to the known concentration of the analyte. Different concentrations are used and 

correlated to the amount of LSPR absorption signal shift to determine the characteristics of the 

sensor. Although the sensing concept is simple, great challenges lay in the fabrication process 

including but not limited to the preparation of the sensing region, the functionalization of the 

sensing region for nanoparticle deposition, the functionalization of the nanoparticles for the 

ligand conjugation, the reagents and concentrations used, and results interpretation and 

analysis. 

1.5.1 Nanoparticle Immobilization Techniques 

The proper immobilization of metallic nanoparticles on the optical fiber is a crucial 

step in the fabrication of the LSPR sensor. There are many nanoparticle immobilization 

techniques reported in the literature [60]. However, this work will consider the nanoparticle 

self-assembly method. The process of nanoparticles immobilization on a substrate using self-

assembly is simple and well-studied [61]. Chemical functional groups are first created on the 

substrate surface through polymerization or salinization procedures, this process is called 

“Surface functionalization.” The substrate is then immersed in a nanoparticle colloidal solution 

for a specific period. The final characteristics of the nanoparticles layer immobilized on the 

substrate’s surface depend on many factors, including but not limited to, the interaction 

potential between the nanoparticles and the functional groups, nanoparticles and adsorbate 

characteristics, the immersion time and the direction [62], the rate at which the substrate is 

removed from the colloidal solution, pH and temperature of the solution, and other 

experimental factors [63]. The nanoparticles immobilized using self-assembly form, in many 
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cases, self-assembled monolayers (SAMs) or multilayers with nanoparticles being clustered 

on the surface. 

Electrostatic immobilization is based on the attraction potential between the natural 

charge of the nanoparticles or the charge of the stabilizing agent, and the opposite charge of 

the substrate surface. Nanoparticles can be synthesized in solutions containing the desired 

stabilizing agent to obtain the required charge, while the substrate is functionalized with 

molecules that provide the opposite charge. For silver, common stabilizing agents used include 

plants extract, PVP, and citrate. It should be noted that different capping agents affect size, 

morphology, and stability of the silver nanoparticles [64]. Covalent immobilization allows 

charged or uncharged nanoparticles to bond to the surface. Like electrostatic immobilization, 

the surface of the substrate must be functionalized, only to generate the necessary functional 

groups that form bonds with the nanoparticle. Polymerization or salinization of the glass can 

be achieved using either polyelectrolytes such as Polyethyleneimine (PEI), or Poly(allylamine 

hydrochloride) (PAH), or thiols and amino silanes such as (3-aminopropyl)triethoxysilane 

(APTES), aminopropyldiethoxymethylsilane (APDMS), or 3-Mercaptopropyl Triethoxysilane 

(MPTES). Thiols, in particular, have strong affinity towards silver nanoparticles, making them 

excellent for functionalization [65], but amino silanes can also be used as effectively. This form 

of immobilization is more robust and is preferred over electrostatic immobilization. A widely 

employed approach to functionalize the substrate surface for nanoparticle immobilization 

involves the attachment of functional silanes, given their strong affinity for most metals, 

leading to the formation of stable bonds [66]. In this thesis, the commonly used APTES will 

be utilized. APTES facilitates surface modification by attaching functions that enhance the 
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adsorption and allow for electrostatic bonds with metallic nanoparticles. The reaction of silane 

surface modifiers can be controlled yet considered very intricate. The growth kinetics of 

APTES SAMs and their final morphology were reported to be influenced by factors such as 

reaction duration, solution concentration, and temperature [67]. Some of these factors will be 

investigated in Chapter 3. 

1.5.2 Ligand – Nanoparticle Conjugation Techniques 

Since the aim is to use silver nanoparticles in the biosensor, where accuracy and 

reliability are crucial,  it is imperative to correctly choose the targeting ligand and the best 

strategy to conjugate it to the nanoparticles’ surface [68].  Many physical and chemical 

methods have been used in the literature to conjugate functional groups (of antibodies, 

aptamers, etc.…) with nanoparticles [69]. Conjugation based on electrostatic interactions, for 

instance, is considered the easiest conjugation concept as it allows antibodies to simply adsorb 

on the nanoparticles surfaces due to electrostatic attraction forces. Although simple, this 

method has major shortcomings. For instance, a high concentration of the functional groups is 

required to prepare the conjugates. Additionally, the functional groups can adsorb at random 

orientations, which could interrupt the interaction with the ligand. Finally, when using complex 

samples, there is a high possibility of the functional groups to be replaced by other molecules 

as they are noncovalently attached to the NPs. [70–72]. In [73], the antibodies were adsorbed 

on the nanoparticles surfaces through both hydrophobic and ionic interactions which were then 

used as electrochemical label. Physical interactions between gold NPs and antibodies are based 

on three main principles, which are shown in Figure 8.  
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Figure 8 – physical interactions between antibodies and nanoparticles adopted from [69] – Created 

with BioRender.com 

The first is represented by the letter (A), this is the hydrophobic attraction between the 

antibodies and the NPs’ surface. The second, represented by the letter (B) is dative binding, 

which occurs between the conducting electrons on the NPs and the atoms of the amino acid of 

the antibodies creating a covalent bond. Finally, the third (C) is the ionic attraction, this is due 

to the fact the NPs are negatively charged while the functional groups on the antibodies are 

positively charged. As for chemical interactions, they could be achieved through Adapter 

molecules like streptavidin and biotin, bifunctional linkers, or chemisorption via thiol 

derivatives [69]. The conjugation method that will be used in this work is based on covalent 

binding between the nanoparticles and the antibodies. The most extensively used reagents for 

this method are 11-Mercaptoundecanoic acid (MUA) or Cysteamine Hydrochloride, 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), and N-hydroxysuccinimide 

(NHS) [74–76]. 11-MUA or Cysteamine Hydrochloride are used to functionalize the 

nanoparticles’ surface. Amide bonds can then be formed with the antibodies by using  

EDC/NHS chemistry which will be explained in detail in Chapter 4.  
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1.6 Status of FOEW LSPR/SPR based Biosensors  

Table 1 below summarizes some of the FOEW LSPR/SPR biosensors found in the literature and provides helpful insights on the 

design of the FOEW, the fabrication and functionalization processes, and the characteristics of this type of sensors.  

Table 1 – Current literature on FOEW LSPR/SPR sensors 

No. 
Optical 

Fiber Fabrication Functionalization Method 
Output 

Signal 

Biomarker 

Detected 
Sensitivity LOD Range Ref 

1 POF-MM-

600-0.37-5 

20 nm AU NP - 

spheres 

Aqueous CD and GOx EPM ABS Glucose 150 μl NA 0-250 

mg/dl 

[77] 

2 SOF-MM-

600-NA-2 

60 nm AU NP - 

spheres 

11 - MUA modified 

with EDC /NHS, 

human IgG 

EPM Δλ Anti-human 

IgG 

914 nm/RIU 1.6 nM NA [78] 

3 SOF-MM-

600-NA-2 

AU NP – rods  

4.1 (AR) 

11 - MUA modified 

with EDC/NHS, 

human IgG 

EPM Δλ Anti-human 

IgG 

601 nm/RIU 1.6 nM NA [78] 

4 HCF-SM-5-

NA-0.2 

11 nm AU NP - 

spheres 

MUA modified with 

EDC/NHS, ChOx 

EPM REF Cholesterol 16.149 

nm/μM 

25.5 nM 50 nM - 

1μM 

[79] 

5 SOF-MM-

600-0.22-2 

48 nm AU NP - 

spheres 

NA EPM ABS Antibody 

assays 

13.09 

AU/RIU 

NA NA [80] 

6 SOF-MM-

600-0.22-2 

23 nm AU NP - 

spheres 

NA EPM ABS Antibody 

assays 

5.85 

AU/RIU 

NA NA [80] 

7 SOF-SM-4-

NA-1 

10.5 nm AU NP - 

spheres 

MUA modified with 

EDC/NHS, ChOx 

EPM REF Cholesterol 125.47 

nm/μM 

53.1 nM 10 nM - 

1μM 

[81] 
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No. 
Optical 

Fiber 
Fabrication Functionalization Method 

Output 

Signal 

Biomarker 

Detected 
Sensitivity LOD Range Ref 

8 POF-MM-600-

0.37-5 

15-20 nm AU NP - 

spheres 

Aqueous CD and 

TDx 

CFM ABS Taurine 0.019 

AU/mM 

53 μM 0 – 1 mM [82] 

9 POF-MM-600-

0.37-1 

15-20 nm AU NP - 

spheres 

Aqueous CD and L-

GDH/NAD+ 

CFM ABS Glutamate 0.0048 

AU/mM 

0.36 mM 0 – 10 

mM 

[83] 

10 POF-MM-

1000-0.5-1 

L-Tyrosine capped 

Ag NPs 

NA EPM INT Dopamine NA 0.16 μM 0 – 50 

mM 

[84] 

11 POF-MM-600-

0.39-3 

Green-synthesized 

Ag NPs 

NA CFM ABS Dopamine 3 nm/ μM 2 × 10-7 

M 

0 - 80 μM [85] 

12 POF-MM-600-

0.37-0.5 

50 nm thick AU 

layer 

PDA layer, anti 

CRP 

EPM Δλ C-reactive 

protein  

1.17 

nm/(μg/mL) 

NA 0.01-20 

μg/ml 

[86] 

13 POF-MM-600-

0.37-1.5 

48 nm thick AU 

layer 

NA CFM Δλ Urine 

specific 

gravity 

856.09 

nm/SG 

NA 1.0144 -

1.0352 

[87] 

14 POF-MM-600-

0.37-1 

50 nm thick AU 

layer 

Aqueous CD and 

GOx 

CFM Δλ Glucose 0.0366 

nm/(mg/dl) 

NA 0-250 

mg/dl 

[88] 

15 POF-MM-600-

0.39-1 

<10 nm Diosmin 

capped Ag NPs 

NA CFM ABS Cysteine NR 0.0077 

μM   

0-100 μM [89] 

16 SOF-SM-4.3-

NA-4 

40 nm AU NP – 

nanodisk array  

Phosphate buffer 

solution with 

EDC/NHS, mAbs 

EPM Δλ free prostate 

specific 

antigen 

226 nm/RIU 100 

fg/mL 

NA [90] 

17 SOF-MM-105-

NA-NA 

47 nm AU NP - 

spheres 

borate buffer 

solution with IFN-γ 

EPM INT antibody-

antigen 

10.494/RIU NA 0.01 to 

100 ng/ml 

[91] 

18 SOF-SM-9-

NA-NA 

10 nm AU NP - 

spheres 

MUA modified with 

EDC/NHS, GOx 

EPM Δλ Glucose 1.06 nm/mM 2.26 mM 0-11 mM [92] 



 

20 

Notes: 

• Optical fiber code (Construction) – (Multi/Single mode) – Diameter (in μm) – Numerical Aperture – Sensing Length (in cm)  

• ABS = Absorbance 

• CD = cysteamine dihydrochloride 

• CFM = Continuous Flow Monitoring 

• ChOx = cholesterol oxidase 

• EDC = 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

• EPM = End Point Monitoring 

• GOx = Glucose Oxidase 

• HCF = Hollow Core Fiber 

• IFN-γ = interferon-gamma 

• INT = Intensity 

• L-GDH = L-glutamate dehydrogenase 

• mAbs = Antibodies 

• MM = Multi-Mode 

• MUA = Mercaptoundecanoic acid 

• NAD+ = nicotinamide adenine dinucleotide 

• NHS = N-hydroxysuccinimide 

• NR = Not reported. 

• PDA = polydopamine  

• POF = Plastic Optical Fiber 

• REF = Reflection Signal 

• RIU = Refractive Index Unit 

• SM = Single-Mode 

• SOF = Silica Optical Fiber 

• TDx = taurine dioxygenase 
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1.7 Objectives of this Thesis   

The circadian rhythm nature of cortisol imposes a great challenge for traditional 

sensing methods, which require a significant amount of time to return the test results. As 

highlighted in section 1.1, to gain a deeper understanding of Cortisol’s role in mental disease 

progression, there is a great demand to investigate the real-time expression of this biological 

marker [23] . Therefore, there is an imperative need for the advancement of label-free 

biosensors that not only enable continuous and non-invasive testing and monitoring of cortisol, 

but also have attributes such as high sensitivity, accessibility, portability, cost effectiveness, 

and ultimately user friendly [93]. A FOEW LSPR biosensor possesses these attributes and has 

the potential to transform the cortisol testing for point-of-care applications. 

The information found in the literature for biosensors of similar construction to the one 

presented in this work focus on the fabrication process and the results, with few attempts made 

for cortisol detection. To the best of our knowledge, there is no comprehensive study that 

includes the modeling of the parameters for a FOEW LSPR cortisol biosensor that affect the 

sensor response, the optimization of these parameters to maximize the sensitivity, and the 

validation of the results via experiments. The aim of this work is to provide this comprehensive 

study through modeling, validate the results experimentally, and produce a working biosensor 

sensitive enough for salivary cortisol detection using a coreless fiber as the sensing region and 

silver nanoparticles which have the highest sensitivity amongst plasmonic materials. This 

combination significantly improves the sensor’s characteristics [94], simplifies the fabrication 

and testing processes [95], enhancing the repeatability and reliability. 
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Chapter 2 

Modeling the Parameters Affecting Sensor Signal and Performance  

2.1 Introduction 

The current chapter investigates the significance of various parameters affecting the 

performance of Fiber-Optic Evanescent Wave (FOEW) Localized Surface Plasmon Resonance 

(LSPR) biosensors through numerical and analytical modeling techniques. It highlights the 

importance of this investigation in optimizing sensor sensitivity and fabrication process, 

contributing to a deeper understanding of this type of biosensors.  

2.2 Modeling nanoparticle absorption and adsorption kinetics 

A comprehensive combined numerical and analytical model that examines the effect of 

spherical nanoparticles size on the sensor’s signal and the kinetics of nanoparticle adsorption 

on the optical fiber is presented in this section. First, a numerical model using ANSYS 

LUMERICAL that identifies the nanoparticle size which yields the highest absorption signal 

is presented. An analytical model that explains the nanoparticle adsorption kinetics based on 

nanoparticle size follows. Finally, an analytical model that connects the optical fiber response 

based on the nanoparticle size and adsorption kinetics is derived. 

Silver spherical nanoparticles that exhibit LSPR absorption and are commercially 

available range in size between 10 – 100 nm. LSPR of these sizes can be captured using 

generalized Mie theory, which is essentially a solution to Maxwell’s equations that explains 

the extinction (absorption + elastic scattering) of light interacting with nanoparticles [96]. For 

different nanoparticle shapes, there is no analytical solution; Maxwell’s equations with the 
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proper boundary conditions must be solved numerically. The extinction spectrum of a spherical 

nanoparticle using Mie theory is described as [97]: 

 

𝐶𝑒𝑥𝑡 =  
24 𝜋2 𝑁 𝑟𝑛𝑝

3  𝜀𝑚
3/2

 

𝜆ln (10)
 [

𝜀𝑖(𝜆)

(𝜀1(𝜆) + 𝜒 𝜀𝑚)2 +  𝜀2(𝜆)2
] (2.1) 

where 𝑁 is the electron density of metallic nanospheres, 𝑟𝑛𝑝 is the nanoparticle radius, 

𝜀𝑚is the medium’s dielectric constant, 𝜆 is the wavelength of the incident light, and 𝜀1 and 𝜀2 

are the real and imaginary parts of the materials dielectric function. 𝜒 is the shape factor which 

changes based on the geometry of the nanoparticle. For spherical nanoparticles, this shape 

factor is 2. The electric field on a spherical nanoparticle’s surface is given by [98]: 

 

𝐸(𝑥, 𝑦, 𝑧) = 𝐸0𝑘̂ + [
𝜀𝑛𝑝 −  𝜀𝑚

𝜀𝑛𝑝 +  2𝜀𝑚
] 𝑟3𝐸0 [ 

1

𝑟3
𝑘̂ −

3𝑧

𝑟5
 (𝑥𝑖̂ + 𝑦𝑗̂ + 𝑧𝑘̂)]  (2.2) 

Based on these equations, when the real part of the metals’ dielectric function is equal 

to  −2𝜀𝑚, the denominator of both equation reaches its lowest value possible, causing a peak 

in the extinction spectrum, and a very high electric field on the nanoparticle’s surface. This 

indicates resonance conditions are met, and LSPR can be detected. The LSPR conditions are 

also reflected in the polarizability. For spherical nanoparticles, the polarizability can be given 

by [32]: 

 
𝑃 = 4𝜀0𝜋𝑟𝑛𝑝

3
𝜀𝑛𝑝 − 𝜀𝑚

𝜀𝑛𝑝 + 2𝜀𝑚
   (2.3) 
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where 𝜀0 represents the permittivity of free space. When resonance conditions are met, 

the polarizability reaches its maximum value. This phenomenon can only occur in metals, as 

other materials always have positive real dielectric constants. The dielectric function for metals 

can be approximated by the Drude model below [99]: 

 

𝜀1 = 1 −
𝜔𝑝

2

𝜔2 + 𝛾2
 (2.4) 

 where 𝜔𝑝 is the plasma frequency, 𝜔 is the angular frequency of the electromagnetic 

radiation, and 𝛾 is the damping frequency. 𝛾 is the reciprocal of 𝜏, which is the mean free time 

between collisions for the electrons in the bulk metal. In the visible region 𝛾 is orders of 

magnitude less than 𝜔𝑝 [32] ;consequently, the above equation becomes: 

 

𝜀1 = 1 −
𝜔𝑝

2

𝜔2
 (2.5) 

  Rearranging at resonance conditions, the LSPR frequency can be determined by: 

 
𝜔𝐿𝑆𝑃𝑅 =

𝜔𝑝

√2𝜀𝑚 + 1
 

(2.6) 

 It is evident that the LSPR frequency is a function of the plasma frequency and the 

medium dielectric constant. However, it should be noted that the size, shape, material, and 

aggregation of the nanoparticles directly affect the plasma frequency, which evidently impacts 

the LSPR frequency. While these effects are not captured in equation (2.6), they are well 

understood in the literature. Bigger nanoparticle sizes and aggregation of the nanoparticles 
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slow down the plasma frequency, which results in a redshift in the LSPR wavelength. 

Nanoparticles with asymmetrical shapes can produce LSPR at multiple wavelengths, while 

different materials (i.e. gold, copper, aluminum, etc.) inherently have different plasma 

frequencies [32]. 

2.2.1 Nanoparticle absorption – numerical model 

ANSYS LUMERICAL Discontinuous Galerkin Time-Domain (DGTD) module was 

used to model the interaction of light with silver nanoparticles and study the effect of increasing 

the number of nanoparticles on the extinction of light. DGTD solves Mie’s theory numerically 

and provides the extinction of the nanoparticle under study as absorption + scattering. Almost 

infallibly, simulations on silver nanoparticles interaction with light use silver optical data from 

Johnson’s and Christy’s (J&C) 1972 tabulation, or Palik’s 1985 handbook [100]. For this work, 

the simulation was done once using J&C tabulation data [101] and once using Palik’s data 

[102] and the results were averaged out. 

The model consisted of a single spherical silver nanoparticle placed in a medium with 

refractive index equals 1.34 (water) and is significantly larger than the nanoparticle. The 

boundary around the medium is defined as the absorbing layer and the surface of this layer is 

set to be the source of the electromagnetic wave. A frequency monitor is used to calculate the 

extinction of light due to the interaction with the nanoparticle, which is placed on the surface 

of the absorbing layer as well. This allows the software to separate the extinct light, and the 

light injected by the source. The electromagnetic wave is set as a plane wave with an amplitude 

of 1 V/m and a wavelength ranging from 350 nm to 750 nm. The model construction is shown 
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in Figure 9 (a). The scattering cross section 𝐶𝑠𝑐𝑎𝑡, and the absorption cross section 𝐶𝑎𝑏𝑠, in 

units of [𝐴. 𝑢 𝑚2] were calculated, where 𝐴. 𝑢 stands for Arbitrary units, and it is a unitless 

measurement for the optical density. The extinction cross section 𝐶𝑒𝑥𝑡 was computed by adding 

𝐶𝑠𝑐𝑎𝑡 and 𝐶𝑎𝑏𝑠. A plot of 𝐶𝑒𝑥𝑡, 𝐶𝑠𝑐𝑎𝑡, and 𝐶𝑎𝑏𝑠 generated for a nanoparticle with 80 nm diameter 

is shown in Figure 9 (b). Simulations show how both scattering and absorption contribute to 

LSPR with different magnitudes, which is expected [99]. 

 

Figure 9 – (a) The construction of the model in ANSYS LUMERICAL (left) – (b) Extinction, 

Scattering, and Absorption cross section for an 80 nm silver nanoparticle in a 1.34 refractive index 

medium (right)-(cubic spline fit used to cover all simulation points) 

Scattering and absorption cross-sections were also simulated for single silver 

nanoparticles of varying diameters ranging from 10 to 100 nm, in steps of 10 nm. The 

maximum LSPR peak was recorded for each studied size and plotted in Figure 10 (a). The 

LSPR peak occurred at varying wavelengths. However, the results show that for all these three 

phenomena, larger nanoparticles have a higher extinction, scattering, and absorption cross 

section.  
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Although true for the cross-section, this is not found to be true for the efficiency. The 

dimensionless extinction, scattering, and absorption efficiencies 𝑄𝑒𝑥𝑡, 𝑄𝑠𝑐𝑎𝑡, and 𝑄𝑎𝑏𝑠 are 

obtained by dividing the cross-section results by the cross-sectional area of the nanoparticle. 

This was done for the same range of silver nanoparticle sizes used to generate Figure 10 (a), 

and the results are shown in Figure 10 (b). 

 

Figure 10 –  (a) Maximum LSPR cross section peak for each silver nanoparticle size ranging from 10 

nm to 100 nm at their respective wavelength (left) – (b) Maximum LSPR efficiency peak for silver 

nanoparticles with size ranging from 10 nm to 100 nm, in steps of 10nm, at their respective 

wavelength (right). (cubic spline fit used to cover all simulation points) 

These results show how efficiency changes with size with no perceivable relation. 

Comparing the results in Figure 10 (a) and (b), and specifically looking at the sizes 10, 20, 30, 

and 80 nm, the following is noticed. Figure 10 (a) shows that silver nanoparticles with diameter 

equal to 80 nm absorb light more efficiently during LSPR compared to nanoparticles with 

diameter equal to 10, 20, and 30 nm. However, Figure 10 (b) shows the opposite. Considering 

that the parameter under study in Figure 10 (a) is the cross-section, while in Figure 10 (b) it is 

the efficiency, sizes 10, 20, 30, and 80 nm nanoparticles were studied in this work, to determine 

which parameter is more important when considering a FOEW based sensor. 
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To further investigate why the 30 nm size has the highest absorption efficiency, the 

formula for the absorption of a spherical particle was considered, which is given by [99]: 

 𝑄𝑎𝑏𝑠 =
8𝜋𝑅

𝜆
 𝐼𝑚 {

𝜀𝑛𝑝 − 𝜀𝑚

𝜀𝑛𝑝 + 2𝜀𝑚
} (2.7) 

 Where 𝑅 is the radius of the nanoparticle, 𝜆 is the wavelength of light, 𝐼𝑚 refers to the 

imaginary part of the expression between brackets, 𝜀𝑛𝑝 is the dielectric constant of the particle, 

and 𝜀𝑚 is the dielectric constant of the surrounding medium. The dielectric constant of the 

particle is a function of the frequency of light interacting with it, which will be discussed in 

detail in the Drude-Lorentz model in section 2.3.2.  

LSPR occurs at the frequency where 𝜀𝑚≅ −2𝜀𝑛𝑝, causing the denominator to approach 

0 and the absorption to spike. The frequency at which this occurs is known as Fröhlich 

frequency, which is a function of the particle size, material, shape, and medium surrounding 

the particle [99]. Based on Figure 10 (b), it appears that for silver nanoparticles of size ≅ 30 

nm, the value of the Fröhlich frequency would result in the highest imaginary value in eq (2.7), 

which explains why this specific size would have the highest absorption efficiency when 

compared to other silver nanoparticle sizes. 

Further modeling was performed to examine the relation between 𝑄𝑎𝑏𝑠 and the number 

of nanoparticles using silver nanoparticle with diameter equal to 80 nm. The number of 

nanoparticles was increased arbitrarily to 9, 25, 58, and 89 particles, and the results of the total  

𝑄𝑎𝑏𝑠 at each size was plotted in Figure 11. The results show how the absorption efficiency 
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increases linearly as the number of particles increases. This was repeated for different sizes of 

nanoparticles and the findings were consistent. These results were expected as the simulations 

were performed on nanoparticles separated with distances greater than the diameter of one 

particle from each side, this ensures that the electric field from the LSPR of one nanoparticle 

does not interfere with its neighboring nanoparticles and influence the results. As discussed 

earlier, aggregation affects the plasma frequency and impacts the LSPR frequency. Although 

this is not the case during the self-assembly process, which will be shown in the experimental 

results, for the purpose of simplifying the model, these effects were not included.  

 

Figure 11 –  Relation between LSPR absorption peak and number of nanoparticles 

From these findings, the model suggests that different nanoparticles sizes (which 

includes shapes and materials) have unique scattering and absorption efficiencies with no 

distinct trend that can be followed, which is not the case compared to scattering and absorption 

cross section. Additionally, the model also showed a positive correlation between the number 

of nanoparticles and the absorption efficiency. These results highlight that the performance of 
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a FOEW LSPR sensor can be maximized by optimizing nanoparticles for high absorption 

efficiency and high final nanoparticle surface density adsorbed on the sensing region.  

2.2.2 Nanoparticle adsorption kinetics – analytical model 

Monolayers of silver nanoparticles adsorbed on a substrate treated with cationic 

polyelectrolyte have been previously studied in the literature [63,103–105]. When a substrate 

treated with a cationic polyelectrolyte is immersed in a nanoparticle colloidal solution, the 

nanoparticles adsorb on the surface, and the kinetics are governed by the diffusion transport 

process [63,103]. In this case, the surface density is proportional to the immersion time at 

shorter immersion periods, while at longer periods, the interarticular repulsion forces come to 

play, preventing the particles’ build-up, resulting in a saturated monolayer surface coverage. 

Excluding the effect of the monolayer, the surface density Ns can be described using [103]: 

 𝑁𝑠 = 2 √𝐷𝑡/𝜋  𝐶𝑏 (2.8) 

Where D, t, and Cb are the diffusion coefficient (𝜇𝑚2/𝑠), immersion time (𝑠), and the 

bulk number concentration, respectively. The surface density is proportional to √𝑡 . The 

diffusion coefficient can be calculated using the Stokes-Einstein equation [103]: 

 𝐷 =
𝑘𝑇

3𝜋𝜂𝑑𝐻
 (2.9) 
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where dH is the hydrodynamic diameter of the particle, k is the Boltzman constant, η 

is the viscosity of the solvent of the colloidal solution, and T is the absolute temperature. The 

bulk number concentration Cb is related to the weight concentration cw through [77]: 

 𝐶𝑏 =
6 × 10−6

𝜋 𝑑𝑛𝑝
3 𝜌𝑛𝑝

 𝑐𝑤 (2.10) 

where  dnp is the average diameter of the particle, ρnp is the density of the particle (i.e., 

silver), and cw is the weight concentration expressed in ppm. Higher concentrations of 

nanoparticles in a colloidal solution will result in higher surface density; however, higher 

surface densities can also be achieved with longer adsorption times. 

The bulk number concentrations for the particles used were calculated using equation 

(2.10). The diffusion coefficients were calculated using equation (2.9) . The procured 30 nm 

particles had a hydrodynamic diameter of 37 nm, while the 80 nm particles had a hydrodynamic 

diameter of 91 nm. Both had a concentration, cb, of 20 ppm. The diffusion coefficient for each 

particle was then used to calculate the surface density using equation (2.8) and the results are 

shown in Figure 12 (a). After 24 hours of adsorption, the 30 nm particles result in a surface 

density of 81 particles (𝜇𝑚−2). That is more than 23 times the expected surface density of the 

80 nm nanoparticles for the same bulk number concentration and over the same adsorption 

period, which was only 3.5 particles (𝜇𝑚−2).  
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Figure 12 – (a) Comparison between the surface density of 30 nm and 80 nm particles after 24 hours 

of adsorption (left) – (b) Effect of size on surface density after 24 hours of adsorption (right) 

Figure 12 (b) shows the effect of size on the surface density after 24 hours of adsorption. 

It can be concluded that fabricating the sensor using smaller nanoparticles will always result 

in a higher surface density for the same weight concentration and adsorption time.  

Referring to both Figure 11 and Figure 12 (b), the argument can be made that utilizing 

10 nm or 20 nm sizes during the fabrication process will result in a higher final absorption 

signal due to the higher final surface density compared to 30 nm, despite these sizes having a 

slightly lower absorption efficiency as shown in Figure 10 (b). However, as previously 

mentioned, this model doesn’t include the effect of the monolayer formation which will stop 

the adsorption process once formed, reducing the dramatic variations in final surface densities 

reflected in Figure 12 (b). Nonetheless, this argument will be further investigated through 

modeling in section 2.3.4 and experimentally in Chapter 3 by studying the characteristics of 

FOEW LSPR sensors fabricated with these three sizes. 
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Considering the results from the numerical model in section 2.2.1, it is expected that 

using 30 nm nanoparticles in the fabrication of the sensor is significantly better than using 80 

nm nanoparticles. The 30 nm nanoparticles proved to have higher absorption efficiency, and 

result in a higher surface density of the nanoparticles. This translates into an enhanced signal 

as more particles are contributing to the absorption of light at a higher absorption efficiency.  

2.2.3 Optical fiber response – derived analytical model  

The absorption of electromagnetic waves experiencing TIR in an optical fiber is 

affected by the resulting evanescent field at the material boundary. Light transmitted through 

an uncladded fiber immersed in an absorbing medium will result in an attenuated total internal 

reflection (ATR), which can be utilized for sensing based on the following expression derived 

for multimode fibers [106]:  

 𝑃(𝑧) = 𝑃0 𝑒(−𝜏𝑧) (2.11) 

where, P0 is the initial power transmitted through the fiber, τ is the evanescent field 

absorbing coefficient, and 𝑧 is the length of the uncladded fiber immersed in the absorbing 

medium in units of cm. For multimode fibers, τ can be related to the bulk absorption coefficient 

of a medium, α, using [106]: 

 𝜏 = 𝑟𝛼 (2.12) 

where 𝑟 is the fraction of power outside the core and can be calculated from [106]: 
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 𝑟 =
4√2

3𝑉
 (2.13) 

where 𝑉 is the normalized frequency parameter of the fiber given by [106,107]: 

 𝑉 = (
2𝜋𝑟𝑓

𝜆
) 𝑁𝐴 (2.14) 

Where 𝑟𝑓 is the fiber core radius, 𝑁𝐴 is the numerical aperture in which light of 

wavelength 𝜆  is propagating. The normalized frequency parameter determines the fraction of 

the optical power in the mode confined to the core and can be used to determine whether the 

optical fiber is single or multi-mode. A normalized frequency parameter that is less than 2.405 

indicates that the fiber can only guide one mode (i.e., single mode fiber), while higher values 

indicate that the fiber can guide multiple modes through its core (i.e., multi-mode fiber).  

 𝑁𝐴 = √𝑛𝑐𝑜𝑟𝑒
2 − 𝑛𝑐𝑙𝑎𝑑

2  (2.15) 

Where 𝑛 is the refractive index of the material. Combining equations (2.11) to (2.14), 

the final absorbance of the evanescent field affecting the total power transmitted through the 

fiber is: 

 𝐴 =
4√2

3𝑉
 

 𝛼 𝑧

2.303
 (2.16) 
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The bulk absorption coefficient of a medium α has units of (𝐴. 𝑢/𝑐𝑚). A.u stands for 

Absorbance units, and it is a unitless measurement for the optical density or Absorbance. To 

represent the absorbance of an LSPR evanescent wave optical fiber sensor with nanoparticles 

adsorbed on the core’s surface, equation (2.16) is modified by replacing the absorption 

coefficient of the medium α with the absorption of the nanoparticle αnp. The length of the 

uncladded fiber 𝑧 is replaced by the particle density Ns multiplied with the surface area of the 

uncladded fiber As since the total absorbance depends on the number of particles adsorbed on 

the surface. The final equation becomes: 

 𝐴 =
4√2

3𝑉
 (𝑄𝑎𝑏𝑠)(𝑁𝑠)(𝐴𝑠)(𝑘)    (2.17) 

where Qabs is the absorption of a single nanoparticle(𝐴. 𝑢/𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒), Ns is the particle 

density (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒/𝜇𝑚2), As is the surface area of the sensing region (𝜇𝑚−2), and k is a 

correction factor. The reason k is necessary is to capture effects of nanoparticle spacing and 

nanoparticle monolayer formation on the absorption signal in a future model. These effects are 

highlighted in the final section of the modeling. For the purpose of this work, k will be a 

constant. It can be noted that since the sensor is evanescent field based, equation (2.17) is a 

function of the absorption of the nanoparticle only, not the total extinction of the particle as 

shown in [108]. 
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2.2.4 Combined models result 

From the results shown in the previous modeling sections, it can be concluded that 

using 30 nm nanoparticles could result in a significantly higher absorption in the LSPR signal 

due to their larger absorption coefficient, and higher surface density when compared to 80 nm 

nanoparticles. The total absorbance as a result of the LSPR effect during adsorption can be 

obtained by combining equations (2.8) and (2.17) into one model. Figure 13 shows the total 

LSPR signal absorbance as a function of wavelength using 30 nm nanoparticles for the final 

combined model in a medium such as water, which has a refractive index equal to 1.34.  

 

Figure 13 – FOEW LSPR absorption obtained from the combined model for (a) 30 nm nanoparticles 

(left) – (b) 80 nm nanoparticles (right) (cubic spline fit used to cover all simulation points). 

Figure 13 concludes that the absorbance increases over time as the number of particles 

adsorbed on the surface increases. Additionally, the rate of change in LSPR absorbance signal 

suggests faster adsorption rate initially, which slows down over time. This is expected since 

according to the numerical absorption model of nanoparticles, the absorption increases 

proportionally with the number of particles, and according to the diffusion transport process 
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adsorption model, the number of particles adsorbed on the surface of the fiber increases at a 

rate proportional to √𝑡 . Thus, the final absorption signal of the combined model is also 

increasing at a rate proportional to √𝑡 . A very important point to mention in this model is the 

assumption it makes on how the nanoparticles will be deposited on the surface of the fiber. As 

mentioned in the absorption model section, simulation was done on particles separated with 

distances greater than the diameter of one particle. This is not the actual case since the 

adsorption process in not controlled, and particles are adsorbed randomly on the surface 

following Random Sequential Adsorption (RSA) [109]. 

The effect of particle spacing is well understood from the literature [99]. A red shift in 

the peak absorption wavelength in the LSPR signal is expected as nanoparticles agglomerate. 

Additionally, the LSPR peak width is expected to broaden spanning multiple wavelengths. The 

reason is attributed to the fact that the closer the particles, the slower the plasma frequency 

becomes, as one particle becomes affected by the dipole of its neighboring particles and the 

particles start resonating as one larger non-spherical particle [99].  Moreover, the magnitude 

of the LSPR absorbance is also affected by the spacing. A lower quantity of particles with 

optimized distribution may result in a higher LSPR signal compared to a sensor with a higher 

quantity of particles with significant aggregation. 

The above-mentioned effects of RSA, along with the effect of the monolayer on the 

adsorption rate, are not captured in this model. These effects will be highlighted and discussed 

further in Chapter 3. 
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2.3 Modeling FOEW LSPR refractive index sensor  

In this section the FOEW LSPR sensor is modelled using COMSOL MULTIPHYSICS 

6.1 and the performance of the sensor is investigated. COMSOL stands out as a robust finite 

element analysis software, particularly well-suited for simulating FOEW LSPR sensors. Its 

strength lies in its ability to concurrently model multiple physical phenomena, a critical 

requirement for comprehensively representing the intricate interactions within LSPR sensor 

systems. The Electromagnetic module in COMSOL is pivotal for simulating the complex 

behavior of the electromagnetic fields, facilitating the study of light-material interactions in 

the context of LSPR sensors [110–112].  

Prior to simulating the FOEW LSPR sensor response, the materials’ optical properties 

must be well defined. Although the software has an extensive material database, it is important 

to be as accurate as possible during any numerical simulation, especially if it involves multiple 

physics domains interacting with one another. The built-in material database will be used for 

the media under which the FOEW LSPR will operate only, such as air, or water. 

As for the glass fiber optic (sensing region) and silver nanoparticles, there were no 

materials found in COMSOL built-in library that accurately reflected the optical properties of 

these materials. Consequently, these will be modelled and verified using MATLAB, then the 

variables will be used as input in COMSOL. This ensures that the modelled materials have 

optical properties that are as close to the actual optical properties for these materials as possible. 

Finally, the sensor is modelled with different nanoparticle sizes in media with different 

refractive indices to determine the sensor’s performance characteristics. Although it was 
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established in section 2.2.1 that nanoparticles with 30 nm size have the highest absorption, 

using 10 nm and 20 nm sizes results in higher surface density as stated in section 2.2.2. Thus, 

it is important to investigate the performance of the sensor using these sizes as well, to 

determine with high certainty which size is better suited for this sensor.  

2.3.1 Modeling the sensing region optical properties 

The sensing region of the sensor presented in this thesis comprises of a coreless fiber, 

which is pure silica fiber. The construction of the coreless fiber and reason for using it as a 

sensing region will be discussed in detail in Chapter 3. The Sellmeier equation is an empirical 

equation that describes the dispersion properties of an optical fiber [113].The equation relates 

the wavelength of light to the refractive index of the fiber, and takes the form of: 

 𝑛2(𝜆) =  1 + ∑ 𝑎𝑖

𝑖

(
𝜆2

𝜆2 − 𝑏𝑖
2)    (2.18) 

Where 𝑛(𝜆) is the refractive index of the fiber at a wavelength 𝜆, 𝑎𝑖 are constants 

specific to the fiber material (i.e. pure silica), and 𝑏𝑖 are the wavelengths at which the refractive 

index is equal to the square root of the real part of the material's refractive index. 

The Sellmeier equation is commonly used to model the dispersion properties of silica-

based optical fibers. It is a simple and useful model to predict the refractive index of an optical 

fiber material. Table 2 below show the Sellmeier coefficients for pure silica based on 

experimental data [114], which is the sensing region in this work. 
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Table 2 – Sellmeier equation variables for pure silica [114] 

Coefficients a1 a2 a3 b1 (μm) b2 (μm) b3 (μm) 

Pure silica (Core) 0.6961663 0.4079426 0.8974794 0.0684043 0.1162414 9.896161 

Comparison between the refractive index of pure silica from the Sellmeier equation 

using the coefficients above and the refractive index provided by the supplier of the coreless 

fiber are presented in Figure 14.  

 

Figure 14 – comparison between refractive index of coreless fiber provided by the manufacturer 

against the results from the Sellmeier equation 

The two graphs overlap across the wavelengths 200 nm to 2500 nm. This verifies the 

Sellmeier equation, and the parameters used in it. As a result, equation (2.18) and the 

parameters listed in Table 2 were used as an input in COMSOL to describe the dispersion 

properties of the sensing region as a function of the wavelength of light.  
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2.3.2 Modeling the silver nanoparticle optical properties 

The frequency-dependent complex dielectric function of metal is described by the Drude-

Lorentz model [32,99,115,116]: 

 𝜀(𝜔) =  𝜀𝑟,∞ +  ∑  
𝑓𝑘 𝜔𝑝

2

𝜔𝑘
2 − 𝜔2 + 𝑗𝜔𝛤𝑘

𝐾

𝑘=0

    (2.19) 

Where 𝜀𝑟,∞ is the real part of the dielectric constant and infinite frequencies, and 𝜔𝑝 is the 

plasma frequency. 𝑓𝑘, 𝜔𝑘, Γ𝑘 are the strength, the resonance frequency, and damping frequency 

of the 𝑘th oscillator, respectively. Table 3 below lists the values of the silver nanoparticle 

variables used in the Drude-Lorentz model. These values were determined by [116]. 

Table 3 – Values of the silver nanoparticle variables used in the Drude-Lorentz model [116] 

Parameters ħ𝜔𝑝 𝑓0 Γ0 𝑓1 Γ1 𝜔1 𝑓2 Γ2 𝜔2 

Value 9.01 0.845 0.048 0.065 3.886 0.816 0.124 0.452 4.481 

Parameters 𝑓3 Γ3 𝜔3 𝑓4 Γ4 𝜔4 𝑓5 Γ5 𝜔5 

Value 0.011 0.065 8.185 0.840 0.916 9.083 5.646 2.419 20.29 

Where all parameters’ units are in (eV) except for 𝑓 which is unitless. The dielectric 

function is related to the refractive index of the material through Maxwell’s relation [32]: 

 𝑛̃(𝜔) =  √𝜀(𝜔)    (2.20) 

Where 𝑛̃ and 𝜀 are the complex refractive index and the complex dielectric constant of the 

material as a function of the incident light wavelength 𝜔 respectively. Since: 



 

42 

 𝑛̃(𝜔) = 𝑛(ω) + ⅈκ(𝜔)  (2.21) 

 𝜀(𝜔) = 𝜀1(ω) + ⅈ𝜀2(𝜔)  (2.22) 

The results obtained from the model are plotted in Figure 15. Both dielectric constant and 

refractive index results obtained from the model are in agreement with the experimental values 

for silver particle [32,99] . 

 

Figure 15 – (a) Silver dielectric constant (left) – (b) Silver refractive index (right) 

This verifies the Drude-Lorentz model, and the parameters used in it. As a result, 

equations (2.19) – (2.26) and the parameters listed in Table 3 are used as an input in COMSOL 

to describe the optical properties of the silver nanoparticles as a function of the wavelength of 

light.  
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2.3.3 Modeling FOEW LSPR response and sensitivity 

As mentioned in section 2.3, COMSOL is used to model the response of the final sensor 

and extract the sensor’s performance characteristics. The COMSOL model consists of a 2D 

section of pure silica fiber with silver nanoparticles adsorbed on the outside surface of the fiber. 

The silver nanoparticles are covered in a region with a varying refractive index to study how 

the sensor performs in different media.  

 

Figure 16 – FOEW LSPR Sensor model construction used in COMSOL simulations 

Figure 16 shows the model constructed in COMSOL for the simulation of the FOEW 

LSPR sensor. The insert in this figure shows the surface of the optical fiber, covered with the 

simulated nanoparticles within a 250 𝜇𝑚 thick medium, which is sufficient to accurately 

capture the LSPR effect. Since the LSPR response is expected to occur in the UV-VIS region, 

the mesh size for the model has to be a fraction of the minimum wavelength to produce reliable 

results [117]. Using the actual optical fiber diameter of 125 𝜇𝑚, which is the diameter of the 

fiber used in the experiments, and a maximum mesh size of 100 𝑛𝑚, the generated model 
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becomes very extensive and very time-consuming to solve. Thus, the model fiber size was 

minimized to reduce computational time and resources. For this study, the diameter of the 

optical fiber was set to 6 𝜇𝑚, which is one of the smallest radii that still allows for multi-modes 

to travel in the fiber and is calculated based on equation (2.14) for 𝑉 > 2.405.  The surface of 

the fiber was covered with 30 nm silver nanoparticles; however, the particles were separated 

with distances greater than the diameter of one particle to avoid any electromagnetic 

interference. With these constraints, the final number of nanoparticles covering the surface of 

the fiber was 180. Figure 17 shows the final mesh of the modelled sensor including all these 

considerations. The model was meshed automatically by COMSOL following a Physics-

Controlled meshing with a maximum mesh size set to 100 𝑛𝑚 as mentioned earlier. As it can 

be seen from the insert of Figure 17, the mesh was smaller than 100 𝑛𝑚 in the interface region 

between the fiber and the nanoparticles, as well as the nanoparticles themselves. 

         

Figure 17 – FOEW LSPR Sensor model construction used in COMSOL showing the mesh size 
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The electromagnetic waves, frequency domain (EWFD) module was utilized, which 

solves the time-harmonic wave equation for the electric field. The sensor is based on LSPR 

phenomenon where the light modes travelling in the optical fiber core produce evanescent 

waves at the interface that interact with the silver nanoparticles, exciting the conduction band 

electrons and causing LSPR to occur absorbing the energy of the light. The material optical 

properties were set using the parameters and variables shown in Table 11 and Table 12 in 

Appendix A. Essentially, the models discussed in 2.3.1 and 2.3.2 were integrated in the final 

COMSOL model for the glass optical fiber and silver nanoparticles.  

The imaginary part of the effective refractive index of the system is proportional to 

the core-mode losses which can be represented by the following equation [118]: 

 𝐶𝐿 =
40𝜋

𝑙𝑛(10)
(

𝐼𝑚(𝑛𝑒𝑓𝑓)

𝜆
) (2.23) 

Where 𝐶𝐿 is the confinement loss and represents the loss of a core-guided mode in 

dB/m, which corelates directly with the absorption of the sensor, 𝜆 is the wavelength of light 

in m, and 𝑛𝑒𝑓𝑓 is the effective refractive index of the system. The loss of a core-guided mode 

occurs at the point of its phase matching with the LSPR [112]. Parametric sweep is used to 

change the operating wavelength from 300 𝑛𝑚 to 500 𝑛𝑚 in 10 𝑛𝑚 steps, and the relation 

between the number of modes and the confinement loss is studied and the results are shown in 

Figure 18.  
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Figure 18 – (a) Confinement loss at 360 nm vs number of modes (left) – (b) Wavelength (right) 

Figure 18 shows LSPR occurring at around 360 nm, which is expected for silver 

nanoparticles in air. The confinement loss due to LSPR increases exponentially as the total 

number of modes contributing to the signal increases, but the LSPR wavelength remains the 

same as shown in the figure. This could be due to how the lower order modes travel closer to 

the fiber core, and only a small fraction of their energy reaches and interacts with the 

nanoparticles. However, higher order modes travel closer to the surface as shown in Figure 19, 

and the energy of these modes reach and interact with the nanoparticles more efficiently.  

Figure 19 (a) shows the fundamental mode traveling through the fiber, which has the 

highest electric field. The insert shows the electric field around the nanoparticles due to LSPR. 

Although significant in absolute value, compared to the mode electric field, it’s almost 1/4th. 

Figure 19 (b) shows one of the higher order modes. In this mode, the magnitude of the LSPR 

electric field is almost 85% the magnitude of the mode’s electric field. Which is due to that 

mode traveling closer to the surface of the fiber. 
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Figure 19 – (a) Fundamental mode (top) – (b) Higher order mode (bottom) – Wavelength 360 𝜇𝑚  

Scale represents electric field norm (𝑉/𝑚) 

As more modes are considered, a higher percentage of the total electric field of the 

modes traveling inside the fiber interacts with the nanoparticles, which increases the total 

confinement loss. Using equation (2.14) to determine the 𝑉 number, the highest possible 

number of modes that can be guided through the model fiber occur when the medium 
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surrounding the fiber is air (i.e. refractive index of cladding = 1) and at light wavelength of 

300 𝑛𝑚, which can be calculated from: 

 𝑀 ≈
𝑉2

2
 (2.24) 

This results in approximately 4295 modes. This study will not investigate the effect of 

all 4295 modes as the results shown earlier from 100 modes can be considered comprehensive. 

However, it is important to note that the actual fiber that will be used experimentally in Chapter 

3 will have approximately 938450 modes under the same conditions. Additionally, as the fiber 

diameter used experimentally is significantly larger, this will result in more nanoparticles being 

adsorbed on its surface. Nevertheless, although there is a significant difference in dimensions 

between the fiber used in the model and the fiber used in the experiments, the fact that both 

sensors have the same construction and are based on multi-mode fibers allows for the 

correlation of the findings regarding the modelled sensor characteristics with the experimental 

sensor characteristics. 

2.3.4 Sensor performance results 

The performance of any sensor is typically analyzed based on some essential 

parameters such as: sensitivity, limit of detection (LOD), sensor resolution, and signal-to-noise 

ratio (SNR). In LSPR based sensors, the shift in LSPR wavelength is directly related to the 

change in refractive index of the surrounding medium. If changing the refractive index of the 

medium 𝑅𝐼𝑚 by Δ𝑅𝐼𝑚 causes a shift in the LSPR wavelength by Δ𝜆𝐿𝑆𝑃𝑅, then the sensitivity 

of the sensor can be written as [119]: 
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𝑆 =

Δ𝜆𝐿𝑆𝑃𝑅

Δ𝑅𝐼𝑚
 (2.25) 

The LOD is the limit at which the sensor can detect the lowest concentration of the 

analyte in a solution. It is affected by the noise of the entire system and the sensitivity of the 

sensor. To quantify the noise, the sensor is allowed to reach steady state multiple times when 

no analyte is present in the solution, and the standard deviation (𝜎) of the reference signal is 

measured. 𝜎 highly depends on the spectral resolution of the spectrometer. The minimum 

detectable sensor signal is then defined as 3𝜎 . The LOD can be expressed as [119]:   

 
𝐿𝑂𝐷 =

3𝜎

𝑆
 (2.26) 

A sensor with very high sensitivity and small standard deviation will result in a smaller 

LOD which is preferred. Like the LOD, there is the limit of quantification (LOQ), which is the 

limit at which we can correlate the signal to the analyte quantity. The LOQ uses the same 

equation as the LOD, but instead of 3𝜎 its10𝜎 divided by the sensitivity. The resolution of an 

LSPR sensor can be defined as the minimum change that can be detected.  

Three sensors were modeled with different nanoparticle sizes. 10, 20, and 30 nm silver 

nanoparticles were used to study the sensor’s refractive index sensitivity versus nanoparticle 

size and surface density. Based on conclusion drawn from sections 2.2.1 and 2.2.2, larger 

nanoparticle sizes have lower absorption efficiencies and result in less nanoparticles surface 

density when adsorbed on the sensing region. Thus, they were not considered.  
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Initially, the three sensors modeled with different sizes had 180 nanoparticles each, 

similar to the procedure explained in section 3.2 and 3.3, and only 30 modes were considered 

in this study to minimize computation time. This allows for the analysis of the refractive index 

sensitivity of the sensor based on the effect of the nanoparticle size only. The sensitivity was 

modelled by changing refractive index unit (𝑅𝐼𝑈) of the medium and measuring the 

corresponding LSPR wavelength.  

Since the simulated electromagnetic wave inside the fiber increases in 10 nm steps in 

the UV–VIS region from 350 nm to 750 nm, the (𝑅𝐼𝑈) was set to 1.00 increasing in increments 

of 0.05 up to 1.3. This change in (𝑅𝐼𝑈) is significantly higher than what is expected from an 

analyte-ligand interaction. However, this was done to mitigate the possibility of LSPR 

occurring in the same wavelength during modeling smaller changes in (𝑅𝐼𝑈) due to the 

discreet steps in electromagnetic field wavelength. Thus, this approach allows for a better 

interpretation of the results provided by the model. The confinement loss versus wavelength 

was calculated for each sensor at each refractive index and the results are plotted in Figure 20 

below.  
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Figure 20 – Modelling results for varying refractive indices – 30 Modes – 180 particles – (a) 30 nm 

(top) – (b) 20 nm (middle) – (c) 10 nm (bottom)  



 

52 

Figure 20 demonstrates that LSPR wavelength experiences a redshift when the 

refractive index of the medium increases. This is due to the higher refractive index increasing 

the dielectric function of the medium and its polarization. This causes a higher attenuation in 

the LSPR, reducing the frequency which translates into a longer wavelength. Figure 20 (a) 

shows a sensitivity of 196.714 (𝑛𝑚/𝑅𝐼𝑈) for sensors fabricated using 30 nm nanoparticles, 

versus 110.0 (𝑛𝑚/𝑅𝐼𝑈) for sensors fabricated using 20 nm nanoparticles, and only 63.857 

(𝑛𝑚/𝑅𝐼𝑈) for sensors fabricated using 10 nm nanoparticles as shown in Figure 20 (b and c).  

Additionally, the confinement loss increases with nanoparticle size. This can be 

attributed to the fact a 30 nm nanoparticle has a higher absorption efficiency as stated earlier 

in section 2.2.1. Since this specific size absorbs evanescent field more efficiently from the 

fiber, then any slight changes in the refractive index of the medium translates more efficiently 

into the signal, which results in a higher sensitivity. Another reason could be attributed to the 

Electromagnetic Field Decay Length, which also shows how this specific size has a higher 

sensitivity to changes in the medium’s refractive index and has a longer electromagnetic field 

which interacts more efficiently with the evanescent field as well. The Electromagnetic Field 

Decay Length will be discussed in detail in the next section.  

Despite these results, and as mentioned in section 2.2.2, one can argue that utilizing 10 

or 20 nm silver nanoparticles would result in a higher surface density which could translate 

into a higher sensitivity. For this reason, the density of the nanoparticles was increased for 

those 2 sizes to 240 particles for the 20 nm size and 360 nm for the 10 nm size. These numbers 

were chosen to maintain a distance of (2.5 𝐷) around each particle similar to the one found in 
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the 30 nm sensor configuration based on 180 particles, to avoid any interference. The results 

are shown in Figure 21 below. 

 

 

Figure 21 – Modelling results for varying refractive indices – 30 Modes – (a) 240 particles 20 nm 

(top) – (b) 360 particles 10 nm (bottom) 

The results in Figure 21 indicate that increasing surface density on the sensing region, 

as shown in the 20 nm and 10 nm-based sensors, does indeed increase the sensitivity of the 

sensor, resulting in a higher wavelength shift in the same media compared to the same sensors 

with less surface densities. In the case of the 20 nm-based sensor, Figure 21 (a) shows that a 

33.33% increase in number of nanoparticles resulted in a 20.26% increase in the sensitivity. 
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While in the case of the 10 nm-based sensor, a 100% increase in the number of nanoparticles 

resulted in a 20.58% increase in the sensitivity as shown in Figure 21 (b).  

The increase of the sensitivity due to increase in nanoparticles density was expected 

based on the relation between the light absorption efficiency and number of nanoparticles 

presented in section 2.2.1. However, the sensor modeled with 30 nm nanoparticles was still 

significantly more sensitive. This suggests that when most of the sensing region is covered 

with nanoparticles, the effect of the nanoparticle size will contribute significantly more towards 

the sensor’s sensitivity compared to the surface density.  

There could be a point during the nanoparticle adsorption process, and before the 

complete coverage of the sensing region, where sensors fabricated with 10 or 20 nm would 

have a higher sensitivity relatively when compared with sensors fabricated with 30 nm (i.e. 

after 5 minutes of adsorption), however, these sensors would have a very low sensitivity. If 

adsorption is allowed to continue until the sensing region is fully covered, the 30 nm-based 

sensor would always have the highest sensitivity. Table 4 below shows a summary of the model 

results. 

Table 4 – Summary of FOEW LSPR model results 

 

Nanoparticle size (𝑛𝑚) 10 20 30 

Number of particles  180 360 180 240 180 

Sensitivity (𝑛𝑚/𝑅𝐼𝑈) 63.857 77.000 110.000 132.286 196.714 
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2.4 Modeling the Electromagnetic Field Decay Length 

The model presented in 2.3.3 illustrates the concept of the FOEW LSPR sensor that is 

used in this research and provides a great insight on how the sensor responds to changes in the 

refractive index of the medium. However, a very important parameter that plays a key role in 

biosensors is the electromagnetic field decay length [28]. As mentioned in section 1.3, the 

plasmon oscillates with an electromagnetic field that decays exponentially with distance from 

the nanoparticles surface. The size of this electromagnetic field is what determines the sensing 

area around the nanoparticle.  

In the previous model, there was no requirement to account for the electromagnetic 

field decay length, as changing the medium’s refractive index would affect the electromagnetic 

field around the nanoparticle, based on how the model is structured. This is not the case for 

biosensors. For the nanoparticle to sense any changes in the local refractive index due to the 

ligand conjugation and the ligand-analyte interaction, these changes must happen inside the 

electromagnetic field surrounding the nanoparticle. This means that the electromagnetic field 

length must be investigated, and if possible, optimized for the target ligand and analyte.  

If the electromagnetic field around the nanoparticle is significantly smaller than the 

ligand, or significantly larger than the analyte, this would result in a weak signal. The optimum 

electromagnetic field must be comparable to the ligand-analyte complex [28]. This concept is 

illustrated in Figure 22. 



 

56 

 

Figure 22 – a) Small electromagnetic field - b) Optimum electromagnetic field - c) large 

electromagnetic field – Created with BioRender.com 

The electromagnetic field decay length (𝑙𝑑) is directly related to the sensitivity of the 

nanoparticle through the following equation [31]: 

 
Δ𝜆𝐿𝑆𝑃𝑅 = 𝑚𝑛𝑝 (Δ𝑛𝑎) [1 − exp (

−𝑑𝑎

𝑙𝑑
)] (2.27) 

Where Δ𝜆𝑙𝑠𝑝𝑟 is the shift of LSPR wavelength, 𝑚𝑛𝑝 is the refractive index sensitivity, 

Δ𝑛𝑎 is the change in refractive index of the analyte relative to the solution, 𝑑𝑎 is the effective 

adsorbate layer thickness. To determine 𝑙𝑑 for the 3 nanoparticle sizes investigated in 2.3.3, the 

water shell method is used, which was adopted from [28]. In this method, the nanoparticle is 

modeled with a shell of water around it. The thickness of this shell starts at 5 nm and increases 

in steps of 5 nm until a final thickness of 50 nm. The concept behind this method is simple, at 

small thicknesses, the electromagnetic field would be partially interacting with water 

(refractive index = 1.33) while the rest of it extends beyond the water shell and interacts with 

vacuum (refractive index = 1). As the water shell increases in thickness, the LSPR peak would 

shift since the portion of the electromagnetic field interacting with water would increase, and 
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the portion interacting with vacuum would decrease. The sensitivity and the electromagnetic 

decay length are found by measuring the LSPR peak shift at each water shell thickness, then 

using non-linear least squares regression with EXCEL to solve the following: 

 
𝑅𝑖 = 𝑋 [1 − 𝑒𝑥𝑝 (

−𝑑𝑖

𝑌
)] (2.28) 

Where 𝑅𝑖 is the difference between LSPR wavelength at water shell thickness 𝑑𝑖 and 

LSPR wavelength in vacuum. The variables 𝑋 and 𝑌 are optimized through the least squares 

method until the error is below the threshold. The value of 𝑋 would represent the sensitivity 𝑚 

multiplied by Δ𝑛 (which is equal to 0.34), while 𝑌 would denote the electromagnetic decay 

length. ANSYS LUMERICAL is used for the modeling and the model is constructed in a 

similar way to 2.2.1 except for the water shell. The model construction is shown in Figure 23. 

 

Figure 23 – ANSYS LUMERICAL model construction for water shell method 

Modeling the electromagnetic field decay was performed on the three silver 

nanoparticle sizes (10 nm, 20 nm, and 30 nm). The results are shown in Figure 24. 
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Figure 24 – Water shell thickness vs LSPR peak for 10 nm, 20 nm, and 30 nm silver nanoparticles  

Figure 24 demonstrates the shift in the LSPR wavelength for each nanoparticle size as 

the thickness of the water shell is increasing which is a result of the electromagnetic field 

interacting partially with 2 media with different refractive indices as explained earlier. The 

initial LSPR wavelength was highest for the 30 nm nanoparticle, followed by the 20 nm 

nanoparticle and the 10 nm nanoparticle respectively which is expected. As the water shell 

thickness increases, more of the electromagnetic field is interacting with the higher refractive 

index medium, causing LSPR wavelength to increase for all three nanoparticle sizes. However, 

the rate of change of LSPR wavelength vs water shell thickness below the 25 nm thickness 

point is highest for 10 nm nanoparticle, followed by the 20 nm nanoparticle and the 30 nm 

nanoparticle, respectively. At a water shell thickness of 25 nm, all three nanoparticle sizes have 

the same LSPR wavelength. Beyond the 25 nm thickness, the rate of change of LSPR 

wavelength vs water shell thickness favors the larger nanoparticle size. The interpretation of 

this behavior suggests that the 10 nm nanoparticle has the smallest electromagnetic field 

length, while the 30 nm nanoparticle has the largest. 
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The non-linear least squares regression method solving equation (2.28) was performed 

for the three nanoparticle sizes and the results are shown in Table 5. From these results, we can 

conclude that the 30 nm nanoparticle has the highest sensitivity, which agrees with the 

conclusions of the models presented in sections 2.2.1 and 2.3.4, and is attribute to the higher 

absorption efficiency of this size relatively. As for the electromagnetic field length, the results 

show that this field expands a distance approximately equals to the radius of the nanoparticle. 

Table 5 – Non-linear least squares regression results 

Size 10 (𝑛𝑚) 20 (𝑛𝑚) 30(𝑛𝑚) 

𝑋 35.926 38.170 39.841 

𝑌 (𝑛𝑚) 5.072 9.424 14.973 

𝑚 (𝑛𝑚/𝑅𝐼𝑈) 108.866 115.667 120.732 

The dimensions of the ligand (i.e. cortisol IgG antibody) used in this work are taken 

from [120–124] and shown in Figure 25.  

 

Figure 25 – Dimensions of IgG antibody from literature – Created with BioRender.com 

Based on the orientation at which the antibody conjugates on the nanoparticle surface, 

which is random but can be controlled via the PH level of the coupling buffer [125] amongst 
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other factors [126], the height of the IgG antibody is 14 nm.  Accordingly, the 30 nm 

nanoparticle has the most optimum electromagnetic field length for this type of biomolecule.  

2.5 Modeling the Analyte-Ligand Reaction Kinetics and final sensor response 

The Langmuir adsorption isotherm is the basis of kinetic analysis of ligand-analyte 

interactions in any biosensor [127]: This adsorption by chemisorption expression assumes all 

ligand reaction sites are covered by the analyte. A molar concentration of analyte [𝐴] interacts 

with a molar concentration of ligand [𝐿]  forming a molar concentration of analyte-ligand 

complex [𝐴𝐿] based on the following expression [128]: 

 
[𝐴] + [𝐿]  

𝑘𝑜𝑛
⇌

𝑘𝑜𝑓𝑓

 [𝐴𝐿] (2.29) 

𝑘𝑜𝑛 is the association rate with units 𝑀−1𝑠−1. It describes the rate of the forward 

reaction taking place between an analyte and ligand to form the complex. This rate is dependent 

on the concentration of analytes and ligands. On the contrary,  𝑘𝑜𝑓𝑓 is the dissociation rate, and 

it describes the rate of the backward reaction where the complex dissociates into separate 

analytes and ligands. 𝑘𝑜𝑓𝑓 has units of 𝑠−1, and is independent of concentrations of the analytes 

and ligands of the system.  

This is an equilibrium reversible reaction. The dissociation constant 𝐾𝑑 represents the 

concentration of analyte at which half the binding cites on the ligand are occupied at 

equilibrium [129]. 𝐾𝑑 can be expressed as follows: 
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𝐾𝑑 =

𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
=

[𝐴][𝐿]

[𝐴𝐿]
=

1

𝐾𝑎
 (2.30) 

Where 𝐾𝑎 is the association constant. The sensor response can be determined by 𝜃, 

which is the fraction of ligand binding sites occupied by the analyte [𝐴𝐿] to the total available 

binding sits [𝐿]𝑡. 𝜃  can be expressed as a function of the analyte concentration and the 

dissociation constant of this interaction: 

 
𝜃 =

𝑅

𝑅𝑚𝑎𝑥 
=  

[𝐴𝐿]

𝐿 + [𝐴𝐿]
=  

[𝐴]

𝐾𝑑 + [𝐴]
 (2.31) 

Where 𝑅 is the response of the sensor. The maximum response 𝑅𝑚𝑎𝑥 occurs at 𝜃 = 1. 

𝑅𝑚𝑎𝑥 and 𝐾𝑑 can found by generating a plot of 𝑅 (at equilibrium) versus [𝐴], and fitting to an 

isotherm. The Langmuir adsorption isotherm is used in modeling the kinetics reaction and the 

sensor response in sections 2.5.1 and 2.5.2. 

2.5.1 Cortisol-Antibody reaction kinetics model 

COMSOL was used to construct the kinetics reaction model of cortisol to the 

antibodies. The model was designed to reflect a FOEW LSPR sensor placed inside a 

microchannel with dimensions that represent the actual microchannel that will be used during 

testing. The model is shown in Figure 26 .  
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Figure 26 – Microchannel model construction in COMSOL – analyte-ligand interaction model 

The height of the channel was changed to 5 mm in Figure 26 for the purpose of clearly 

showing the construction, however, the actual height used in the modeling and during testing 

is 0.5 mm. The length of the sensing region was set to 4 cm, which is the length of the sensing 

region used in the experiments in Chapter 4. 

This model utilizes three built-in modules in COMSOL to solve for the analyte - ligand 

interactions. The first module is the laminar flow model, which solves for the fluid flow inside 

the channel based on the medium’s properties and velocity using Navier-Stokes equations. The 

second module is the transport of diluted species, which solves for the diffusion of the analyte 

diluted in the flow based on the analyte concentration using the diffusion-convection equations, 

and finally the surface reaction module, which solves for the reaction between the diluted 

species and the sensing region based on predetermined interaction parameters using the surface 

molar flux equations. This model is similar to work reported in literature [130]. 
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The parameters set for the medium were that of water. This is an approximation as the 

medium will be Phosphate Buffer Saline. The velocity of the flow was set to 1 𝑚𝑚/𝑠. The 

antibody surface density, placed on the sensing region in the model, was set to 2.46 × 10-8 

𝑚𝑜𝑙/𝑚2. This is found to be within the theoretical range of a monolayer density of antibodies 

conjugated through self-assembly [123]. Considering how each IgG antibody has 2 available 

sites for analyte binding, the value was multiplied by 2. Finally, the diffusion constant for 

cortisol was not found in the literature, but  a common value for many analytes is 1x10-11 𝑚2/𝑠 

[130]. The remaining cortisol-antibody kinetics parameters were extracted from literature of 

SPR cortisol sensors [131] . All the parameters used in the model are reflected in Table 6. 

Table 6 – Parameters used in the cortisol-antibody reaction kinetics model  

Variable Description Value Units 

𝐷𝑐 Diffusion coefficient of Cortisol 1.0 × 10−11 𝑚2/𝑠 

𝛾𝑎𝑐 Anti-Cortisol surface density 2 × 2.46 ×  10−8 𝑚𝑜𝑙/𝑚2 

𝑘𝑜𝑛 Association rate 1.3 (±0.4) × 106 𝑀−1. 𝑠−1 

𝑘𝑜𝑓𝑓 Dissociation rate 0.7 𝑠−1 

𝑣 Fluid velocity 1 × 10−3 𝑚/𝑠 

𝐿 Sensing region length 4 𝑐𝑚 

𝛿 Channel height 0.5 𝑚𝑚 

The model was run to simulate the flow passing over the sensing region for 30 minutes 

by using a time dependent study based on the three modules mentioned earlier. The salivary 

cortisol range is reported as ~ 0.25 – 25 𝑛𝑀 [132]. Thus, the cortisol concentrations assessed 

were 0.001, 0.01, 0.1, 1, 5, 10, 50, 100, 200, 500, 1000, and 10000 𝑛𝑀. This tests the upper 
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and lower limits of the sensor, while including the salivary cortisol range. The modeling results 

are shown in Figure 27. 

 

Figure 27 – COMSOL results for the cortisol – antibody interaction kinetics 

The results displayed in Figure 27 suggest that the interaction occur in less than 5 

minutes, which is significantly quicker compared to other biological molecules, and is logical 

due to the extremely small size of the cortisol molecule (362.46 𝑔/𝑚𝑜𝑙) compared to the 

average molecule size of proteins (~50,000 𝑔/𝑚𝑜𝑙). 

Figure 28 presents the final anti-cortisol surface density after each cortisol 

concentration. The small change in the results of 1000 𝑛𝑀 compared to 10000 𝑛𝑀 indicates 

the saturation of available binding sites. Figure 28 (a) shows how the occupation of available 

binding sites increases with concentration, while Figure 28 (b) shows the results in terms of 

the percentage of ligand occupied binding sites 𝜃, plotted on a logarithmic scale. 
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Figure 28 – Final analyte-ligand model results showing: (a) antibody occupied sites (left) – (b) 

fraction of occupied sites (right) – vs cortisol concentration 

2.5.2 Sensor response model 

The final response of the sensor was modeled based on the results obtained from the 

FOEW LSPR sensitivity model in section 2.3.3 and analyte-ligand interaction model in section  

2.5.1. This is achieved by using the de Feijter’s equation below [133]: 

 
𝑛𝑎 = 𝑛𝑚 +

𝑛𝑖 𝛾𝑎𝑐  𝑀𝑎

𝑑𝑎
 (2.32) 

The de Feijter’s equation is utilized to find the final refractive index of the analyte 𝑛𝑎 

as a function of  the refractive index of the medium 𝑛𝑚, the refractive index increase of the 

analyte 𝑛𝑖, the density of the bound analyte 𝛾𝑎𝑐, the molecular mass of the analyte 𝑀𝑎, and the 

thickness of the analyte layer 𝑑𝑎. A refractive index of 1.34 was used for the medium 𝑛𝑚, 

which is the refractive index of water. The values of 𝑛𝑖 and 𝑑𝑎 used were  1.8 × 10-7 𝑚3/𝑔 and 

4 × 10-9 𝑚 respectively, which are the typical values reported for many proteins in the literature 

[133]. The final anti-cortisol surface density results obtained from COMSOL were used for 

𝛾𝑎𝑐, and the cortisol molecular mass is 362.46 𝑔/𝑚𝑜𝑙.  
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Table 7 lists all the parameters used in the de Feijter’s equation. 

Table 7 –  de Feijter’s equation parameters 

Variable Description Value Units 

𝑅𝐼𝑎 Refractive index increments of analyte 1.8 × 10−7 𝑚3/𝑔 

𝑀𝑎 Molecular mass of cortisol 362.46 𝑔/𝑚𝑜𝑙 

𝑑𝑎  Thickness of the cortisol layer 4 × 10−9 𝑚 

𝛾𝑎𝑐 Anti-Cortisol surface density 2 × 2.46 × 10−8 𝑚𝑜𝑙/𝑚2 

Using the refractive index sensitivity for the 30 nm based FOEW LSPR sensor 

generated by the model, the final sensor response was modeled on MATLAB and results are 

presented in Figure 29.  

 

Figure 29 – Final sensor response model based on COMSOL modelling results combined with de 

Feijter’s equation 

The results of the sensor response model display a very small change in the LSPR peak 

shift due to the small change in final refractive index. The signal shift corresponding to cortisol 
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concentrations change from 1-500 𝑛𝑀 was less than 0.3 𝑛𝑚, while the total shift for the highest 

concentration of 10000 𝑛𝑀 was almost 0.32 𝑛𝑚 . Although this is less than the experimental 

noise level, which was found to be ~0.015 𝑛𝑚 shift in wavelength over a 30-minute period, 

the results suggest a poor performance of the sensor. The minor change in the refractive index 

due to analyte binding is expected since the cortisol molecule is extremely small in size. 

Evidently, the sensor will only work if the actual sensitivity is significantly higher than the 

sensitivity of the FOEW LSPR COMSOL model. This is investigated experimentally in the 

next chapter. 

Based on all the results obtained from the modeling in this chapter, using 30 nm silver 

nanoparticles in the fabrication of the FOEW LSPR sensor will provide the best performance 

characteristics. 30 nm nanoparticles have the highest absorption efficiency, result in a high 

final surface density, have the highest refractive index sensitivity, and an optimum 

electromagnetic decay length for sensing ligand-analyte interactions. 
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Chapter 3 

Model Verification: Experimental Procedures 

Chapter 3 presents the experimental design and procedures performed to fabricate 

FOEW LSPR sensors using different silver nanoparticles sizes. Characterization equipment 

such as Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), and UV-

VIS spectroscopy are used to characterize the sensing region and the absorption results. The 

experimental results are verified against the main findings of the models in Chapter 2. 

3.1 Materials  

Ocean Optics HL-2000-LL Light Source with a wavelength range from 360nm – 

2.4μm, Ocean Optics USB 4000 spectrometer with response range from 200nm – 1.1μm, 

connected to a computer with Spectra suite software. The spectrometer has an optical 

resolution of 0.1 – 10nm. Standard optical fiber (FG105LCA Ø125 µm Cladding diameter with 

Ø105 Core Glass Clad Silica Multimode Optical Fiber, 0.22 NA) and coreless termination fiber 

(FG125LA - Coreless Termination Fiber, Ø125 µm Glass Rod) were purchased from 

THORLABS. 10 nm, 20 nm, 30 nm, and 80 nm citrate capped silver nanoparticles colloidal 

solutions (20 PPM) were purchased from CYTODIAGNOSTICS®. Finally, APTES (3-

Aminopropyl)-tri-ethoxy-silane) was purchased from Sigma-Aldrich. 

3.2 FOEW LSPR Sensor Fabrication 

The modeling results in Chapter 2 demonstrated key points that are verified 

experimentally in this section. The first is that a 30 nm nanoparticle has the highest LSPR 

absorption efficiency compared to any other nanoparticle size. The second is the positive 
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correlation between the number of nanoparticles and the total light absorbed. The third is that 

smaller nanoparticles result in higher surface density on the sensing region during adsorption 

process. The fourth and final point is that sensors fabricated with 30 nm nanoparticles are the 

most sensitive to changes in refractive index compared to sensors fabricated with 10 nm and 

20 nm nanoparticles, despite the increase in the smaller nanoparticles’ surface density. As 

mentioned in section 2.2 and 2.3, 10 nm, 20 nm, 30 nm and 80 nm silver nanoparticles were 

procured to study the absorption efficiency, adsorption kinetics, and final sensor refractive 

index sensitivity. All sizes had a concentration of 20 PPM.  

3.2.1 Sensing region creation 

The fabrication of a fiber optic evanescent field sensor requires removing the cladding 

to expose the core and allow the evanescent field to interact with the medium. This could be 

achieved through various methods such as the ones mentioned in Chapter 1. Most of these 

methods are time consuming, require the use of toxic and dangerous reagents, and are 

extremely sensitive to external factor, such as temperature and humidity, which significantly 

impacts the repeatability of the fabrication process  [51,54–56].  

In this work, a coreless fiber is fused to a standard fiber and used as the sensing region. 

A coreless fiber consists of a pure silica cladding with no core as shown in Figure 30. Using a 

coreless fiber as the sensing region is extremely time efficient, does not require the use of any 

chemicals, is not affected by environmental conditions, and is 100% repeatable. To the best of 

our knowledge, a coreless fiber FOEW LSPR biosensor has not been used in the literature thus 

far.  
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Figure 30 – (a) Cross sections of standard fiber (left) – (b) coreless fiber (right) – Created with 

BioRender.com 

The outer jackets of the coreless fiber and the standard fiber consist of an acrylic 

coating that is manually stripped. Then, 4 cm of the coreless fiber is spliced from both ends to 

a standard optical fiber using a fusion splicer (AI-9 Fusion Splicer by Vikye) as shown in 

Figure 31.  

 

Figure 31 – Optical fiber fusion splicer upon a successful splice 

The length of 4 cm was found to allow nearly complete light absorption in the case of 

30 nm-based sensors and is similar to FOEW LSPR sensors used in the literature and referred 

to in Table 1. The whole process of preparing a FOEW sensor using this method takes 

approximately 10 minutes. 
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3.2.2 Sensing region functionalization and salinization 

The adsorption of nanoparticles on the sensing region is facilitated through the 

functionalization of the fiber’s surface by a process called salinization. Salinization generates 

a SAM of a polyelectrolyte on the surface of the sensing region. Based on a study found in the 

literature, pre-treating a glass substrate in an Ultra Violet Ozone machine for 10 minutes prior 

to the salinization process allows for the production of high-quality SAMs with excellent 

tribological performances [134].  

The study found that 10 minutes of pre-treatment provided the lowest surface 

roughness while significantly improving the hydrophilicity of the glass, which is attribute to 

the increase in Hydroxyl groups (OH-) [135,136]. These groups are naturally found on the 

surface of glass but can be further increased via the process of hydroxylation from the UVO 

treatment as shown in Figure 32. 

 

Figure 32 – Hydroxylation process using UVO treatment on a glass substrate – Created with 

BioRender.com 

UVO has been used effectively on different materials to remove surface impurities and 

contaminants, and achieve a surface cleanness level that is near-atomic, in vacuum or air 

systems at ambient temperatures [134,137]. Compared to conventional hydroxylation methods, 

which use piranha solution to clean the substrates surface and increase the hydroxyl groups 
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[138], UVO generates no waste and little amounts of harmful gases (O3), which are usually 

captured in the UVO generator.  

Salinization of the sensing region is then done by preparing APTES solution in DI water 

and allowing it to hydrolyse. This breaks the saline groups via a process known as 

hydrolyzation. The sensing region is then dipped in the APTES solution for some time. The 

saline groups attack the hydroxyl groups on the glass surface and create a covalent bond 

through the salinization process and provide amine groups (NH2) on the other end. Schematic 

showing the salinization process is shown in Figure 33.  

 

Figure 33 – Salinization of a glass substrate – Created with BioRender.com 

As mentioned in section 01.5.1, different factors affect the APTES SAMs. Using high 

APTES concentrations (>10%) would result in poor quality SAMs with high surface 

roughness. However, it was reported that well-formed films with low RMS roughness, and 

insignificant sensitivity to temperature, can be achieved using low APTES concentrations 

(~1%) and with time-limited reactions (<1 hour) [66,67,139]. In this thesis, the salinization of 

the optical fiber with respect to the coating time was examined for 15, 30, 45, and 60 minutes. 

The results were very comparable and there was no conceivable difference to the nanoparticles 

adsorption rate or final surface density. Thus, the salinization for all the sensors in this work 

was done using 1% APTES solutions for a total coating time of 30 minutes.  
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3.2.3 Coating apparatus  

The decision to use the optical fiber splicer to create the sensing region in the sensor 

presented in this thesis introduces some challenges to the overall fabrication of the biosensor. 

In the literature, the sensing region would usually be dipped in the APTES solution to perform 

the salinization process. However, unlike the configurations found in the literature where the 

sensing region used is made of plastic [77,82–89], or located towards the end of the fiber with 

a micromirror and a fiber coupler [90,91], our sensing region is made of silica and located 

towards the middle of the overall fiber. Which makes it problematic to dip the sensing region 

in a container with the APTES solution. Using the splicer introduces stress points where the 

sensing region and the standard fiber are fused. Bending the fiber to insert it in a container 

would frequently result in breaking it at the splice points.  

This can be mitigated by making the bending radius very large, which means the 

container must be wide to accommodate, which also translates to more APTES solution 

volume. Handling the fiber then proved to be difficult, resulting in inconsistent salinization. 

This same issue would resurface during the nanoparticle adsorption process using the silver 

nanoparticle colloidal solution. For these reasons, the coating apparatus presented in Figure 34 

was created. It is made of two pipette tips joined together with an opening in the middle to 

dispense the solution and holds a liquid volume of ~800 𝜇𝑙. 
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Figure 34 – Coating apparatus made for APTES functionalization 

The fiber is inserted in this apparatus when its empty, and the solution is dispensed 

through the middle opening. After the process is complete, the fiber is slowly pulled from one 

end and washed. The design of this coating apparatus removes the need to bend the fiber and 

allows for the use of small volumes of solutions. 

3.3 The effect of nanoparticle size on adsorption kinetics and absorption 

signal 

Sizes 30 nm and 80 nm nanoparticles were chosen for this experiment and validate the 

findings of the modeling in 2.2. Two fibers were prepared based on the procedure presented in 

section 3.2. The sensing regions were then washed with DI water and dried with nitrogen 

stream then placed in new coating apparatuses. 30 and 80 nm silver nanoparticle colloidal 

solution were used to fabricate the first and second sensors respectively, by pouring in the 

solutions and submerging the sensing regions. The sensing regions remained in the colloidal 

solutions for 15 hours to study the effect of immersion time on the absorption signal. The 

spectrum was collected every minute with a scan average set to 5 and boxcar width set to 10. 

The results were imported to MATLAB for analysis. The moving average was set to 50 to 

reduce the noise of the signal, which was the value that would reduce the noise while retaining 

the signal’s features. The results are plotted in Figure 35. 
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Figure 35 – Absorption signal vs: (a) wavelength (left) – (b) time (right) 

Figure 35 (a) shows that LSPR was detected at 410 nm initially. However, as adsorption 

increased, the signal started shifting to higher wavelengths until finally it reached 450 nm. As 

stated in the combined model section, the effects of particle proximity that were not captured 

in the model are noticed in the experimental results. As more particles are adsorbing on the 

surface of the sensing region, more particles are agglomerating, affecting each other’s 

electromagnetic field, and causing the LSPR frequency to reduce, which translates into a red 

shift and a broader absorption that is evident in the results. The recorded pattern in Figure 35 

(a) resembles the results obtained from the model displayed in Figure 13, further confirming 

the viability of the model. The LSPR absorption measured over time for 30 nm nanoparticles 

is displayed in Figure 35 (b). The results obtained show how the absorption reaches its 

maximum after around 3 hours, suggesting that maximum surface density was reached.  

The rate of adsorption was rapid between 0-2 hours, then slowed down between 2-3 

hours. Since the adsorption rate is proportional to √𝑡 , the adsorption rate is expected to 

decrease over time. The fact that the adsorption stops completely after around 3 hours, which 
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was not captured in the adsorption model in Figure 12 (a), confirms the formation of the 

monolayer of nanoparticles, and suggests that the repulsion forces came into effect, preventing 

the adsorption of more particles on the sensing region. The signal of both sensors (30 nm based 

and 80 nm based) after 15 hours of adsorption was also recorded and plotted in Figure 36. 

 

Figure 36 – Comparison of LSPR signals between 30 nm and 80 nm nanoparticle sensors after 15 

hours of adsorption 

Figure 36 displays that the LSPR signal from the sensor fabricated using the 30 nm 

silver nanoparticles is shown clearly by the peak that occurs around a wavelength of 450 nm. 

As for the sensor fabricated using the 80 nm nanoparticles, no peak can be easily distinguished 

from the spectrum. Although there is a slight peak at 510 nm, the absorbance is distributed 

over a wide range of wavelengths. This agrees with the simulations that show that the LSPR 

absorbance of 80 nm silver nanoparticles is significantly lower than the 30 nm silver 

nanoparticles. In addition, the adsorption of 80 nm particles on the fiber’s surface results in 

significantly less particle density when compared to the adsorption of 30 nm nanoparticles as 

discussed earlier. 
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3.3.1 AFM Characterization 

Atomic Force Microscopy (AFM) was used to characterize the sensor’s surface after 

the fabrication process was completed. The AFM images are shown in Figure 37 for the sensors 

after 15 hours of incubation. Based on the adsorption model, it is expected to find a higher 

nanoparticle density and coverage on the surface of the sensor fabricated with 30 nm 

nanoparticles compared to the surface of the sensor fabricated with 80 nm nanoparticles.  

   

    

Figure 37 – AFM images and height distribution for fiber surface with: (a) 30 nm (top) – (b) 80 nm 

(bottom) – after 15 hours of incubation 
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The curvature of the fibers’ surface posed a great challenge in our analysis. The images 

had to be corrected by leveling the surface of the fiber which introduced slight perturbations 

to the results. However, the conclusion is still valid. Comparing the results obtained through 

AFM in Figure 37, it can be observed that in the case of the 30 nm-based sensor, the 

nanoparticles have a high surface density, and are well dispersed in their coverage creating a 

distinct monolayer. Conversely, the 80 nm-based sensor shows very little nanoparticle density 

and coverage. Another observation worth noting is how the 30 nm-based sensor had minor 

agglomeration of the nanoparticles compared to the 80 nm-based sensor. This could be 

attributed to the larger nanoparticle size having more attraction forces due to the larger mass, 

while the repulsion Coulomb forces are able to stop the agglomeration in smaller nanoparticles. 

Additionally, during repeated testing, the findings from many AFM images for the 80 nm-

based were consistent and did not show high density nanoparticles on the surface, while every 

AFM image for the 30 nm-based sensor reliably showed higher density and significant 

coverage, further agreeing with the adsorption model, and verifying it.  

3.3.2 UV–VIS Characterization 

UV–VIS characterization tests measure the total extinction of light based on the cross 

section, which includes both scattering and absorption. As mentioned earlier, FOEW sensors 

are only affected by an absorbing medium. To verify this statement, UV–VIS was used to 

characterize the 30 nm and 80 nm silver nanoparticle LSPR signals. For each size, 1 cm cuvette 

was analyzed containing 1 ml of 20 ppm nanoparticle colloidal solution. Another 1 cm cuvette 
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containing DI water was used as the reference. The results obtained from the UV-VIS tests 

were compared to the FOEW sensors and shown in Figure 38.  

 

Figure 38 – Nanoparticle colloidal solution UV-VIS LSPR signal vs fiber optic evanescent wave 

LSPR signal in colloidal solution: (a) 30 nm (left) – (b) 80 nm (right) 

From Figure 38 (a), it is noticed that the LSPR peaks are not aligned. The FOEW sensor 

LSPR is red-shifted and broader compared to the UV-VIS LSPR signal. This is due to the 

nanoparticles’ agglomeration on the fiber’s surface as discussed previously. This effect cannot 

be found in the nanoparticle solution as the nanoparticles are suspended freely due to their 

repulsion forces. 

As for the 80 nm, it also noticed from Figure 38 (b) that the peaks are not aligned for 

the same reason. The peaks occur at a longer wavelength compared to the 30 nm particles due 

to the larger size of the nanoparticle. Additionally, the ratio of the absorption signal from 

FOEW compared to the UV–VIS is significantly lower for the 80 nm-based sensor compared 

to the 30 nm-based sensor. This is because in the FOEW sensor, the total absorption efficiency 

for the 80 nm particles is less than the 30 nm particles, and the final surface density is also 
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significantly less. However, in the UV–VIS test, the LSPR peaks observed are the result of the 

extinction cross section of the nanoparticles. It can be concluded that for the 80 nm particles, 

the LSPR signal from the UV–VIS is dominated by scattering, while for the 30 nm solution it 

is dominated by absorption. This verifies the results of the nanoparticle light interaction model, 

and that 30 nm particles are more suited for FOEW sensors. For that reason, it is crucial to 

always investigate the nanoparticles absorption efficiencies, not extinction efficiencies, when 

fabricating FOEW sensors.  

3.4 The effect of nanoparticle size on FOEW LSPR refractive index sensitivity 

In this section the sizes 10 nm, 20 nm, and 30 nm were chosen to verify the modeling 

results in section 2.3. The same procedure mentioned in section 3.3 was followed but with 

three fibers instead of two and for the three sizes. Each sensor was fabricated individually, and 

the signal was monitored in real time and plotted in Figure 39.  

 

Figure 39 – (a) Absorption signal vs wavelength after adsorption process is complete (left) – (b) 

Absorption signal LSPR peak vs time for 10 nm, 20 nm, and 30 nm silver nanoparticle sensors (right) 
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Figure 39 (a) demonstrates that the final absorption of the three sensors was different 

despite using the same procedure and having the same sensing region lengths. The time 

required for the self-assembly and formation of a monolayer was also different as shown in 

Figure 39 (b). The reason the final absorption was highest for 30 nm and lowest for 10 nm can 

be attributed to the absorption efficiency of each nanoparticle size. As mentioned in the 

modeling results in 2.3, after the adsorption is complete and the sensing region is fully covered, 

the 30 nm-based sensor will have the highest absorption, while the 10 nm-based sensor will 

have the lowest absorption, despite the difference of surface density which is in favor of the 

smaller size. Figure 39 (b) also shows that the sensor fabricated using 10 nm nanoparticles had 

the highest adsorption rate, followed by the sensor fabricated using 20 nm nanoparticles, and 

finally the sensors fabricated using 30 nm nanoparticles 

Another reason the absorption signal is different can be ascribed to the aggregation. 

Some aggregation was visible in the signal in the 30 nm-based sensor, which was less noticed 

in the 20 nm-based sensor and almost not present in any form in the 10 nm-based sensor. It 

seems that when the monolayer is formed, smaller nanoparticles (i.e., 10 nm) can repel other 

nanoparticles from adsorbing on the surface more efficiently compared to larger nanoparticles 

(i.e., 30 nm). 

It is important to note how for shorter adsorption duration and before the full coverage 

of the sensing region, sensors fabricated using smaller nanoparticles (i.e. 10 nm and 20 nm) 

will have a higher absorption compared to sensors fabricated using 30 nm nanoparticles, which 

is also mentioned in 2.3. This can be verified by the experimental results shown above. 
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3.4.1 Refractive index sensitivity testing 

The refractive index sensitivity of the three sensors was determined by measuring the 

LSPR wavelength of each sensor in solutions with different refractive indices. A dilution series 

of glycerol and DI water was created with 𝑉𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙/𝑉𝐷𝐼 𝑤𝑎𝑡𝑒𝑟 ratio of 0, 0.2, 0.4, 0.6, and 0.8. 

The values were obtained from [140] and are shown in Table 8.  

Table 8 – Refractive index values of a dilution series of glycerol and DI water  

Volume percentage glycerol/DI water Refractive index 

0% 1.34 

20% 1.355 

40% 1.381 

60% 1.411 

80% 1.440 

The refractive index of each solution in the dilution series is lower than the refractive 

index of the sensing region to maintain TIR. Three sensors were made using each 

nanoparticle’s size following the same fabrication method mentioned in section 3.2, and each 

measurement was performed three times per sensor. The LSPR peak was recorded for each 

sensor after fully immersing the sensing region in the solutions produced by the glycerol 

dilution series, the sensing region was washed with DI water to restore the baseline between 

measurements, and the sensitivity of the sensor was calculated based on equation (2.25). The 

sensors would be washed with DI water and immersed in another solution results are shown in 

Figure 40 
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Figure 40 – Refractive index sensitivity testing results – (a) LSPR vs Size (left) – (b) LSPR vs 

Refractive Index (right) 

Figure 40 (a) demonstrates that 30 nm-based sensors are significantly more sensitive 

to changes in medium refractive index compared to 20 nm-based sensors and 10 nm-based 

sensors. The LSPR peak would shift considerably when increasing the refractive index of the 

medium. Figure 40 (b) shows that the 30 nm-based sensors had a sensitivity of 2101.79 

𝑛𝑚/𝑅𝐼𝑈, compared to 896.199 𝑛𝑚/𝑅𝐼𝑈 for the 20 nm-based sensors, and 521.808 (𝑛𝑚/𝑅𝐼𝑈) 

for the 10 nm-based sensors. This is attributed to the higher absorption, longer electromagnetic 

field decay length, and higher refractive index sensitivity of the 30 nm nanoparticle, which 

agrees with the modeling results found in sections 2.2, 2.3, and 2.4.  

However, the 10 nm-based sensor had a better linearity at 𝑅2 = 0.9577, compared to 

𝑅2 = 0.9218 for the 20 nm-based sensor and 𝑅2 = 0.8759 for the 30 nm-based sensor which 

could be attributed to the more uniform monolayer and less nanoparticle aggregation when 

fabricating the sensor using smaller nanoparticles. 
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3.4.2 SEM Characterization 

Scanning Electron Microscopy (SEM) was used to characterize the sensor’s surface 

after the fabrication process was completed. SEM was chosen instead of AFM here to avoid 

having to correct for the surface curvature and for the higher picture quality considering the 

smaller nanoparticle sizes. ImageJ, which is an open-source software, was used to count the 

nanoparticles from the images to find the surface density. The results showing the SEM images 

for each nanoparticle size, along with a count distribution graph are displayed in Figure 41. 

Similar to the modeling results in 2.2.2, and the AFM images in 3.3.1, the SEM images 

show that smaller nanoparticle sizes result in higher final surface density. The time required to 

achieve a monolayer for each nanoparticle size was interpolated from Figure 39 (b), and used 

in (2.8) to determine the theoretical final density. These results were compared to the 

experimental ones produced by ImageJ and displayed in Table 9. Due to the smaller size of the 

10 nm nanoparticles, in many instances ImageJ was not able to differentiate two particles next 

to each other and would count them as one. This explains the large discrepancy found in the 

10 nm results. However, the 20 nm and 30 nm results further verify the diffusion transport 

process model.  

Table 9 – Comparison between theoretical and experimental surface densities 

Particle Size (𝑛𝑚) 10 20 30 

Theoretical density (𝜇𝑚2) ~690 ~125 ~50 

Experimental density (𝜇𝑚2) ~470 ~140 ~43 

Error 46.8% 10.7% 16.3% 
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Figure 41 – SEM images and count for fiber surface with: (a) 10 nm (top) – (b) 20 nm (middle) – 30 

nm (bottom) nanoparticles 
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3.5 Sensor response model update based on experimental results 

The sensor response model based on de Feijter’s equation (2.32) was updated to include 

the refractive index sensitivity of the 30 nm-based FOEW LSPR sensor found experimentally 

in section 3.4.1. The results are shown in Figure 42.  

 

Figure 42 – Updated sensor response model based on the experimental sensitivity of 30 nm based 

FOEW LSPR sensor using 125 𝜇𝑚 coreless fiber as the sensing region 

Figure 42 depicts a significantly higher sensor response for the updated model which 

is expected since the refractive index sensitivity was significantly higher experimentally 

compared to the 2D COMSOL model (2101.79 𝑛𝑚/𝑅𝐼𝑈 vs 196.714 𝑛𝑚/𝑅𝐼𝑈). The higher 

sensitivity of the actual sensor compared to the 2D model is due to the difference in optical 

fiber size (125 µm vs 3 µm), which translates into more coupled modes, nanoparticle surface 

density, distance between nanoparticle and surface, and structure (3D vs 2D). According to the 

results of this chapter, which agree with the modeling results, the 30 nm silver nanoparticles 

are best suited to fabricate the FOEW LSPR salivary cortisol biosensor.  
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Chapter 4 

LSPR FOEW Cortisol Biosensor Fabrication and Testing 

This chapter will demonstrate in detail the experimental procedures followed to 

fabricate the FOEW LSPR cortisol biosensor. The material used, fabrication approach, 

problems faced, troubleshooting, as well as the results will be thoroughly discussed. The results 

obtained from the modeling in Chapter 2 and experiments from Chapter 3 all point towards the 

30 nm being the optimal size for fabricating the cortisol biosensor. Thus, the FOEW LSPR 

Cortisol biosensor will be fabricated and tested using 30 nm silver nanoparticles.  

4.1 Materials  

Gilson PIPETMAN P1000 pipette, VWR analogue mini vortex mixer, MUA (11-

Mercaptoundecanoic acid), Cys (Cysteamine hydrochloride), Cortisol (Hydrocortisone 

solution), PBS (Phosphate buffered saline), were purchased from Sigma-Aldrich. EDC (1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride), NHS (N-

hydroxysuccinimide), Blocker™ BSA were purchased from Thermofisher. Finally, Cortisol 

antibodies were purchased from antibodies-online. 11 Pico Plus syringe pump (Harvard 

Apparatus). Valco 6 port valve (Vici). PEEK tubing (1/16’’ OD 0.03’’ID). (Sylgard 184, Dow 

Corning).  

4.2 Biosensor fabrication 

The steps presented in Chapter 3 were followed to create the FOEW LSPR sensor. Once 

the sensor was fabricated, the next step would be to functionalize the nanoparticles for the 

ligand (Anti-cortisol IgG) conjugation.  



 

88 

One of the most utilized chemicals for this step is MUA (11-Mercaptoundecanoic acid). 

MUA has been used for successfully in many LSPR/SPR sensors [41,141–153]. MUA are 

molecules that have thiol groups (-SH) from one end and carboxyl (-COO-) groups from the 

other. Thiol groups have high affinity to gold and silver, attacking the functional groups found 

on the metal surface and replacing them with thiol [154]. The carboxyl group on the other end 

can be activated using EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) 

and NHS (N-hydroxysuccinimide) chemistry.  

The application of EDC/NHS chemistry is nearly universal in particle and surface 

conjugation procedures. EDC/NHS activation chemistry is considered a “zero-length” cross 

linking procedure [74]. It is the most common bioconjugation reagent used today [76]. 

EDC/NHS activates the surface by converting the carboxyl groups into NHS-ester 

(succinimidyl ester). Coupling is then achieved by introducing the ligand (Anti-cortisol IgG) 

to the NHS-activated surface. The amine groups found on the ligand would interact with the 

NHS-ester in a process known as aminolysis, forming amide bonds [75]. The selectivity of the 

sensor depends on the ligand used. A monoclonal antibody is selective to one type of the 

analyte, while using aptamers can further enhance the selectivity. 

The selectivity can also be affected by nonspecific binding of the analyte to the surface 

of the nanoparticle. To avoid this undesired outcome, the empty sites on the nanoparticles 

surface should be blocked. Commonly, bovine serum albumin (BSA) is used since it does not 

interact with the ligand or analyte [28].  
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4.2.1 MUA concentration optimization 

The concentration of MUA used to functionalize the metal surface depends on many 

factors and varies for different applications [76]. Thus, this can only be determined 

experimentally. Table 10 below shows some of the information found in the literature  about 

MUA for similar applications [155].  

Table 10 – List of MUA concentrations and incubation times used in SPR/LSPR sensors 

Concentration [mM] Time [Hr] Solvent Reference 

10 24 Ethanol [146] 

10 12 Ethanol [147] 

1 24 Ethanol [148] 

10 24 Ethanol [149] 

5 2 Ethanol [150] 

10 20-24 Ethanol [151] 

1 12 Ethanol [152] 

1 4 Ethanol [153] 

There are other reported cases where a higher concentration (150 𝑚𝑀) was used 

[156,157]. For the sensor presented in this thesis, an ethanolic MUA solution with a 

concentration of 5 𝑚𝑀  was initially used. However, due the challenges presented in section 

3.2.3, which require the need to use the inhouse coating apparatus, the MUA functionalization 

was not successful. Due to the low surface tension of ethanol, the solution would pour out of 

the fiber inlet and outlet openings in the coating apparatus before fully submerging the sensing 

region. In the instances where the sensing region would be submerged, the ethanol would 

evaporate quickly and leave a visible white residue (MUA) on the sensing region surface. 
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This issue was resolved by pre-functionalizing the silver nanoparticles with MUA prior 

to the adsorption process. After contacting CYTODIAGNOSTICS® technical team, they 

confirmed that this is possible by adding a small amount of ethanolic MUA solution to the 

nanoparticle colloidal solution and incubate it for some time. Pre-functionalizing the 

nanoparticles with MUA would allow for the sensor to be activated via EDC/NHS chemistry 

directly after the adsorption process. Then the antibodies can be conjugated on the 

nanoparticles surface, before BSA is used to block the remaining sites. A schematic explaining 

the fabrication process and testing of the biosensor is presented in Figure 43. 

 

Figure 43 – Schematic showing the FOEW LSPR Cortisol biosensor fabrication process and testing 

based on MUA pre-functionalization – Created with BioRender.com 

Four concentrations of 0.5, 1, 5, and 10 𝑚𝑀 were considered for the purpose of testing 

the pre-functionalization approach. 20 𝜇𝑙 of ethanolic MUA from each concentration were 

added to separate vials containing 980 𝜇𝑙 of 30 nm colloidal solution each and incubated for 
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two hours. The volume of the ethanolic MUA, colloidal solution, as well as the incubation time 

were kept constant for the four sensors to control the variables and only the concentrations 

were changed. After the 2 hours, the sensors were fabricated following the procedure 

mentioned in Chapter 3. The results are shown in Figure 44. 

 

Figure 44 – (a) Absorption signal vs wavelength after adsorption process is complete for different 

MUA concentrations (left) – (b) Change of LSPR peak absorption magnitude over time for different 

MUA concentrations (right) – after 2 hours of incubation time  

Figure 44 (a) shows a decrease in LSPR signal as the concentration of MUA increases. 

This can be attributed to the effect of MUA on the surface charge of the nanoparticle. High 

MUA concentrations increase the surface charge on the nanoparticles’ surfaces, increasing the 

repulsion forces between the nanoparticles, which causes the monolayer to form quicker. This 

is also reflected in the quicker adsorption time as shown in Figure 44 (b). Although this proves 

the pre-functionalization is working, however, a lower absorption signal is the result of less 

particle coverage, which affects the sensitivity of the sensor as discussed in Chapter 2. To verify 

these claims, an SEM image is taken of the sensing region fabricated with 0.5 𝑚𝑀 MUA pre-
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functionalized nanoparticles and compared to the one fabricated without the pre-

functionalization step. The results are shown in Figure 45. 

   

Figure 45 – SEM image of 30 nm based FOEW LSPR sensor: (a) without MUA pre-functionalization 

(left) – (b) with 0.5 mM MUA pre-functionalization for 2 hours (right) 

It is clear from the SEM images that pre-functionalization results in less nanoparticles 

density on the sensing region, due to the reasons mentioned earlier. Based on the conclusions 

drawn from the modeling on how this affects the sensitivity, the decision was made to choose 

0.5 𝑚𝑀 MUA prefunctionalized nanoparticles for the fabrication of the sensor and disregard 

the remaining concentrations. Using this concentration results in the adsorption of 

nanoparticles functionalized with carboxyl groups required for the bioconjugation, which is 

confirmed by the results obtained in Figure 44, while maintaining a high absorption signal. 

Consequently, this results in a better overall sensor performance compared to using 

nanoparticles pre-functionalized with higher MUA concentrations.  

4.3 Experimental Setup 

The experimental setup used to perform the remaining fabrication steps and testing is 

shown in Figure 46. It consists of a syringe pump that provides continuous flow of the medium 
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at a constant flowrate, the MUA pre-functionalized FOEW LSPR sensor enclosed in a PDMS 

microchannel and connected to the light source and spectrometer, an injection valve with a 

sample loop that allows for seamless injection of precise volumes of samples into the system, 

a waste collection container, and a laptop to record the optical response. 

 

Figure 46 – (a) Experimental setup schematic (left) – (b) Actual experimental setup (right) – Created 

with BioRender.com 

Phosphate buffered saline (PBS) with a concentration of 10 𝑚𝑀 and pH of 7.4 was 

used as the medium from this point onwards in the experiment. It is a non-toxic solution that 

is widely used with biosensors and biological applications as its osmolality and ion 

concentration are analogous to the human body [158,159]. A 12 𝑚𝑙 HENKE-JECT® syringe 

was filled with PBS solution and placed in the syringe pump. The flow rate was set to 22.7 

𝜇𝑙/𝑚𝑖𝑛 which results in a flow velocity of 1 𝑚𝑚/𝑠 inside the microchannel, like the flow 

velocity used in the modeling in section 2.5. The sample loop had a volume of 450 𝜇𝑙 which 

would result in the sensor surface being exposed to the sample volume for 20 minutes. A 1 𝑚𝑙 

HENKE-JECT® syringe was used to inject different samples into the system using the 

injection valve. The setup was constructed on top of an optical table by NEWPORT®. 
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An aluminum mold for the PDMS microchannel was designed using SOLIDWORKS 

and made by CNC machining to replicate the dimensions of the microchannel shown in the 

model in section 2.5 (refer to Appendix B). 

Sylgard 184 silicone elastomer and curing agent were mixed at a (10:1) w/w ratio 

thoroughly and placed in a vacuum desiccator until all the bubbles were extracted from the 

mixture, then poured in the aluminum mold and cured at 75° C for 2 hours. Rapid-core 

sampling puncher with a diameter of 1.2 𝑚𝑚 was used to punch holes in the PDMS and create 

the inlet and outlet. The FOEW LSPR sensor was placed inside the microchannel and a glass 

slide was used to seal the channel. The aluminum mold and sealed PDMS microchannel with 

the FOEW LSPR sensor enclosed inside are shown in Figure 47. 

          

Figure 47 – (a) Aluminum mold used to create the PDMS micro channel (left) – (b) The final sealed 

channel with the FOEW LSPR sensor enclosed  

4.3.1 Surface Activation and Antibody Conjugation Procedure 

Once the system was primed with the PBS solution, a baseline LSPR signal was 

recorded. The concentration of EDC/NHS used in the literature varied tremendously. It 

depends on the application, concentration of nanoparticles, concentration of biological 

molecules, pH level, and buffer type [76]. Typical concentrations of 5-500 𝑚𝑀 were used. 

Nevertheless, using excess concentrations of EDC/NHS during the bioconjugation procedure 
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is common since the unreacted molecules will always be washed away after the activation 

process is complete. In this work, a concentration of 200 𝑚𝑀 EDC and 50 𝑚𝑀 NHS was used. 

The concentrations were freshly prepared in PBS and injected into the system. The activation 

process can be observed from the initial shift in LSPR signal, and it is shown in Figure 48.  

 

Figure 48 – LSPR peak shift due to EDC/NHS activation, antibody conjugation, and BSA blocking 

processes 

In this figure, the LSPR peak during the EDC/NHS activation shifts from 440.571 𝑛𝑚 

to almost 444 𝑛𝑚, but then drops to 443.059 𝑛𝑚. This slight drop in the signal after the 

activation process is attributed to the excess EDC/NHS particles being washed away, 

confirming that the concentration of EDC/NHS used was sufficient for the activation process. 

The activation process took around 15 minutes to complete. A 200 𝜇𝑔/𝑚𝑙 of anticortisol 

antibodies in PBS was then injected into the system. The LSPR peak is observed to shift from 

443.059 𝑛𝑚 to 447.894 𝑛𝑚 over 16 minutes confirming the bioconjugation step. Finally, 5% 

BSA was used to block the remaining sites, which caused a shift in the LSPR peak from 
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447.894 𝑛𝑚 to 448.93 𝑛𝑚 . The concentration of BSA is also used in excess to make sure all 

the sites are blocked. The remaining unreacted particles are washed away by the solution, 

which can be noticed by the slight drop in the LSPR peak signal after the blocking process. 

The full spectrum showing the LSPR peak wavelength shift after each process is presented in 

Figure 49 below.  

 

Figure 49 – (a) Full spectrum showing LSPR peak wavelength shift after each process (left) – (b) 

Zoomed in spectrum focusing on the peaks only (right) 

Figure 49 highlights that the absorption magnitude is also affected by each process. 

This is expected since each process affects the local refractive index around the nanoparticle, 

which affects both the magnitude and wavelength of LSPR as mentioned in Chapter 2. It is 

also observed that the sensitivity of the LSPR peak absorption magnitude shift is higher than 

the LSPR peak wavelength shift, potentially resulting in a sensor with better performance 

characteristics when sensing based on absorption peak shift versus wavelength shift. However, 

during testing, it was noticed that light absorption is very sensitive to baseline drift, which 

occurs when the light source is operating for a long time. This phenomenon does not affect the 
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wavelength, making this sensing method more robust and reliable. In this work, as mentioned 

earlier, the wavelength shift is considered the basis of our sensing method. 

Before performing the cortisol testing, the concentration of antibodies used was 

optimized. The same fabrication process mentioned earlier was repeated with different 

concentrations of antibodies. Multiple sensors were fabricated with 15, 20, 25, 30, 100, 150, 

200, and 500 𝜇𝑔/𝑚𝑙 concentrations each and the results are presented in Figure 50.  

 

Figure 50 – (a) antibody concentration vs LSPR peak wavelength shift bar graph (left) – (b) 

logarithmic graph (right) 

Figure 50 shows excellent correlation between the concentration of antibodies used and 

the shift in LSPR peak wavelength. The higher concentrations of antibodies result in a larger 

shift in LSPR wavelength, due to the higher yield of conjugation, which translates into a larger 

change in the local refractive index around the nanoparticle. The conjugation process was also 

noticed to take less time to complete using higher antibody concentrations. Based on the 

outcome of this test, the difference between the LSPR peak wavelength shift between when 

using 200 𝜇𝑔/𝑚𝑙 versus 500 𝜇𝑔/𝑚𝑙 is minimal. Which suggests that these higher 
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concentrations saturate the nanoparticles’ surface. Thus, fabricating the sensor using 500 

𝜇𝑔/𝑚𝑙 will result in the highest change in local refractive index during cortisol testing, since 

this translates to more active sites available for binding. For this reason, this concentration was 

used for the fabrication of this sensor.  

Due to the high cost and low supply of the antibody solution, the excellent correlation 

presented in Figure 50, and the need to fabricate multiple more sensors for testing, this 

optimization process was done once only. 

4.3.2 Cortisol Testing and Results 

The cortisol testing was done by preparing 0.001, 0.01, 0.1, 1, 5, 10, 50, 100, 200, 500 

and 1000 𝑛𝑀 from pure hydrocortisone solution in PBS. This range of cortisol concentrations 

covers the salivary cortisol concentrations and is consistent with the modeling done in section 

2.5. Actual saliva samples could not be tested due to university policies regarding biological 

samples. The implications of using actual saliva samples on the results of the sensor are 

discussed thoroughly in section 5.2. 

A total of 17 sensors were fabricated and tested using the fabrication method described 

earlier. Unfortunately, there was no quantifiable response that could be recorded and analyzed. 

Most of the sensors did not react at all to the different cortisol concentrations. While some did 

react at higher concentrations (i.e., 1 m𝑀), the reaction was minimal and could not be 

reproduced. Thus, more research was done into the fabrication method and the analyte-ligand 

interaction kinetics and conjugation procedures. 
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4.3.3 Potential reasons behind the unsuccessful experiment 

Further analysis and research performed resulted in two potential reasons for the 

unsuccessful experiments. First, although MUA functionalization is widely used in LSPR/SPR 

biosensor functionalization in the literature, most of the work using this chemical included 

functionalizing gold nanoparticles. While few papers have used MUA with silver 

nanoparticles, the construction of these sensors allows for functionalization of the 

nanoparticles after the adsorption procedure. This prompted the research into the effect of 

MUA on silver nanoparticles, which resulted in the finding that the (OH-) groups found in 

ethanol affect the silver nanoparticles in a negative way. They were found to have a higher 

affinity to silver than the thiol groups present in MUA, binding with silver nanoparticles 

instead and forming aggregates [155], which reduce the activity of the nanoparticles and result 

in a sensor with inferior performance [141]. The (OH-) were also found to damage the 

nanoparticles surface and cause oxidization of the silver, resulting in a lower sensitivity [155]. 

The second potential reason for the unsuccessful experiment can be attributed to the 

orientation of the antibodies conjugated on the surface of the nanoparticle and the molecular 

weight of the analyte. Due to the chemical construction of the IgG antibodies, the amine groups 

which bond with the activated carboxyl groups are found on the sides of the antibody as shown 

in Figure 51 [160,161].  This means that the majority of the antibodies conjugated on the 

nanoparticles are either laying on their sides, or upside down blocking the available sites, 

which reduces the over sensitivity of the sensor [162]. 
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Figure 51 – Simple representation of the chemical structure of IgG antibodies – Created with 

BioRender.com 

The aforementioned reasons for the unsuccessful experiment, combined with the 

results presented in section 2.5 showing how the miniscule size of the cortisol molecule 

compared to the antibody would barely affect the local refractive index around the 

nanoparticle, require the need to find another fabrication approach. The new approach should 

use a functionalization reagent that can be diluted in water to avoid the undesirable effects of 

ethanol on silver and allow for the functionalization of the nanoparticles surface after the 

adsorption process. Additionally, the conjugation process should be optimized to maximize the 

conjugation of end-on orientation of antibodies on the nanoparticles’ surface. This would result 

in maximum available sites for analyte-ligand interactions, which should produce a working 

sensor, based on extremely high refractive index sensitivity found for the sensor presented in 

this work in section 3.4.1. 

 



 

101 

4.4 Cysteamine Functionalization 

The chemical reagent Cysteamine Hydrochloride was found to satisfy the requirements 

needed for the new fabrication approach. Cysteamine Hydrochloride can be diluted in water, 

avoiding the need for ethanol, and was used successfully in the functionalization of metal 

surfaces in biosensors [163–165]. It consists of a thiol group from one end, which binds with 

high affinity the silver surface, and amine groups from the other end ready to bind with 

activated carboxyl groups. IgG antibodies can be activated with EDC/NHS prior to the 

conjugation process, allowing for a higher yield of end-on orientation of conjugated antibodies 

based on the location of the carboxyl groups in the antibody chemical structure, and 

subsequently better sensor performance due the more available binding sites. The schematic 

showing the new fabrication process of the FOEW LSPR cortisol biosensor based on 

Cysteamine is shown in Figure 52 below. 

 

Figure 52 – Schematic showing the FOEW LSPR Cortisol biosensor fabrication process and testing 

based on Cysteamine functionalization – Created with BioRender.com 
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4.4.1 Surface functionalization and Antibody Conjugation Procedure 

The same fabrication procedure mentioned in Chapter 3 was implemented. After the 

adsorption process was completed, the sensing region was immersed in 20 𝑚𝑀 aqueous 

solution of Cysteamine hydrochloride over night, which is analogous to the procedure for 

similar biosensors [163–165].  

Immediately after immersing the sensing region in the Cysteamine solution, the 

absorption signal started to drop. This drop verifies that the functionalization is taking place. 

Unlike the MUA, the functionalization using Cysteamine will result in amine groups on the 

surface of the nanoparticles, which has a positive charge, and will disrupt the ionic bond 

between the fiber surface and the nanoparticles causing the nanoparticles to detach from the 

surface. The concentration of Cysteamine used and the functionalization time were higher than 

required, as the next day the signal was completely lost. The sensors presented in the literature 

using cysteamine hydrochloride were SPR based, and the thin metal film was deposited on the 

surface of the sensor, unlike the case in our sensor where the nanoparticles were adsorbed on 

the surface, thus this effect was not observed.  

To mitigate this issue, the concentration of Cysteamine was lowered to 5 𝑚𝑀, and the 

functionalization time was reduced to 2 hours. The absorption signal as well as LSPR 

wavelength were observed during the functionalization process and the results are displayed 

in Figure 53.  
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Figure 53 – (a) LSPR absorption peak during the Cysteamine functionalization process (left) – (b) 

LSPR wavelength during the Cysteamine functionalization process (right) 

Figure 53 (a) shows the decreasing absorption signal due to the Cysteamine 

functionalization. However, Figure 53 (b) shows that the LSPR wavelength is also decreasing. 

This is also attributed to some of the nanoparticles detaching from the surface of the fiber. The 

detached particles are mostly agglomerated, which explains the drop in the LSPR wavelength. 

It was also noticed that some visible aggregation presented in the signal prior to the Cysteamine 

functionalization was significantly reduced, which is an added and unpredicted benefit of using 

Cysteamine for the functionalization process. 

After the functionalization process was complete, the sensor was placed inside the 

PDMS microchannel in the same setup configuration mentioned in section 4.3. The carboxyl 

groups in the antibodies were activated by adding 500 𝜇𝐿 of 200 𝑚𝑀 EDC and 50 𝑚𝑀 NHS 

(1:1) to 500 𝜇𝐿 of 500 𝜇𝑔/𝑚𝐿 IgG anti-cortisol antibodies and allowed to react for 10 minutes. 

The antibodies were then injected into the system and the shift in LSPR wavelength signal was 

observed and plotted in Figure 54.  
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Figure 54 – LSPR peak shift due to pre-activated antibody conjugation, and BSA blocking processes 

As shown in Figure 54, the LSPR peak increased from 418.839 𝑛𝑚 to 422.678 𝑛𝑚 

confirming the conjugation process. The conjugation process happened at a faster rate 

compared to the results in Figure 50. This is attributed to the higher concentration of antibodies 

used, and the different fabrication process approach. However, the increase in LSPR peak 

wavelength based on the concentration of the antibodies used is consistent with the results 

found in Figure 50. After the conjugation process, the BSA blocking process was performed 

by injecting the BSA solution into the system and observing the LSPR peak wavelength 

increase, which indicates the successful blocking process. The sensor was then ready for 

cortisol testing. 

4.4.2 Cortisol Testing and Results 

The cortisol testing was done by preparing 0.001, 0.01, 0.1, 1, 5, 10, 50, 100, 200, 500 

and 1000 𝑛𝑀 in PBS as mentioned in section 4.3.2. The cortisol solutions were injected into 
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the system at random orders, each allowed to interact with the sensing region for 10 minutes 

before flushing the system with PBS to remove the bound cortisol and prepare the sensing 

region for another test. The changes in the signal due the different cortisol concentrations were 

observed. The sensor displayed high sensitivity to the cortisol solution and excellent response 

against different cortisol concentrations as shown in Figure 55.  

 

Figure 55 – (a) Sensor response due to different concentrations of cortisol (left) – (b) Average 

response of 5 sensors due to different cortisol concentrations (right) 

Figure 55 (a) shows the response due to 4 concentrations (1000, 100, 0.1, and 0.01 

 𝑛𝑀). The remaining concentrations were omitted for clarity purposes. As shown in the figure, 

the highest cortisol concentration of 1000 𝑛𝑀 resulted in the highest signal, while the 0.01 𝑛𝑀 

had the lowest. Five sensors were created following the same fabrication process. The sensors 

were tested with the same cortisol concentrations and the results are plotted in Figure 55 (b). 

Only one sensor was used to sense the lowest two concentration (0.001 and 0.01) 𝑛𝑀. Based 

on the results obtained and presented in Figure 55 (b), the sensor displayed an excellent 

sensitivity of 0.0128 𝑛𝑚/𝑛𝑀. This provides a limit of detection of 0.1125 𝑝𝑀 and a limit of 
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quantification of 0.3712 𝑝𝑀. The final resolution of the sensor was found to be 1.172 𝑛𝑀. 

Compared to similar sensors presented in Table 1, our sensor has improved sensitivity and limit 

of detection, due to the enhanced performance from coupling the evanescent wave and silver 

nanoparticles LSPR and optimizing the parameters contributing to the final characteristics. 

After all concentrations were tested, the sensors were placed in PBS and put in a fridge 

at 4° overnight. Each sensor was tested the next day to study its shelf life, and the response 

was not ideal. The sensors reacted poorly to the first 2 concentrations tested (1000 𝑛𝑀, and 

2500 𝑛𝑀), but then stopped reacting at all. This information suggests that the sensor has a short 

shelf life (<12 hours) and is most sensitive when used directly after fabrication. The reason for 

the short shelf life is still under investigation, however, preliminary research suggests that the 

effectiveness of the antibody in capturing the cortisol molecules degrades under prolonged 

testing in room temperature.  

4.4.3 Model update and comparison 

The Langmuir adsorption isotherm was updated based on an 𝑅𝑚𝑎𝑥 value of  

 3.4973 𝑛𝑚 and a 𝐾𝐷 value of  51.3 𝑛𝑀 found experimentally. The model obtained in section 

3.5 was plotted against the experimental values in Figure 56. The results show a clear 

correlation between the model and experiment results. The higher discrepancies between the 

experimental results and the model at the lower concentrations can be attributed to human 

errors in pipetting the required volumes and performing the dilutions for the smaller 

concentrations in addition to the equipment noise. An offset of 0.4 𝑛𝑚 was added to the model 

to account for the noise and the limit of quantification in our experiment. The experimental 
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results agree notably with the updated sensor response model presented in Figure 42. Adding 

to the validity of the modeling, fabrication, and testing approach presented in this thesis. 

 

Figure 56 – Experimental results compared to updated sensor response model based on experimental 

refractive index sensitivity 

Although the cortisol molecule size is remarkably smaller than the IgG antibody 

molecule size as mentioned in Chapter 2 which causes a minute change in the local refractive 

index around the nanoparticle, the enhanced performance of coupling FOEW sensing with 

silver nanoparticles LSPR proved to be sufficient for capturing this change, resulting in a 

sensitive cortisol biosensor with excellent characteristics capable of detecting cortisol 

concentrations found in saliva.   
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Chapter 5 

Contributions, Future work, and Conclusions 

5.1 Thesis Contributions 

The main contributions of this thesis can be summarized as follows 

1- A new alternative approach for the analysis of FOEW-LSPR sensors that 

demonstrates that the main parameter affecting the sensor’s performance is the 

absorption efficiency of the nanoparticles. Studies in the literature that attempted to 

produce a model for this type of sensors considered the extinction coefficient of the 

nanoparticles [108], while other recent studies using evanescent wave based SPR 

sensors could not explain why their results show that only absorption is contributing to 

the signal [166]. Due to the nature of the evanescent wave, this electromagnetic wave 

which appears as if its propagating although it’s not, can only be affected by an 

absorbing medium. An evanescent wave cannot be scattered, and the TIR of an 

uncladded fiber in a purely scattering medium is never attenuated. 

2- Proposed a new model that can predict the FOEW-LSPR based sensor signal 

based on nanoparticle absorption efficiency and adsorption process. The current 

model can be extrapolated and used with different optical fibers geometry as well as 

nanoparticles of different materials, sizes, or shapes. This allows for the optimization 

of the optical fiber geometry and nanoparticles absorption for better sensor 

performance characteristics. 
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3- Developed a novel pre-functionalization method of nanoparticles that allows for 

controlling the adsorption process using different MUA concentrations. 

Experiments show a positive correlation between MUA concentration during the pre-

functionalization step and the adsorption rate of nanoparticles. However, higher MUA 

concentrations result in a lower final surface density. This can be used to fine tune and 

control the adsorption process of the nanoparticles on glass surfaces, which can be 

important in many applications. Organic solvents like Dimethylsulfoxide (DMSO) can 

be used to avoid the side effects that OH- groups, found in ethanol, have on silver. 

4- Designed, fabricated, and validated a new highly sensitive, accessible, cost-

effective, and label-free salivary cortisol sensor using a coreless fiber as the sensing 

region. The final sensor was sensitive enough to cover the range of cortisol 

concentration found in saliva, with a limit of detection and a resolution that can 

potentially transform non-invasive point-of-care cortisol monitoring. The fabrication 

method using a coreless fiber proved to be successful and simplifies the fabrication 

process significantly. 

5.1.1 Manuscripts generated from this work 

1- O. Awad, A. Ghannoum, P. Nieva, Tailoring Silver Nanoparticle Optical and 

Physical Parameters for Enhanced Fiber Optic Evanescent Wave Localized Surface 

Plasmon Resonance Sensor Performance. (Submitted April 2024, comments 

received June 2024) 
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2- O. Awad, P. Nieva, Controlling Nanoparticle Adsorption on Glass Surfaces through 

Pre-functionalization with Varying Concentrations of 11-Mercapto-undecanoic 

Acid (drafting stage) 

3- O. Awad, P. Nieva, Design and Fabrication of a Fiber Optic Evanescent Wave LSPR 

Sensor for Salivary Cortisol: Optimization of Nanoparticle Size for higher 

Refractive Index Sensitivity (editing stage) 

5.2 Future work 

In this work, the size of the spherical silver nanoparticles used was optimized, but the 

shape was not considered. Further work includes the optimization of the nanoparticle shape for 

higher sensitivity as different shapes have shown significantly higher sensitivity compared to 

spherical [167]. Signal amplification can also be introduced through LSPR coupling methods. 

Although this will be a completely different sensing mechanism, it has shown to significantly 

enhance the sensitivity. Thus, it will be worth applying to the study of Cortisol sensing. 

Factors affecting the functionalization and conjugation like pH level, temperature, and 

concentrations of chemicals used can also be optimized for higher conjugation yield, and 

higher quality SAMs. All these factors have been reported to have a significant effect on the 

final results, thus, more research and optimization experiments in this specific area will prove 

to be important. For instance, in this research, the buffer used had a 7.4 pH level, which is 

adequate for the functionalization, activation, and conjugation processes. However, it is not the 

ideal pH level for each one of these processes and in fact, EDC/NHS activation provides better 

results at pH levels closer to 6 pH.  
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Although the adsorption via self-assembly is an easy and scalable process, the sensors 

fabricated with this process can produce different results based on how they are handled 

afterwards. As mentioned, washing and drying the fiber would sometimes result in the 

aggregation of the particles and affects the signal. Finding ways to deposit the nanoparticles 

on the fiber surface in a precise manner or arrangement, optimize the direction of the 

deposition, or considering the use of lasers will increase the sensitivity of the sensor, the 

reliability, and the repeatability of the fabrication process. 

Real saliva samples should be used for testing and signal correlation. However, saliva 

is a bodily fluid that can potentially contain harmful pathogens, and its use is restricted in our 

institution [168]. In addition, saliva is a complex biofluid that contains many biomarkers [169].  

The success of this work in detecting pure cortisol in the salivary cortisol range do not imply 

that the sensor will work with real saliva samples. Testing with real saliva samples will impact 

the sensor’s selectivity due to cross reactivity with other biomarkers. Selectivity issues can be 

addressed by enhancing the selectivity of the sensor using aptamers [10,170]. However, this 

topic is outside the scope of this work and will be addressed in future studies. 

Finally, as the development of the salivary cortisol biosensor progresses toward 

potential commercialization, addressing the toxicity of silver nanoparticles will become a 

crucial consideration. Silver nanoparticles are known to exhibit toxic effects to cells primarily 

due to their ability to generate reactive oxygen species (ROS), which can induce oxidative 

stress, damage cellular membranes and DNA, and interfere with mitochondrial function. The 

exposure of saliva to silver nanoparticles could lead to the formation of a protein corona, where 

proteins adsorb onto the nanoparticle surface, potentially altering the sample's biochemical 
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composition [42]. This could compromise the accuracy of cortisol detection, either by masking 

the target analytes or inducing false positives/negatives, thus affecting the reliability of the 

biosensor. Human exposure, though unlikely during the use of this biosensor, could still present 

risks if nanoparticles leach from the device due to packaging defects. In addition, evaluating 

the environmental fate of silver nanoparticles, their degradation pathways, and potential 

bioaccumulation is essential for responsible commercialization. 

5.3 Conclusions 

In this work, an advanced analysis for enhancing the performance of a FOEW LSPR 

biosensors, fabricated via self-assembly of silver spherical nanoparticles and coreless fiber as 

a sensing region, was presented. Numerical and analytical models were used to optimize the 

fabrication and performance of the biosensor based on nanoparticles of different sizes. Using 

a combination of models including light-particle interaction, diffusion transport process, 

FOEW absorption, electromagnetic field decay, analyte-ligand interaction, and analyte 

refractive index, the sensor fabrication was optimized for higher LSPR absorption signal, 

higher refractive index sensitivity, shorter fabrication process time, higher surface density, and 

lower agglomeration. 

Using a coreless fiber as a sensing region, UVO treatment for surface functionalization, 

and creating monolayers of silver nanoparticles through self-assembly are favorable 

fabrication approaches due to their simplicity and scalability. During the process of self-

assembly, the smaller nanoparticles resulted in higher final surface density adsorbed on the 

sensing region for the same colloidal concentration. It was observed that smaller particles tend 
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to agglomerate less than larger particles after they adsorb on the surface. Higher surface density 

results in higher LSPR absorption signal, due to the evanescent field interacting with more 

nanoparticles. However, when the sensing region is fully covered, it was shown that the FOEW 

LSPR sensors fabricated using the nanoparticles with the highest absorption efficiency have 

the highest light absorption signal and refractive index sensitivity. 

Experimental findings agreed well with the results obtained from the models and it was 

concluded that the main parameter affecting the performance of the FOEW LSPR sensor is the 

size of the nanoparticles, as it determines the absorption efficiency, the adsorption rate, the 

final surface density on the sensing region, and the refractive index sensitivity.  

FOEW LSPR sensors fabricated via the process of self-assembly using 30 nm silver 

nanoparticles resulted in higher LSPR signal absorption and refractive index sensitivity, 

compared to other sizes. The models presented here can be easily modified to be used with 

different plasmonic materials, such as for example gold or copper, where it will be important 

to find the nanoparticle size that results in the highest LSPR absorption efficiency.  

Functionalizing the silver nanoparticles surface for ligand conjugation employing the 

widely used MUA was not successful, due to the negative side effects that (OH-) groups, which 

are found in ethanol, have on the silver. These groups have a higher affinity to silver than thiol 

groups, which affect the conjugation yield of the ligands on the nanoparticles surface. Due to 

the chemical structure of the IgG antibodies, using MUA also affects the orientation of the 

conjugated antibodies, resulting in less active sites for the analyte interaction. Additionally, the 

(OH-) groups were reported to damage the silver surface due to oxidization which significantly 

affects the final sensor’s sensitivity.  
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Cysteamine Hydrochloride was found to be a better functionalization reagent for ligand 

conjugation for the sensor presented in this work, as it can be diluted in water instead of 

ethanol, mitigating the negative effects of the (OH-) groups on the silver nanoparticles. 

Functionalizing the silver surface with Cysteamine Hydrochloride results in a working sensor, 

which is also attributed to the higher conjugation yield of end-on orientation for the antibodies, 

resulting in more available active sites for the analyte.  

The final sensor fabricated using Cysteamine Hydrochloride as a conjugation reagent 

displayed a sensitivity of 0.0128 𝑛𝑚/𝑛𝑀, with a limit of detection of 0.1125 𝑝𝑀, a resolution 

of 1.172 𝑛𝑀, and a quantification limit of 0.3712 𝑝𝑀. Although the shelf life was found to be 

short (<12 hours), the sensor’s characteristics displayed were promising. Potentially allowing 

for the development of a highly accessible, inexpensive, sensitive, and non-invasive point-of-

care salivary cortisol sensor that can be used in medical institutions, or at home by individuals 

monitoring their stress levels. 
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Appendix A 

Table 11 – COMSOL MULTIPHYSICS FOEW LSPR modeling parameters 

Parameter Expression Value Description 

𝑐𝑜𝑟𝑒𝑙𝑒𝑠𝑠𝑟  62.5[𝜇𝑚] 6.25𝐸 − 5 𝑚 Radius of coreless fiber 

𝑎𝑔𝑑 30[𝑛𝑚] 3𝐸 − 8 𝑚 Silver Nanoparticle Diameter 

𝑎1𝑐𝑙𝑎𝑑  0.6961663 0.69617  Sellmeier equation variable 

𝑎2𝑐𝑙𝑎𝑑  0.4079426 0.40794  Sellmeier equation variable 

𝑎3𝑐𝑙𝑎𝑑  0.8974794 0.89748  Sellmeier equation variable 

𝑏1𝑐𝑙𝑎𝑑  0.0684043[𝜇𝑚] 6.8404𝐸 − 8 𝑚 Sellmeier equation variable 

𝑏2𝑐𝑙𝑎𝑑  0.1162414[𝜇𝑚] 1.1624𝐸 − 7 𝑚 Sellmeier equation variable 

𝑏3𝑐𝑙𝑎𝑑  9.896161[𝜇𝑚] 9.8962𝐸 − 6 𝑚 Sellmeier equation variable 

𝑒ℎ𝑏𝑎𝑟 𝑒_𝑐𝑜𝑛𝑠𝑡/ℎ𝑏𝑎𝑟_𝑐𝑜𝑛𝑠𝑡 1.5193𝐸15 𝑠²
· 𝐴/(𝑘𝑔 · 𝑚²) 

planks constant in rad/ev.s 

𝑜𝑚𝑒𝑔𝑎𝑝 9.01[(𝑘𝑔 ∗ 𝑚^2)/(𝑠^3 ∗ 𝐴)] ∗ 𝑒ℎ𝑏𝑎𝑟 1.3689𝐸16 1/𝑠 plasma frequency in rad/s 

𝑓1 0.845 0.845  Oscillators' strength term 

𝑓2 0.065 0.065  Oscillators' strength term 

𝑓3 0.124 0.124  Oscillators' strength term 

𝑓4 0.011 0.011  Oscillators' strength term 

𝑓5 0.840 0.84  Oscillators' strength term 

𝑓6 5.646 5.646  Oscillators' strength term 

𝑔1 0.048[(𝑘𝑔 ∗ 𝑚^2)/(𝑠^3 ∗ 𝐴)] ∗ 𝑒ℎ𝑏𝑎𝑟 7.2925𝐸13 1/𝑠 Damping frequency of each oscillator 

𝑔2 3.886[(𝑘𝑔 ∗ 𝑚^2)/(𝑠^3 ∗ 𝐴)] ∗ 𝑒ℎ𝑏𝑎𝑟 5.9039𝐸15 1/𝑠 Damping frequency of each oscillator 

𝑔3 0.452[(𝑘𝑔 ∗ 𝑚^2)/(𝑠^3 ∗ 𝐴)] ∗ 𝑒ℎ𝑏𝑎𝑟 6.8671𝐸14 1/𝑠 Damping frequency of each oscillator 

𝑔4 0.065[(𝑘𝑔 ∗ 𝑚^2)/(𝑠^3 ∗ 𝐴)] ∗ 𝑒ℎ𝑏𝑎𝑟 9.8752𝐸13 1/𝑠 Damping frequency of each oscillator 

𝑔5 0.916[(𝑘𝑔 ∗ 𝑚^2)/(𝑠^3 ∗ 𝐴)] ∗ 𝑒ℎ𝑏𝑎𝑟 1.3916𝐸15 1/𝑠 Damping frequency of each oscillator 

𝑔6 2.419[(𝑘𝑔 ∗ 𝑚^2)/(𝑠^3 ∗ 𝐴)] ∗ 𝑒ℎ𝑏𝑎𝑟 3.6751𝐸15 1/𝑠 Damping frequency of each oscillator 

𝑜𝑚𝑒𝑔𝑎1 0.000[(𝑘𝑔 ∗ 𝑚^2)/(𝑠^3 ∗ 𝐴)] ∗ 𝑒ℎ𝑏𝑎𝑟 0 1/𝑠 Resonance frequency of each oscillator 

𝑜𝑚𝑒𝑔𝑎2 0.816[(𝑘𝑔 ∗ 𝑚^2)/(𝑠^3 ∗ 𝐴)] ∗ 𝑒ℎ𝑏𝑎𝑟 1.2397𝐸15 1/𝑠 Resonance frequency of each oscillator 

𝑜𝑚𝑒𝑔𝑎3 4.481[(𝑘𝑔 ∗ 𝑚^2)/(𝑠^3 ∗ 𝐴)] ∗ 𝑒ℎ𝑏𝑎𝑟 6.8078𝐸15 1/𝑠 Resonance frequency of each oscillator 

𝑜𝑚𝑒𝑔𝑎4 8.185[(𝑘𝑔 ∗ 𝑚^2)/(𝑠^3 ∗ 𝐴)] ∗ 𝑒ℎ𝑏𝑎𝑟 1.2435𝐸16 1/𝑠 Resonance frequency of each oscillator 

𝑜𝑚𝑒𝑔𝑎5 9.083[(𝑘𝑔 ∗ 𝑚^2)/(𝑠^3 ∗ 𝐴)] ∗ 𝑒ℎ𝑏𝑎𝑟 1.38𝐸16 1/𝑠 Resonance frequency of each oscillator 

𝑜𝑚𝑒𝑔𝑎6 20.29[(𝑘𝑔 ∗ 𝑚^2)/(𝑠^3 ∗ 𝐴)] ∗ 𝑒ℎ𝑏𝑎𝑟 3.0826𝐸16 1/𝑠 Resonance frequency of each oscillator 
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Table 12 – COMSOL MULTIPHYSICS FOEW LSPR modeling variables 

Parameter Expression Description 

𝑜𝑚𝑒𝑔𝑎𝑙𝑖𝑔ℎ𝑡 ((2 ∗ 𝑝𝑖 ∗ 𝑐_𝑐𝑜𝑛𝑠𝑡)/𝑤𝑙) frequency of light 

𝑒𝑎𝑔 1 − ((𝑓1 ∗ 𝑜𝑚𝑒𝑔𝑎𝑝^2) ∗ (𝑜𝑚𝑒𝑔𝑎𝑙𝑖𝑔ℎ𝑡^2 +  𝑖 ∗ 𝑔1
∗ 𝑜𝑚𝑒𝑔𝑎𝑙𝑖𝑔ℎ𝑡)^(−1)) + (𝑓2 ∗ 𝑜𝑚𝑒𝑔𝑎𝑝^2)
∗ (((𝑜𝑚𝑒𝑔𝑎2^2) − 𝑜𝑚𝑒𝑔𝑎𝑙𝑖𝑔ℎ𝑡^2) − 𝑖 ∗ 𝑔2
∗ 𝑜𝑚𝑒𝑔𝑎𝑙𝑖𝑔ℎ𝑡)^(−1) + (𝑓3 ∗ 𝑜𝑚𝑒𝑔𝑎𝑝^2)
∗ (((𝑜𝑚𝑒𝑔𝑎3^2) − 𝑜𝑚𝑒𝑔𝑎𝑙𝑖𝑔ℎ𝑡^2) − 𝑖 ∗ 𝑔3
∗ 𝑜𝑚𝑒𝑔𝑎𝑙𝑖𝑔ℎ𝑡)^(−1) + (𝑓4 ∗ 𝑜𝑚𝑒𝑔𝑎𝑝^2)
∗ (((𝑜𝑚𝑒𝑔𝑎4^2) − 𝑜𝑚𝑒𝑔𝑎𝑙𝑖𝑔ℎ𝑡^2) − 𝑖 ∗ 𝑔4
∗ 𝑜𝑚𝑒𝑔𝑎𝑙𝑖𝑔ℎ𝑡)^(−1) + (𝑓5 ∗ 𝑜𝑚𝑒𝑔𝑎𝑝^2)
∗ (((𝑜𝑚𝑒𝑔𝑎5^2) − 𝑜𝑚𝑒𝑔𝑎𝑙𝑖𝑔ℎ𝑡^2) − 𝑖 ∗ 𝑔5
∗ 𝑜𝑚𝑒𝑔𝑎𝑙𝑖𝑔ℎ𝑡)^(−1) + (𝑓6 ∗ 𝑜𝑚𝑒𝑔𝑎𝑝^2)
∗ (((𝑜𝑚𝑒𝑔𝑎6^2) − 𝑜𝑚𝑒𝑔𝑎𝑙𝑖𝑔ℎ𝑡^2) − 𝑖 ∗ 𝑔6
∗ 𝑜𝑚𝑒𝑔𝑎𝑙𝑖𝑔ℎ𝑡)^(−1) 

Drude-Lorentz model for silver 

𝑒1 𝑟𝑒𝑎𝑙(𝑒_𝑎𝑔) Silver dielectric constant (real part) 

𝑒2 𝑖𝑚𝑎𝑔(𝑒_𝑎𝑔) Silver dielectric constant (imaginary part) 

𝑛𝑎𝑔 𝑠𝑞𝑟𝑡((𝑒1/2) + 0.5 ∗ 𝑠𝑞𝑟𝑡(𝑒1^2 + 𝑒2^2)) Silver refractive index (real part) 

𝑘𝑎𝑔 𝑒2/(2 ∗ 𝑛_𝑎𝑔) Silver refractive index (imaginary part) 

𝑛𝑐𝑙𝑎𝑑  𝑠𝑞𝑟𝑡(1 + (𝑎1_𝑐𝑙𝑎𝑑 ∗ 𝑤𝑙^2)/(𝑤𝑙^2 − 𝑏1_𝑐𝑙𝑎𝑑^2) + (𝑎2_𝑐𝑙𝑎𝑑
∗ 𝑤𝑙^2)/(𝑤𝑙^2 − 𝑏2_𝑐𝑙𝑎𝑑^2) + (𝑎3_𝑐𝑙𝑎𝑑
∗ 𝑤𝑙^2)/(𝑤𝑙^2 − 𝑏3_𝑐𝑙𝑎𝑑^2)) 

Sellmeier equation for cladding refractive 

index 
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Appendix B 

 


