
CASCADED MICROFIBER BIOSENSOR FOR SIMULTANEOUS 
DETECTION OF DENGUE AND SARS-COV-2 VIRUSES  

By 

NURUL NADIAH BINTI ZULKEFLEE 

Thesis Submitted to the School of Graduate Studies, Universiti Putra Malaysia, 
in Fulfilment of the Requirements for the Degree of Master of Science 

May 2024 

FK 2024 7

© C
OPYRIG

HT U
PM



All material contained within the thesis, including without limitation text, logos, icons, 
photographs and all other artwork, is copyright material of Universiti Putra Malaysia 
unless otherwise stated. Use may be made of any material contained within the thesis 
for non-commercial purposes from the copyright holder. Commercial use of material 
may only be made with the express, prior, written permission of Universiti Putra 
Malaysia. 

Copyright © Universiti Putra Malaysia 

© C
OPYRIG

HT U
PM



 
i 
 

Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment 
of the requirement for the degree of Master of Science 

 

CASCADED MICROFIBER BIOSENSOR FOR SIMULTANEOUS 
DETECTION OF DENGUE AND SARS-COV-2 VIRUSES  

 

By 
 

NURUL NADIAH BINTI ZULKEFLEE 
 

May 2024 
 
 

Chairman : Muhammad Hafiz bin Abu Bakar, PhD  

Faculty : Engineering 

 

The sudden emergence of dengue virus (DENV) and severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) has caused widespread disease, death, and 

significant societal disruption globally. They are also among the few infectious 

diseases that show sustained increases year by year in the last 5 years, especially in 

Malaysia. Accurate detection of biological markers is crucial for managing these 

outbreaks. Single-mode tapered fiber (SMTF) sensors offer exceptional sensitivity and 

versatility. This is due to the measurable wavelength shifts induced by changes in the 

surrounding environment through the interaction of evanescent waves. This study 

introduces a novel cascaded in-line configuration of two tapered fibers to detect DENV 

II envelope (E) and SARS-CoV-2 spike (S) proteins simultaneously. The selected taper 

profiles were SMTF1 (12 µm waist diameter, 5 mm taper length) and SMTF2 (10 µm 

waist diameter, 20 mm taper length). The performance of both SMTFs were tested 

using varying concentrations of sodium chloride (NaCl) to evaluate their effectiveness 

in detecting distinct refractive indices (RI). The analysis of the wavelength shifts in 
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both spectral fringes have led to the potential of simultaneous multiple analytes 

detection. To evaluate the dual-sensor's response to biological analytes, SMTF1 and 

SMTF2 were exposed to DENV II E protein and SARS-CoV-2 S protein, respectively. 

The immobilization of anti-DENV II E and anti-SARS-CoV-2 S1 antibodies on both 

SMTFs resulted in the sensitivity of 6.9 ± 0.72 nm/µM and 10 ± 0.56 nm/µM for 

SMTF1 and SMTF2, respectively. The corresponded dissociation constants were 1.42 

×10-10 M for SMTF1 and 1.15 ×10-10 M for SMTF2. The sensor's limit of detection 

(LOD) of 0.01 pM underscores its high sensitivity. Overall, the ability to detect 

multiple determinants using a cascaded SMTF transducer presents a promising label-

free and dual-sensing biosensor for early diagnosis and effective clinical management 

for these two viral infections. 

Keywords: Single-mode tapered fiber, dengue virus, severe acute respiratory 
syndrome coronavirus 2, label-free biosensor, dual-sensing 

SDG: GOAL 3: Good Health and Well-Being, GOAL 9: Industry, Innovation, and 
Infrastructure  
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Pengerusi : Muhammad Hafiz bin Abu Bakar, PhD 

Fakulti : Kejuruteraan 

 

Kemunculan mendadak virus denggi (DENV) dan sindrom pernafasan akut teruk 

koronavirus 2 (SARS-CoV-2) telah menyebabkan berleluasanya penyakit, kematian, 

dan gangguan yang ketara dalam kalangan masyarakat di seluruh dunia. Penyakit-

penyakit tersebut juga merupakan antara beberapa penyakit berjangkit yang 

menunjukkan peningkatan yang berterusan dari tahun ke tahun dalam tempoh 5 tahun 

kebelakangan ini, terutamanya di Malaysia. Pengesanan penanda biologi yang tepat 

adalah penting untuk menangani wabak-wabak ini. Penderia-penderia gentian tirus 

mod tunggal (SMTF) menawarkan kepekaan dan kebolehan yang luar biasa. Hal ini 

disebabkan oleh anjakan panjang gelombang boleh diukur yang disebabkan oleh 

perubahan dalam persekitaran sekeliling melalui interaksi gelombang evanesen. 

Kajian ini memperkenalkan dua gentian tirus yang berkonfigurasi sebaris melata yang 

novel bagi mengesan protein DENV II sampul (E) dan SARS-CoV-2 pancang (S) 

secara serentak. Profil tirus yang telah dipilih adalah SMTF1 (12 µm diameter 

pinggang, 5 mm panjang tirus) dan SMTF2 (10 µm diameter pinggang, 20 mm panjang 
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tirus). Prestasi kedua-dua SMTF telah diuji menggunakan kepekatan natrium klorida 

(NaCl) yang berbeza untuk menilai keberkesanannya dalam mengesan indeks biasan 

(RI). Analisis anjakan panjang gelombang dalam kedua-dua jalur spektrum telah 

menunjukkan potensi kepada pengesanan pelbagai analit secara serentak. Bagi menilai 

tindak balas dwi-penderia terhadap analit biologi, SMTF1 dan SMTF2 masing-masing 

telah didedahkan kepada protein DENV II E dan protein SARS-CoV-2 S. Imobilisasi 

antibodi anti-DENV II E dan anti-SARS-CoV-2 S1 pada kedua-dua SMTF telah 

menghasilkan kepekaan masing-masing 6.9 ± 0.72 nm/µM and 10 ± 0.56 nm/µM 

untuk SMTF1 dan SMTF2. Pemalar penceraian yang sepadan adalah 1.42 ×10-10 M 

untuk SMTF1 dan 1.15 ×10-10 M untuk SMTF2. Had pengesanan penderia (LOD) 

sebanyak 0.01 pM menekankan kepekaannnya yang tinggi. Secara keseluruhannya, 

keupayaan untuk mengesan pelbagai penentu menggunakan transduser SMTF yang 

melata menunjukkan biopenderia tanpa penanda dan dwi-penderiaan yang 

menjanjikan diagnosis awal dan keberkesanan pengurusan klinikal bagi kedua-dua 

jangkitan virus tersebut. 

Kata Kunci: Gentian tirus mod tunggal, virus denggi, sindrom pernafasan akut teruk 
koronavirus 2, biopenderia tanpa penanda, dwi-penderiaan 

SDG: MATLAMAT 3: Kesihatan Baik dan Kesejahteraan, MATLAMAT 9: Industri, 
Inovasi dan Infrastruktur  
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CHAPTER 1 
 
 

INTRODUCTION 
 
 
1.1  Overview 
 
 
This chapter offers a comprehensive understanding of the research's background, with 

the primary attention being placed on the single-mode tapered fiber (SMTF) and how 

it can be utilized as an optical fiber biosensor (OFB). Also included is a discussion on 

the connection between SMTF and how it can be used as a cascaded optical biosensor. 

After that, an explanation of the problem statement for this research is provided, and 

then the research purpose and objectives that are intended to help alleviate the situation 

are outlined. The scope of the research is broken down in detail, and the report's 

structure is outlined. 

 
 
1.2  Research Background 
 
 
Fiber optic technology originated for data transport and telecommunications 

applications. In several industries, due to the intrinsic benefits of fiber, its application 

in sensors has grown during the past three decades: low cost, miniaturization, 

lightweight, and immunity to electromagnetic interference [1]. Physical characteristics 

like strain, pressure, and temperature, as well as biological parameters like analyte 

concentration and chemical composition, can all be sensed by optical fiber sensors 

since they are activated by changes in light propagation caused by these stimuli. The 

constant demand for simple, rapid, and continuous direct monitoring techniques that 

use a probe or a sensing element in medical care, medicine, and commercial 

applications drives the development of biosensors.  

© C
OPYRIG

HT U
PM



 
2 
 

The main advantages of using OFB are their excellent light delivery, increase 

interaction length, affordability, and capability to stimulate and detect emitted light 

from the desired molecules. It provides an excellent alternative to traditional 

techniques for label-free biomolecular measurements due to its high sensitivity, 

selectivity, and multi-parameter sensing. Various OFBs can be classified based on the 

interaction mechanisms like optical fiber grating [2], Mach-Zehnder interferometer 

(MZI) [3], surface plasmon resonance (SPR) [4], surface-enhanced Raman scattering 

(SERS) [5], tapered fiber sensing [6], and Fabry-Perot interferometer [7]. It generates 

signals proportional to the analyte concentration, and the received signals are analyzed 

using various techniques such as wavelength shifts [8], phase shift [9], intensity 

fluctuation [10], and frequency shift [11].  

 
 
To enhance the biosensors’ sensitivities, specific optical fiber structures have been 

developed where in this research, a method of reducing optical fiber size called tapered 

optical fiber was used. Tapered OFB are biofunctionalized devices based on RI 

detection, allowing for the specific and reproducible detection of a biological analyte 

[12]. Since the RI around a bare fiber biosensor cannot be tailored to a particular 

analyte, this type of measurement is commonly known as volume measurement. In this 

study, the use of SMTF as a biosensor was proposed. This allows for utilizing the 

propagating mode's evanescent wave (EW), enabling easier recognition of 

biomolecules. Tapering the fiber considerably increases the strength of the evanescent 

field in this research. One major benefit of these sensors is the accuracy and rapidity 

with which sensors can detect analytes in real-time. Because the medium's refractive 

index (RI) affects the modes propagating at the fiber boundary along the tapered area, 

it has a significant impact on SMTF's sensing capabilities [13]. Observing the 
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wavelength shifts in the output transmission spectrum allows for the final realization 

of interferometric pattern modifications and measurements. 

 
 
To meet with the current diagnostic demands, there is significant room for SMTF-

based sensors to improve in terms of functionality, sensitivity, selectivity, and stability. 

Exploring the SMTF cascaded configuration for simultaneous detection of multiple 

determinants is one of many solutions. Cascading tapers can improve the interaction 

with the sensing medium, the sensitivity, and the range of fiber-optic sensors [14]. 

Deoxyribonucleic acid (DNA), glucose, protein, living cells, antibiotics, and viruses 

are just some of the things that optical fiber biosensors have shown promise in 

detecting. To conduct a particular detection, bioreceptors are affixed to the surface of 

the sensor fiber. The basis of a label-free biosensor is labeled surface RI sensing, which 

involves measuring the concentration-dependent change in RI and associated 

wavelength shift when receptors bind to target molecules on the fiber surface. Multi-

parameter sensing in biosensors, where a single optical fiber sensing device could 

detect multiple parameters such as viruses and diseases, has attracted significant 

research interest. severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 

dengue virus (DENV), biotin-avidin, Middle East respiratory syndrome (MERS-CoV), 

and Malaria are examples of multiple disease detection having the same symptoms and 

characteristics. All these viruses are possible to be used in this research. Therefore, 

multi-parameter sensing could be realized through cascading SMTFs that are 

functionalized for different target analytes. 
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1.3  Problem Statement  
 
 
Recent studies have shown the great promise of SMTF biosensors but putting them 

into practice in the real world has proven to be a challenging task thus far. Despite its 

many advantages, the detection mechanism of the SMTF sensor, which relies on 

spectral fringe observation, limits its multiplexing capability. The combined 

interferometric effect from cascading another SMTF sensor would complicate 

measurements of the optical response. Multiplexing capability is crucial for 

biosensors, particularly when diagnosing infections with similar symptoms. It provides 

a great option for early diagnosis of two viral diseases, DENV, and SARS-CoV-2, and 

can quickly identify even trace amounts of these viruses. The current method 

necessitates conducting separate tests for different suspected infections, significantly 

impacting the practicality of the sensor. This requires double the work and also affects 

the detection time. As both diseases show almost similar symptoms like high fever, 

headache, and diarrhoea, on top of cough and flu, and require different clinical 

management regimes, a quick detection method that can distinguish between the two 

viral diseases is necessary to improve the management of both. This necessitates a 

method to cascade multiple SMTF biosensors and allow simultaneous detection of 

different diseases. 
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1.4  Research Aim and Objectives 
 
 
This research aims to investigate and develop a cascaded pair of SMTF sensors, 

designed to detect a distinct antigen. Due to the cascading sensor setup and the dual 

disease detection using dengue virus (DENV) II envelope (E) protein and SARS-CoV-

2 spike (S) protein, a composite spectral profile will be created from the sensors' 

spectral outputs, which have different physical properties. 

These objectives of the study will help achieve the aforementioned goal: 

1. To fabricate and characterize an in-line cascaded fiber taper. 

2. To evaluate the performance of cascaded fiber taper for simultaneous detection 

of two different RIs. 

3. To investigate the spectral response of the fabricated fiber taper towards the 

presence of different biological analytes using DENV II E protein and SARS-

CoV-2 S protein. 

 
 
1.5  Research Scope 
 
 
This thesis reports on work that was done to design and develop a cascaded tapered 

sensor using SMTF and study the feasibility of using a cascaded fiber taper to detect 

multiple RI and dual diseases at the same time. The fabrication of a sensor is the 

primary focus of this research, as illustrated in Figure 1.1. Because of the ease of 

fabrication and the increased sensitivity provided by the EW stimulated along the 

tapered region, SMTF was chosen as the optical transducer. Also, the reliable and 

power-independent sensing output is made possible by spectral-shift-based detection. 

The research study will primarily focus on developing a SMTF sensor that can measure 

RI.  
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This research is intended to accomplish both design and develop the necessary 

parameters for the diameters of the cascaded fiber and to assess the capabilities of the 

cascaded SMTFs sensor in detecting multiple different RI solutions at the same time. 

By focusing on the DENV II E and SARS-CoV-2 S proteins, the suggested sensor 

utilizes a virus-centric technique for detection. The selection of the E protein for 

Dengue was based on its presence in the virus's outer shell structure; therefore, its 

detection indicates the presence of the virus rather than any immunological proteins. 

The selection of Serotype II was based on its high prevalence in Malaysia [15]. 

Meanwhile, SARS-CoV-2's S protein facilitates viral entry into the host through a 

fusion process. Because of its correct conformation, more epitopes than other subunits 

or domains, and higher immunogenicity, the SARS-CoV2 S protein is the best option 

[16]. Because the SARS-CoV-2 S protein differs from other structural proteins in the 

virus, it is crucial as an antigen for the development of vaccinations and diagnostic 

tools. The experiment used protein concentrations in the nanoMolar (nM) range so that 

the results could be compared to those of other, similar studies. The selectivity of the 

optical sensor is influenced by the way bio-recognition molecules are attached onto 

the SMTF, while the sensitivity of the sensor is determined by using different 

concentrations of both diseases.  
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Figure 1.1: Research scope. 
 
 
1.6  Thesis Organization 
 
 
The following is an overview of each chapter that makes up the content of the thesis:  
 
 
Chapter 1 comprises a concise introduction and outline of the research work, which 

also includes a summary of the study research. The issues and problem statement 

associated with SMTF biosensors are addressed, as well as the research's aim, 

objectives developed to answer those concerns, and research scope.  

 
 
The review of the literature will be covered in Chapter 2. This applies to the entire 

issue of the usage of SMTF as a sensor. This chapter also discusses the growing 

technology of SMTF within optical sensors. It discusses current research on optical 

fiber biosensors in various detection sectors, the advantages of using it for a single 

disease detection, and the use of cascaded SMTFs sensors for single and dual disease 

detection.  
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Chapter 3 and Chapter 4 outline the approach used for this research. This began with 

the fabrication and characterization of the fiber taper until cascading the SMTF, 

followed by NaCl characterization, solution synthesis, and surface bio-

functionalization. The antibody is then immobilized till the ultimate detection of dual 

illnesses. This chapter will demonstrate all the techniques, experimental setups, and 

parameters involved. The overall flow of the research and the steps done throughout 

the experiment are outlined. The results and discussion from the experiment are 

included also where the performance of cascaded SMTF for dual-sensing biosensor 

applications is addressed and studied. The findings of SMTF and cascaded SMTF 

characterization were recorded. The shift of wavelengths in the output spectrum caused 

by varying sodium chloride (NaCl) concentrations, as well as single and dual disease 

detection, are investigated and addressed.  

 
 
Chapter 5 concludes the research work of this thesis overall, which also includes some 

recommendations for future work. All significant findings related to the objectives are 

emphasized. 
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CHAPTER 2 
 
 

LITERATURE REVIEW 
 
 

2.1 Introduction 
 
 
This chapter discusses the current applications of tapered fiber sensors. The SMTF 

guiding principles are also reviewed in this chapter. Various research for each sensor 

base is elaborated along with further discussion of several studies on sensors based on 

the SMTF. Additionally, research on the application of optical biosensors for single 

and dual disease detection was discussed. Research on cascaded SMTFs was examined 

in the final subchapter, particularly for the detection of biomolecules utilizing the 

concept of evanescent wave (EW). 

 
 
2.2 Optical Fiber Sensor  
 
 
Over the past three decades, optical fiber sensor monitoring applications have attracted 

significant attention across numerous industries. This technology has an impressive 

performance for the next-generation intelligent sensing platform, which offers long-

distance, high-precision, exceptional performance, multiparametric monitoring, and 

resistance to harsh environmental conditions [17]. The low transmission losses make 

it possible to do remote sensing with minimal signal loss. Also, it is flexible, light, 

small, highly sensitive, and has a compact fiber geometry. This gives it a remarkably 

high degree of freedom in applications with limited portability and space needs, a large 

bandwidth, and makes it easy to implement multiplexed or distributed sensors [18], 

[19]. 
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Intrinsic sensors use the fiber itself as a transducer, whereas extrinsic sensors path and 

collect light from the measurement site. Optical fiber offers a practical means for 

implementing optical sensing [20], [21]. Typically, it works by detecting alterations in 

light transmission due to various external factors, such as strain, temperature, pressure, 

analyte concentration, or composition of chemicals [22].  

 
 
Though essential for optical communication, the sensing applications of optical fiber 

are restricted as light does not interact with its surroundings; this is due to the 

cladding's near-zero propagation loss and the total internal reflection (TIR) concept 

[23]. Hence, the implementation of distinctive fiber-optic structures is crucial to 

obstruct the propagation of light, thereby enabling the light to interact with its 

surroundings. In the field of light alterations and sensing, various techniques have been 

suggested to customize light propagation and enhance its interaction with sensing 

materials. These methods encompass polishing, chemical etching, tapering, bending, 

and femtosecond grating inscription [24]. Enhanced evanescent fields can be 

efficiently excited in the optical fiber sensor to expose and interact light with the 

surrounding medium where one of the examples shown in Figure 2.1. 

 
 

 

Figure 2.1: An evanescent wave-based optical fiber sensor with the cladding 
removed.  
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2.3  Overview of Tapered Fiber  
 
 
Tapered fibers are currently capturing the curiosity of many interesting building blocks 

in a broad spectrum of photonic applications. In 2023, a journal reported on a sensitive, 

low-cost, quick, and straightforward tapered optical fiber system designed to detect 

infectious biomolecules. These are made possible by the fact that tapered fiber 

possesses desirable characteristics for optical guidance, such as low loss, high 

evanescent field strength, high optical confinement, and tunable waveguide dispersion. 

Tapered fibers are ideal for nonlinear optical applications due to the high field 

confinement they can achieve because of their high RI contrast [25].  

 
 
Various techniques are employed in the fabrication of tapered fiber, as has been 

demonstrated. These procedures include top-down techniques such as fiber-pulling 

[26], bottom-up methods like vapor–liquid–solid operations [27], laser ablation [28], 

and electron beam lithography [29]. Flame heating is one of the most flexible ways to 

produce tapered fibers with high physical properties [30]. How well the tapered fiber 

sensor works depends on how the fiber is formed., with a lower diameter at the waist 

of the taper resulting in enhanced sensitivity [31]. 

 
 
By spectrally evaluating the medium surrounding the optical fiber, using chemically 

sensitive materials for attachment to other waveguides, or measuring the RI of the 

medium, chemical sensing is made easier with tapered fibers because access is granted 

to the EW of the propagating mode. Additionally, a tapered segment of the optical 

fiber might provide advantages for measuring physical factors like strain and 

temperature due to its smaller diameter. The "heat and stretch" technique used to create 

tapered optical fibers is shown in Figure 2.2. The polymer buffer coating, commonly 
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acrylate, is removed from a segment in the centre of an optical fiber with a mechanical 

stripper or proper solvent. The optical fiber tails on both sides of the tapering part are 

connected to the translation stages. The area where the buffer coating is removed is 

exposed to the heat source, while the fiber tails are pulled in opposite directions. The 

method enables the fabrication of optical fiber tapers with well-defined taper waists, 

regardless of the diameter [32].  

 
 

 

Figure 2.2: Process of fabricating tapered fiber sensors using a flame heating 
method [32]. 
 
 
2.4  Principle of Single-Mode Tapered Fiber 
 
 
Recent applications of tapered single-mode fibers have gained attention due to their 

compact size, low cost, versatile design, and excellent sensitivity. A small diameter 

tapered fiber can be created by applying heat and stretching a short section of single-

mode fiber (SMF) [33]. The tapered waist region emits an evanescent field, which 

severely confines light at the fiber surface. When light passes through a standard SMF, 

there is a total reflection at the point where the core and the cladding meet. This is 

where the evanescent field is created. However, the evanescent field cannot reach 

extremely far into the cladding because it is not very strong. Therefore, it is incapable 
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of sensing by interacting with the external materials surrounding the fiber's surface. 

An approach to induce the evanescent field to traverse the cladding is to apply a pulling 

force to the heated fiber. This may result in a certain degree of fiber diameter reduction 

[34]. 

 
 
Tapering refers to the steady lowering of an optical fiber’s wall thickness into a few 

minor scales of diameter. Since the fibers are tapered, the light will be contained inside 

a smaller core radius, resulting in the evanescent field effectively propagating outside 

of the fiber. Consequently, the increased light is directed away from the centre [35]. 

The diameter of the optical fiber is reduced to a few microns in the homogenous 

tapered region after the tapering procedure. Tapered fiber consists of three sections: 

the down-taper, the uniform taper waist, and the up-taper. 

 
 
When the transition areas match the adiabaticity criterion, the taper transition length 

exceeds the length between the fundamental and second order modes. This results in a 

reduced angle taper, which avoids energy coupling with higher-order modes [36]. 

Adiabatic tapers of this nature are distinguished by their single-mode operation and 

minimal losses. For non-adiabatic tapers, which fail to meet this criterion, the coupling 

of light to higher-order modes results in increased taper losses and the introduction of 

features for sensing applications into the transmission spectrum due to interference 

between the propagating modes.  
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Figure 2.3: Light propagation in a non-adiabatic tapered fiber. 

 
 
Significant coupling develops between the fundamental mode and the high-order 

cladding modes if the fiber is non-adiabatic because the taper transition zone is shorter 

than the coupling length. This happens as the light moves along the down-taper [37]. 

Afterward, the higher-order cladding modes will couple with the fundamental mode in 

the up-taper region, which will result in a comb spectrum being produced at the output 

shown in Figure 2.3. The light can pass through the cladding or air contact and travel 

parallel to the fiber’s surface as EW. Any disruptions in the surroundings will influence 

the EW, and this will be reflected in the resulting spectrum as the modes are coupled 

together at the end of the tapered region, making this evanescent field useful for 

sensing [38]. The sensing qualities of the non-adiabatic tapered fiber are influenced by 

factors in the external environment, including the external RI and temperature [39], 

[40]. The total light intensity at the receptor, located at the opposite end of the 

untapered fiber, is defined by the following equation [39]; 
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   𝐼𝐼 = 𝐼𝐼1 + 𝐼𝐼2 + 2�𝐼𝐼1 + 𝐼𝐼2 𝑐𝑐𝑐𝑐𝑐𝑐∆∅,   (2.1) 

 
 
where 𝐼𝐼 is the output intensity; 𝐼𝐼1 + 𝐼𝐼2 are the intensities of the fundamental core mode 

and high-order modes, respectively. ∆∅  is the phase shift between two modes 

calculated using [41]; 

 

    ∆∅ =  �2π(∆𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒)𝐿𝐿𝑤𝑤
λ 

�,    (2.2) 

 
 
where ∆𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 is the difference between the effective RI of the core and the effective RI 

of the external surrounding (𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐 −  𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ) and 𝐿𝐿𝑤𝑤 the waist length of the tapered fiber 

and λ is the wavelength. When the two modes combine in the up-taper area, an 

interference spectrum is produced with the wavelength, the effective RI difference, 

and the waist length of the taper all influencing the free spectral range (FSR) or fringe 

spacing between the interference patterns are given [41]; 

 

    ∆ / FSR = � λ2

(∆𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒)𝐿𝐿𝑤𝑤
�.    (2.3)  

 
 
As a result of the interferometric effects in the fiber taper, the result looks like the 

illustration in Figure 2.4. Because of the interference phenomena that happen inside a 

tapered fiber, the spectrum here has the appearance of a comb. 
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Figure 2.4. Spectral output of single-mode tapered fiber. 

 
 
The evanescent field penetrates beyond the core-cladding contact by a distance 

denoted by 𝑑𝑑𝑝𝑝. Specifically, it is the mathematical distance where the evanescent field 

drops to 1/e of its value at the core-cladding contact [42]. This distance, denoted as the 

penetration depth, may be mathematically described as [41]; 

 

    𝑑𝑑𝑝𝑝 =  λ

2π(𝑛𝑛𝑐𝑐𝑐𝑐2 𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖−𝑛𝑛𝑐𝑐𝑐𝑐
2 )

1
2
,   (2.4) 

 
 
where λ is the wavelength of the incident light, 𝑛𝑛𝑐𝑐𝑐𝑐 and 𝑛𝑛𝑐𝑐𝑐𝑐 are the RI of the new core 

and the surrounding medium, and the incidence angle at the new core-external medium 

contact, measured from the normal, is denoted as 𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖. The up-taper region is where 

the fundamental and higher-order modes are recombined with the original fiber core. 

The RI of the solution is often less than that of the original fiber cladding. 

Consequently, it is anticipated that the penetration depth will decrease upon sample 

addition compared to the initial core/cladding fiber arrangement. 

 
 

© C
OPYRIG

HT U
PM



 
17 
 

Alterations to the effective RI will influence the phase shift, which will, in turn, 

influence the intensity of light at a certain wavelength [43]. This will provide the 

impression of a movement toward the margins. Optical power variations are 

commonly employed to assess the reaction of an adiabatic taper to its surrounding 

medium. However, the non-adiabatic taper is more favorable as it aligns with the 

concept of interference between core and cladding modes. Because a coherent shift in 

the transmission spectrum will occur whenever there is a change in the medium that 

surrounds the sensor, which can be easily observed and quantified, the spectrum is an 

excellent choice for usage in a sensor. 

 
 
2.5  Tapered Fiber as Biosensor  
 
 
In analytical terms, a biosensor is a transducer that converts a molecular recognition 

of a target analyte into a quantifiable reaction [44]. Changes to the biosensors' sensing 

modules for detecting biomolecular, nanosized products like protein biomarkers, and 

viruses have allowed them to transform the conventional analytical processes into 

diagnostic methods, thereby making a significant impact. Because of their sensitivity 

to a wide range of well-known optical phenomena, optical transducers are used 

extensively [45]. Conventional analytical methods have many limitations, but optical 

biosensors, which use photodetectors to monitor changes in reflectance as a recognized 

signal like absorbance, fluorescence, luminescence, polarization, and RI may fill this 

need. 

 
 
Biosensing has emerged as one of the most exciting applications for single-mode 

tapered fiber and has produced many works and studies on it. When the fiber taper 

causes some of the propagating light to be directed outside the fiber, an evanescent 
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field is created. The evanescent field has the potential to act as a sensor due to its ability 

to reach into the surrounding medium and detect variations in RI near the tapering 

optical fiber. Biosensors utilizing single-mode tapered fiber have garnered significant 

interest from researchers. 

 
 
The wavelength shift-based microfiber biosensor has garnered considerable interest 

from experts due to its unique output and ability to operate independently of power. 

This transducer's interferometric spectral fringes undergo a discernible shift due to the 

interaction between the evanescent wave field and variations in the surrounding 

medium. By immobilizing a biomolecule probe, one can achieve a highly specific and 

accurate detection of various determinants, such as proteins [46]. Various techniques 

can be employed to effectively immobilize a complementary probe onto the surface of 

a tapered fiber biosensor. Studying bio-affinity interactions, in which the probe is 

attached to the fiber's surface utilizing a particular binding affinity between the probe 

and target molecule, is one aspect of the research [47]. This may give an immense 

potential for the application in disease detection, and diagnosis as well. Table 2.1 

shows the recent studies and applications that can be related to the tapered fiber as a 

biosensor. The method, performance parameters, findings, and limitations were 

described. 

 
 
The first study effectively created a non-adiabatic SMTF for high-sensitive RI and 

temperature monitoring, both theoretically and experimentally. Experiments showed 

that the sensor with a diameter of 8 µm could detect temperature changes down to -

300 pm/C and that it could detect RI changes as small as 1800 nm/RIU. Then, a glass 

microtube filled with a high thermo-optical coefficient liquid was proposed as an 
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enhanced temperature sensor construction to take advantage of the sensor's high RI 

sensitivity shown in Figure 2.5 [48]. The simplified, inexpensive, and straightforward 

sensor construction is readily producible. It also boasts high sensitivity, robust 

mechanical, and excellent anti-disturbance capability. 

 
 

 

Figure 2.5: (a) Schematic representation of the enhanced sensor structure, and 
(b) actual image of the improved sensor structure [48]. 
 
 
In 2021, researchers introduced a label-free plasmonic biosensor that used laminated 

gold nanoparticles optical fiber technology for sensing [49]. Five microRNAs were 

detected with excellent selectivity using an advanced label-free ultrasensitive tapered 

fiber plasmonic biosensor. Three distinct metallic nanoparticles make up the 

biosensing platform: gold triangular nanoprisms (AuTNPs), gold nanorods (AuNRs), 

and gold spherical nanoparticles (AuNPs) layered tapered fiber for enhancing the 

evanescent mode. Since AuTNPs laminated, tapered fiber was found to have the 

highest RI sensitivity, it was used to evaluate the microRNA panel shown in Figure 

2.6. Optimum sensitivity was obtained because hydrogen bonds were established 

between the target microRNAs and the single-stranded DNA probes during self-

assembly [50]. Experimentally, they found that by detecting the spectrum shifts, a limit 

of detection (LOD) between 103 aM and 261 aM be attained for the panel of 
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microRNAs. In addition, the ssDNA layer adsorbed on the tapered fiber plasmonic 

biosensor increased the dynamic range from 1 fM to 100 nM. With a LOD between 

1.097 fM – 1.2 fM, clinically relevant concentrations of the panel of microRNAs were 

successfully detected in human serum solution. This is the first paper to demonstrate 

that tapered fiber plasmonic biosensor technique can detect a panel of microRNAs. By 

producing a scalable sensor for the detection and quantification of large arrays of 

microRNAs, this simple yet incredibly sensitive technique might increase the 

applications of tapered optical fiber biosensors. 

 
 

 

Figure 2.6: (A) Schematic of the designed TOF plasmonic biosensor, (B) 
functionalization of TOF with 3-aminopropyl-triethoxysilane (APTES), (C) 
AuNPs, (D) AuTNPs, and (E) AuNRs laminated TOF, (F) ssDNA and PEG-SH 
functionalized TOF, (G) hybridization with target microRNA, and (H) 
transmission spectrum of the functionalization [49]. 
 
 
A tapered optical fiber-based sensor probe is created employing cholesterol oxidase 

(ChOx) and AuNPs to improve the sensor's sensitivity and selectivity. The results 

show that when cholesterol concentration rises, so does the intensity of the reflection. 

This is because ChOx is detected at the sensor probe. Cholesterol is oxidized into 

cholestenone and hydrogen peroxide in proportion to the concentration of cholesterol. 
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Changing the concentration of H2O2 causes a different reflection peak in the region 

around the sensor probe shown in Figure 2.7 where the immobilization occurs [51]. 

Biosensors with a sensitivity of 0.125 %/mM, linearity of 𝑅𝑅2 = 0.9952, and resolution 

of 0.12 have been created and used to evaluate various cholesterol concentrations from 

10 nM to 10 mM. The created sensor provides the 0 to 10 mM range of clinically 

significant cholesterol, and the LOD is discovered to be 53.1 nM [52]. The proposed 

sensor probe is more straightforward to manufacture and more effective than current 

sensors. A steadier sensor probe has been designed. Sensor probes provide excellent 

repeatability and reusability. 

 
 

 

Figure 2.7: AuNPs immobilization on the sensing region of tapered fiber. 

 
 
A paper was published about a label-free fiber optic biosensor for detecting bacteria 

based on a single mode-tapered multimode-single mode (SMS) structure shown in 

Figure 2.8. This study's main goal was to find out how well Salmonella Typhimurium 

could be found in phosphate buffer saline (PBS) and milk that had been tampered with. 

The multimode fiber's cladding was removed, and anti-S. Typhimurium monoclonal 

antibodies were subsequently added to the etched region to create the multimode 

interference-based SMS sensor for biosensing. The antibodies that were added to the 
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SMS biosensor made it possible to detect S. Typhimurium in a wide linear range (500 

CFU/mL to 5000 CFU/mL) with an LOD of 247 CFU/mL. The whole analysis of per 

sample, including cleanup, took less than 20 minutes. A thorough theoretical study of 

the proposed biosensor was performed, evaluating how the beam moves and how 

power is dispersed. The biosensor was very selective when it came to Escherichia coli 

and Staphylococcus aureus. The proposed biosensing method could be used to find a 

wide range of pathogens with high sensitivity (275.86 nm/RIU) [53]. The SMS 

biosensor is better than other fiber sensor because it is easy to make and easy to use. 

Despite the intrigue generated by the preliminary findings of this investigation, certain 

factors must be considered. The fiber optic biosensor must be packaged appropriately 

due to its fragility. The created sensing platform, based on biorecognition components, 

may be utilized for multiple target analyte measurements. In particular, the created 

bio-interfaced sensing platform with specialized receptors is effective for in vitro 

pathogen detection for early infectious illness diagnosis, consumer product 

monitoring, and remote environmental process monitoring. 

 
 

 

Figure 2.8: A schematic illustration of the SMS biosensor, featuring an 
immobilized sensing platform utilizing anti-S. Typhimurium antibodies to detect 
S. Typhimurium [53]. 
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The development of the first label-free optically based sensor for DENV II E protein 

detection was also discussed. To do this, complementary recombinant antibodies-

functionalized SMTF was required. Strong EW generated by the fiber's dimensional 

shift interacts with immune complexes that form on its surface when the virus is 

present. This interaction serves as the foundation for the sensor's core notion. The 

sensor configuration yielded results with a sensitivity of 5.02 nm/nM and LOD of 1 

pM, respectively, and a standard deviation (SD) value of ± 0.4 shown in Figure 2.9 

(a) and (b) [54]. The rapid and compact sensor is an excellent replacement for label-

free, quantitative measurement of the infection. It may also help improve clinical care 

and understanding of the disease. In comparison with current research attempts 

concerning Dengue diagnosis, the sensor has proven to attain outstanding degrees of 

specificity and sensitivity in a rapid 15-minute detection period. 

 
 

 

Figure 2.9: (a) Output spectra when SMTF sensor was introduced to different 
concentrations of DENV II E and (b) Trend line for the relationship between 
wavelength shift and concentration of DENV II E proteins [54].  © C

OPYRIG
HT U
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2.6  Optical Biosensors for Single and Dual Disease Detection  
 
 
In 2020, research on optical biosensors was done to evaluate a one-dimensional 

photonic crystal for the diagnosis of malaria [56]. The patient's blood is used to create 

the defect layer. Changes in concentration cause the index of refraction to fluctuate 

noticeably compared to normal blood. When the transmission peak shifts, it is an 

indication of trouble and can be utilized to detect malaria due to the medium's altered 

RI. The transmission spectra are calculated using the tried-and-true method of transfer 

matrices. The proposed sensor has a sensitivity of 495.73 nm/RIU, a quality factor of 

2.03, a LOD of 8.07 × 10−6 RIU, and an estimated response time of 73.8 fs. This is the 

driving force behind the proposed biosensor device's small size, lightning-fast 

response time, and foolproof design. 

 
 
Dual-functional plasmonic photothermal biosensors for very accurate SARS-CoV-2 

were recently disclosed in research. These biosensors combine the plasmonic 

photothermal (PPT) effect with surface plasmon resonance (LSPR) sensing 

transduction to give a workable alternative to clinical COVID-19 diagnosis [57]. 

Nucleic acid hybridization of two-dimensional gold nanoislands (AuNIs) 

functionalized with complementary DNA receptors may be able to detect SARS-CoV-

2 sequences. Localized PPT heat raises in situ hybridization temperature and helps 

distinguish comparable sequences of DNA. This dual-functional LSPR biosensor 

detects the targeted SARS-CoV-2 sequences at 0.22 pM and permits accurate 

identification of the target in a multigene mixture [58]. Figure 2.10 illustrates how the 

plasmonic resonances of PPT and LSPR can be excited at two different wavelengths 

using two different angles of incidence, hence improving sensing stability, sensitivity, 

and dependability. It also displays the PPT-enhanced LSPR biosensing system's 

© C
OPYRIG

HT U
PM



 
27 
 

theoretical and actual configurations, as shown in Figures 2.10, respectively. After 

passing through the aperture-iris (I1/I2), linear polarizers (P1/P2), and birefringent 

crystal (BC) along the LSPR sensing route, the collimated broad-spectrum beam was 

reflected at the interface of AuNI-dielectric for LSPR detection. Normalized 

absorbances (c) and (d) of AuNI sensor chips display a narrowly tuned peak absorption 

at 523.4–539.7 nm (± 0.2 nm). A significant improvement in hybridization kinetics 

and nucleic acid detection selectivity was achieved using the in situ PPT on AuNI 

chips [59]. In light of the ongoing COVID-19 pandemic, the suggested dual-functional 

LSPR biosensor can serve as an effective and simple diagnostics platform to boost the 

precision of clinical testing and alleviate strain on polymers chain reaction (PCR) 

based methods. 

 
 

 
Figure 2.10: Experimental setup and system optimization [57]. 
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 2.7  Cascaded Fiber Taper 
 
 
A paper published in 2022 proposes a cascaded triple waist-enlarged taper few-mode 

fiber (FMF) temperature sensor with a beaded structure [60]. FMF-cascaded waist-

expanded taper is the sensor's main structure. The waist-enlarged taper structure 

diameter influences the effective RI difference and sensor sensitivity. The experiment 

used three waist-enlarged taper structures with diameters of 206.56 µm, 208.58 µm, 

and 208.58 µm, respectively. This implies that the sensor's effective RI difference is 

0.00199841. As a result, the sensor's sensitivity is improved and interference from 

other modes is minimized. From 30 °C to 90 °C, the spectrum shows a red-shifting 

effect, according to the results of the experiments. A strong linear correlation exists 

between temperature change and wavelength shift, with a temperature sensitivity of 

89.41 pm/°C [61]. This sensor's remarkable stability, high sensitivity, and simple 

structure make it suitable for use in chemical sensing, and biomedical temperature 

detection applications. 

 
 
Another work proposes a RI sensor by cascading a fiber non-adiabatic SMTF and a 

fiber Sagnac interferometers [62]. A non-adiabatic SMTF's modal interference 

produces a periodic interference spectrum that varies with the external medium's RI 

shown in Figure 2.11 for the sensor design. Analytes in liquid form interact with the 

SMTF. Through modifications to the fiber Sagnac interferometer, the RI sensitivity of 

the SMTF was improved. Modifying the polarisation state and length of the 

polarization-maintaining fiber (PMF) can alter the Sagnac loop's interference 

spectrum. The overlaid envelope is produced by cascading two interferometers with 

differing FSR. This structure will alter the single interferometer's sensing capabilities 

[63]. The findings of the experiment indicate that the RI sensitivity of the suggested 
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sensor can range from 921.43 nm/RIU for a single tapered fiber to 787.24 nm/RIU for 

a dual tapered fiber arrangement, shown in Figure 2.11. The suggested method's low 

cost and ease of manufacture make it an appealing option for modifying the RI 

sensitivity. 

 
 

 

Figure 2.11: The sensor design consists of a Sagnac loop cascading together with 
the non-adiabatic bi-conical SMTF [62]. 
 
 
2.8  Critical Review on DENV II Envelope (E) and SARS-CoV-2 Spike (S) 
 Proteins 

 
 
Traditional approaches to viral detection involve qualitative assays based on PCR and 

enzyme-based antibodies, viral separation, and immunofluorescence utilizing 

microscopy. However, these methods are not appropriate for repetitive clinical testing 

since it requires an extended period, ranging from 2 to 14 days, lead to higher costs 

and insufficient to address the issue of rapid community spread [64]. Various 

biomarkers such as DNA, RNA, peptides, antibodies, glycoproteins, and antigens can 

identify viral infections. These biomarkers are categorized into two types: antigens and 

antibodies [44]. Recent studies have highlighted the potential of using sensors to 

identify dengue virus and SARS-CoV-2 [47], [54]. This fascination arises from the 

difficulties presented by the similar symptoms that often occur in the initial phases of 
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infection [65]. Although there were fluctuations in dengue cases from 2020 to 2021, 

there has been a notable rise in the number of COVID-19 cases in most countries in 

2021, as depicted in Figure 2.12. Infections and diseases can cause a wide variety of 

symptoms, from no sign of sickness to death. Individuals diagnosed with COVID-19 

might receive inaccurate dengue serology results because of potential cross-reactivity 

between both viruses and vice versa [66]. 

 
 

 

Figure 2.12: Percentage of dengue and COVID-19 incidences in various Asian 
countries during the pandemic period from 2020-2021 [66]. 
 
 
2.8.1  Dengue Virus Pathology and Virion Structure 
 
 
The dengue virus is usually spread by mosquitoes in tropical and subtropical areas. 

Each year, between 100 and 400 million people get infected with it. As per a recent 

report by the World Health Organization (WHO), the rise in infected cases in 2020 has 

elevated DENV to a significant disease following COVID-19. As of now, there are 

still no specific therapeutic drugs or vaccines available for DENV infection [67]. One 
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explanation is the cross-reactivity between DENV and other flaviviruses because of 

the similar conserved structure found on the envelope (E) protein shared among the 

flaviviruses [15]. Four types of DENV have been confirmed by tests: DENV-1, 

DENV-2, DENV-3, and DENV-4. Their nucleotide sequences are very similar, with a 

similarity of 65%–70% [68]. The two envelope-associated proteins, M and E proteins, 

are present in a lipid bilayer that makes up the DENV envelope. Table 2.2 displays the 

three structural domains (DI, DII, and DIII) that are known to form the E protein. 

 
 
Table 2.2: Three structural domains of Dengue E protein [69], [70]. 
 

Structural Domains Function 

DI 
The hinge region, linked to two other functional domains, 

changes E protein structure due to external pH. 

DII 
Hydrophobic-rich peptide sequence contributes to E 

protein dimerization 

DIII Ig-like domain 

 
 
The E protein dominates the viral surface and is the main focus of the immune 

response. It plays a crucial role in various biological functions such as binding to 

receptors, fusion, and entering host cells. The E protein, particularly its domain III 

(DIII), triggers host immune responses by generating protective and neutralizing 

antibodies, as illustrated in Figure 2.13. Hence, the dengue E protein plays a crucial 

role as an antigen for the development of vaccines and testing methods. 
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Figure 2.13: A dengue virus particle is shown graphically. Both immature and 
mature virions are displayed in (a). The crystal structure and domains of the 
dengue envelope protein's dimeric form from (b) the top and (c) side view [70]. 

 
 
2.8.2  Structural and Functional Properties of SARS-CoV-2 

 
 
Novel coronavirus disease 2019 (COVID-19), an epidemic triggered by an entirely 

new coronavirus, emerged in December 2019 and has subsequently proliferated 

internationally, transforming into a pandemic. It was observed promptly that COVID-

19 was attributed to a coronavirus subsequently identified as SARS-CoV-2. SARS-

CoV-2 is an encapsulated, spherical particle measuring 65–125 nm in diameter [71]. 

The four structural proteins of SARS-CoV-2 are the envelope (E), spike (S), 

nucleocapsid (N), and membrane (M) shown in Figure 2.14. Using a fusion process, 

the S protein, which has been observed at the atomic level through electron 

microscopy, facilitates the entry of viruses into the host [16]. 
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Figure 2.14: Functions and structural characteristics of the SARS-CoV2 S-
protein. S-protein interaction with host cells: The ACE-2 receptor on the host cell 
binds to the virus via the RBD of the S-protein [71]. 

 
 
The outermost transmembrane protein of the virus, known as the S protein, has a 

molecular weight of about 150 kDa. It interacts with the lower respiratory tract cells 

that produce the angiotensin-converting enzyme 2 (ACE2) to form homotrimers that 

protrude on the viral surface and aid in the attachment of envelope viruses to host cells 

[72]. Understanding receptor recognition and cell membrane fusion is essential, 

involving two subunits, S1 and S2. The S1 subunit contains a receptor-binding domain 

that recognizes and binds to the host receptor angiotensin-converting enzyme 2, while 

the S2 subunit aids in viral cell membrane fusion by forming a six-helical bundle via 

the two-heptad repeat domain [73]. The S protein has distinctive characteristics that 

set it apart from other structural proteins in SARS-CoV-2. Choosing the SARS-CoV2 

S-protein over other subunits or domains is ideal due to its proper conformation, 

increased number of epitopes, and higher immunogenicity [74]. Therefore, the SARS-

CoV-2 S protein is essential as an antigen for the creation of vaccines and testing 

techniques. 
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2.9  Summary 

 
 
The concept of SMTF sensors was broken down in detail, including its overarching 

theory as well as the method by which it functions. Following an explanation of the 

SMTF and sensor-based SMTF principle, a discussion of the advantages and 

disadvantages of this technology followed. Several studies that were associated with 

SMTF as a biosensor were highlighted here, with a particular focus on the techniques 

and the concrete characteristics. This study also discussed various research findings 

on the use of SMTF as a biosensor. In conclusion, the literature on the application of 

optical biosensors for single, dual disease detection and cascaded fiber taper was also 

presented and addressed in this chapter. These biosensors were utilized to detect single 

and dual diseases simultaneously. The following chapter will provide a comprehensive 

account of the methods that were implemented throughout the experiment.  
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CHAPTER 3 
 
 

FABRICATION AND PERFORMANCE ANALYSIS OF A CASCADED 
SINGLE-MODE TAPERED FIBER TOWARD REFRACTIVE INDEX 

VARIATION  
 
 
3.1  Introduction 
 
 
The experimental processes involved in the design and development of the cascaded 

SMTF sensor for dual-detection towards different variations of refractive index are 

described in depth in this chapter. To accomplish the goals and objectives of this 

research, meticulous planning was implemented. The preparation, experimental setup, 

and observed parameters are discussed in detail in this chapter. 

 
 
3.2  Research Planning 
 
 
Figure 3.1 shows the research planning in a flowchart, which shows the steps and order 

of the research. The first step in designing and making a cascaded SMTF for a dual-

sensing biosensor was to make conventional discrete SMTF with different parameters. 

Then, the SMTFs were tested with air to find the two best parameters needed to make 

a large and small FSR, which are the most suitable FSRs. Once the right parameter 

tapers were found, the chosen SMTFs were characterized by using NaCl solutions with 

different concentrations to compare them. Next, the research moved on to making 

cascaded SMTF and figuring out how cascaded SMTF worked with different amounts 

of NaCl. These few steps were the basis of the whole research to test whether the 

sensor could pick up two different RIs at the same time. The detailed process and 

outcome of the steps are explained in the following subsections.  
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Figure 3.1: Flowchart of the experiments conducted for the performance of 
cascaded SMTF towards refractive index variation. 
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3.3  Fabrication and Characterization of SMTF 
 
 
The fabrication of the sensing transducer, SMTF for this study was manufactured by 

GPX-3400 Optical Glass Processing Workstation where it is a multifunctional, 

computer-controlled device designed for glass processing. The filament is used as the 

source of heat in the machine. With the filament being size- and material-specific, it 

becomes much easier to manipulate and control the design of the glass process output. 

The workstation's built-in digital CCD camera and mirror tower allow for clear side 

end-view pictures, exact measurement, and alignment, making it ideal for dimension 

measuring. Figure 3.2 illustrates the structure of the SMTF, which consists of three 

main sections known as the down taper, the waist, and the upper. Within these regions, 

it is necessary to exercise appropriate control over factors such as the down taper and 

up taper length, waist length (WL), and waist diameter (WD). The uniformity of the 

created tapers was assured by setting the fiber rely on velocity and heat power during 

heating to 1 mm/s and 60 W, respectively. 

 
 

 

Figure 3.2: Single-mode tapered fiber schematic diagram. 
 
 
This fabrication goal is to enable light to be excited and propagated near the fiber's 

boundary. Alcohol, wipes, fiber remover, and single-mode fiber (Corning SMF-28 

Ultra 200) were used to prepare the SMTF. The first step was to use a fiber remover 

to remove the coating around the fiber. An alcohol-infused cloth was then used to 
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cleanse the fiber of residues and grime. Figure 3.3 shows all the equipment required 

for these steps. Finally, the fiber was inserted into the Vtyran machine, which can be 

seen in Figure 3.4. Here is what each part of the Vytran machine did. Starting with the 

fiber lifters, which held, positioned, and moved the fiber during the different processes 

that the Vytran machine did. 

 
 

 

Figure 3.3: Equipment for SMTF fabrication. 

 
 

 

Figure 3.4: Vytran (a) overview machine and (b) each part in Vytran Machine. 

 
 
  

© C
OPYRIG

HT U
PM



 
39 
 

The machine tapered the fiber by the values entered into the graphical user interface 

(GUI) regarding the WL, down taper length, and up taper length, as well as the WL 

and WD illustrated in Figure 3.5. Both diameter and length of fiber can be conveniently 

modified and regulated via the GUI of the Vytran. Following the fabrication process, 

a CCD imaging system was employed to validate and oversee the fiber's structure and 

quality. Vytran will then taper the fiber to the desired value that had been set before it 

begins the process. Using the CCD imaging system, it is possible to identify and 

monitor the present state and structure of the fiber once the fabrication process is 

complete shown in Figure 3.6. As the diameter of the tapered section has decreased, 

the SMTF has become fragile and must be handled with great care. The WL and WD 

were changed in this study, but the down taper length and up taper length remained 

the same at 5 mm. It is known that this value can result in the nonadiabaticity necessary 

for the interferometric effect [41].  

 
 

 

Figure 3.5: Vtyran GUI. 
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Figure 3.6: SMTF from CCD imaging system. 
 
 
A reference spectrum was obtained before connecting the fiber taper by physically 

connecting the Optical Spectrum Analyzer (OSA, AQ6331) and C-band Erbium-

doped Fiber Amplifier (EDFA-C100) light sources using two spliced single mode 

FC/PC pigtails. Next, the splicing point of the two pigtails was disconnected. The 

SMTF was then spliced with one end to the pigtail that was attached to OSA and the 

other end to the pigtail linked to the light source. The resulting spectral output was 

then compared to the reference spectrum. Each fiber taper was fabricated and 

characterized before proceeding to SMTF response toward RI variation 

characterization. Figure 3.7 shows the experimental configuration of a characterization 

using SMTF. Spectral measurements were performed using wavelength resolution of 

0.05 nm and a wavelength ranging from 1500 nm to 1600 nm. After that, the taper 

parameters that satisfied the FSR requirement outlined previously were selected for 

the further steps. 
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Figure 3.7: SMTF characterization setup in 3-Dimension. 
 
 
The findings of the FSR characterization tests performed on nine different taper 

profiles using air are presented in Figure 3.8 and Table 3.1. While the values of the 

down taper length and up taper length were held constant at 5 mm, the values of the 

WL and WD were altered. To calculate an average FSR, each taper profile was 

characterized three times. According to the findings shown in Table 3.1, the typical 

FSR for each taper profile reduces either when the WL is increased or when the WD 

is reduced [75]. The two appropriate parameters for cascaded SMTF are those that 

create large fringes ideally with FSR more than 16 nm, and those that provide small 

fringes preferably with FSR below 5 nm. The value was chosen due to the OSA 

limitation of resolution to avoid overlapping fringes and ensure accurate data 

interpretation. Due to their distinctive average FSR (23.2330 nm vs 3.1075 nm), taper 

8 (WL = 5 mm, WD = 12 µm) denoted as SMTF1 and taper 1 (WL = 20 mm, WD = 

10 µm) denoted as SMTF2 were selected for further experimentation. 
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Table 3.1: Analysing the effects of waist length and diameter on FSR 
performance. 
 

Taper Profile Parameter 

No. 
Up/Down taper 

(mm) 

Waist Length 

(mm) 

Waist Diameter 

(µm) 

Average FSR 

(nm) 

1 5 20 10 3.880 

2 5 20 12 6.300 

3 5 15 15 14.470 

4 5 15 12 8.930 

5 5 15 10 4.950 

6 5 12 10 4.880 

7 5 10 15 18.480 

8 5 5 12 23.233 

9 5 5 10 21.940 

 
 
Figure 3.9 depicts the output spectrum of taper profile 8 which was designated as 

SMTF1 with large fringes and taper profile 1 with small fringes as SMTF2 which was 

observed using OSA. For tapered fiber sensor, the greater the degree of bending and 

refraction of light, the greater its sensitivity. 
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Figure 3.9: Output spectra taken from taper profiles of pre-cascaded SMTF (a) 
taper 8 and (b) taper 1. 
 
 
3.4  Characterization of SMTF Response Towards Refractive Index Variation 
 
 
Figure 3.10 depicts the methodology of NaCl solution, whereby different mass NaCl 

were diluted into a beaker containing 20 mL deionized water detailed in Table 3.2. For 

RI characterization, newly fabricated SMTFs were tested with solutions containing 

various concentrations of NaCl. This step's objective was to characterize the response 

of the RI sensor so that a comparison could be made between the results obtained 

before and after cascading. The RI of each NaCl solution was recorded using an Atago 

PAL-RI refractometer. As the NaCl concentration increases from 0.0 M to 1.0 M, the 

RI increases as well. 
© C

OPYRIG
HT U

PM



 
45 
 

 

Figure 3.10: NaCl solution sample preparation. 
 
 
Table 3.2: NaCl concentration and its corresponding refractive index value. 
 

Solid NaCl 

(g) 

Deionized Water 

(mL) 

NaCl Solution 

(M) 

Refractive Index 

(RI) 

0.000 20 0.0 1.3322 

0.2338 20 0.2 1.3337 

0.4675 20 0.4 1.3348 

0.7013 20 0.6 1.3360 

0.9350 20 0.8 1.3378 

1.1688 20 1.0 1.3389 

 
 
Figure 3.11 shows the experimental setup that is comprised of EDFA as a light source, 

SMTF, U-groove platform, and OSA. Initially, the SMTF was secured on the U-groove 

platform and inserted in between the two aforementioned equipment. A micropipette 

was used to transfer the prepared NaCl solution onto the tapered region. The SMTF 

was rinsed three times with deionized water to wash away the residual substance. 

Figure 3.12 (a) and (b) depict the output spectra of SMTF1 and SMTF2 when 

introduced to NaCl solutions containing various RIs. Using the wavelength shift 

produced by calculating the difference between the original wavelength of a fringe 
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observed in a 0 M NaCl solution and the new wavelength of the same fringe in NaCl 

solutions of varied RI, the effect of varying RI on SMTFs was analyzed. As predicted 

by theory, as the concentration grows from 0 M to 1.0 M, the wavelength shifts to the 

right due to the increase in the effective RI of the cladding, 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐 . As 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐  increases, 

the differences (∆𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒) between the effective RI of the core and its external 

surroundings will decrease, according to equation 2.2. This shows that when the 

wavelength shift exceeds the FSR, there will be an overlapping in the output spectra. 

Consequently, by subjecting the tapered region to varying concentrations of NaCl, the 

𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐  is modified, which in turn affects the initial relative phase of the spectrum. This 

modification induces a discernible shift or spacing of fringes in the spectral response.  

 
 

 

Figure 3.11: Employ the optical deposition technique to analyze the properties 
of NaCl. 
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Figure 3.12: Output spectra of pre-cascaded for (a) SMTF1 and (b) SMTF2 
towards RI. 
 
 
Figure 3.13 depicts the wavelength shift in relation to RI for SMTF1 and SMTF2. It is 

evident from the graph that the wavelength shifts for both SMTFs increase linearly 

with the increase of RI from 1.3322 RIU to 1.3389 RIU. When the RI changes from 

1.333 RIU to 1.3780 RIU, the greatest wavelength shifts for SMTF1 and SMTF2 are 

14.93 nm and 10.92 nm, respectively. Based on the graph, SMTF1 has a linear trend 

line with a correlation coefficient of 0.9981 and a sensitivity of 1418.7 nm/RIU for its 

linear curve gradient. The linear trend line of SMTF2 has a correlation coefficient of 

𝑅𝑅2 = 0.9974, and the attained sensitivity is 1876.5 nm/RIU. Both SMTFs have 

excellent linearity because the points overlap the trend line in a manner that permits 
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linear fitting of almost 1. With a larger WD, the evanescent field has a shallower 

penetration depth, and a shorter WL makes the effective interaction area less, leading 

to lower sensitivity for SMTF1 [76]. All the experiments were repeated thrice to 

generate error bars of wavelength shift presented in Figure 3.13. 

 
 

 

Figure 3.13: Trend lines depicting the correlation between wavelength shift and 
different refractive index (RI) concentrations for SMTF1 and SMTF2.  
 
 
3.5  Fabrication and Characterization of Cascaded SMTF 
 
 
Figure 3.14 illustrates the experimental setup for cascaded SMTF characterization. 

SMTF1 and SMTF2 were put on U-groove platforms 1 and 2, respectively. Both 

SMTFs were spliced together, as illustrated by point "X" in Figure 3.15. The spacing 

between the tapers was not considered during the design process due to the size 

restriction imposed by the U-groove sample platform. © C
OPYRIG
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Figure 3.14: Experimental setup of cascaded SMTF. 
 
 

 

Figure 3.15: Cascaded SMTF point. 
 
 
As light travels through the SMTF, it coupled to higher-order modes. When these 

modes interact, they generate a series of interference fringes, as presented in Figure 

3.16. The two combined fringes, one of which has shorter fringes spacing that lies 

inside the larger fringes of the cascaded structure creates a periodic interferometry 

pattern due to the light interference. Higher-order modes will be excited and propagate 

down the tapered region when light moves from the fiber to the down-taper section of 

SMTF1. The phases interfere and the modes reunite at the end of the tapered region. 

The output light from SMTF1 then has a comb-like spectrum because of the 

interference of the modes. This light, is now the new fundamental mode, keeps moving 

into SMTF2. In SMTF2, the same interference and excitation phenomena seen in 

© C
OPYRIG

HT U
PM



 
50 
 

SMTF1 will occur too. As a result, a composite spectrum made up of small fringes 

superimposed within the large fringes was produced. 

 
 

 

Figure 3.16: Output spectra of the cascaded SMTFs. 
 
 
3.6  Cascaded SMTF Response Towards RI Variation 
 
 
To observe and test the capability of simultaneously detecting two different RIs, the 

characterization of cascaded SMTFs is the backbone of the entire research. The 

procedures that were conducted were like the ones conducted to characterize 

individual SMTFs. There were 4 separate sets of experiments tabulated in Table 3.3, 

each representing a unique sequence of inserting the RIs solution into the sample 

holders. 
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Table 3.3: 4 sets of different experiments for NaCl. 
 

 NaCl (M) 

NO  

SET 1 SET 2 SET 3 SET 4 

SMTF

1 

SMTF

2 

SMTF

1 

SMTF

2 

SMTF

1 

SMTF

2 

SMTF

1 

SMTF

2 

1 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 

2 0.0 0.2 0.2 0.0 0.8 0.2 0.2 0.2 

3 0.0 0.4 0.4 0.0 0.6 0.4 0.4 0.4 

4 0.0 0.6 0.6 0.0 0.4 0.6 0.6 0.6 

5 0.0 0.8 0.8 0.0 0.2 0.8 0.8 0.8 

6 0.0 1.0 1.0 0.0 0.0 1.0 1.0 1.0 

 
 
For set 1, SMTF1 was immersed and fixed in deionized water, equivalent to a 0.0 M 

NaCl solution, while SMTF2 was exposed to a range of NaCl concentrations from 0.0 

M to 1.0 M. In set 2, deionized water was fixed at SMTF2, and various concentrations 

of NaCl solution were added to SMTF1. In experiment set 3, the NaCl concentration 

in both SMTFs varied in a manner that contrasted with set 4, where the solution 

concentration for both tapers gradually increased. Each set of experiments was 

repeated three times to determine average readings and assess repeatability. 

 
 
Experiment set 1 output spectra for cascaded SMTFs are shown in Figure 3.17 (a), and 

the corresponding wavelength shift of small fringes with a different RI solution is 

shown in Figure 3.17 (b). Since only SMTF2 was immersed in the various RIs 

solutions, only the average wavelength shift of the small fringe was analyzed. As RI 

increases, a clear rightward shift in the small fringes is seen, while the large fringes 
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show only slight changes. The graph's linearity, 𝑅𝑅2, is 0.9954, and its sensitivity 

gradient is 1493.8 nm/RIU. Error bars reflect the SD from the triplicates exhibiting 

errors smaller than 0.9 nm. This is probably because of how easily SMTF is influenced 

by its surroundings. Consequently, slight variations in temperature and strain introduce 

tiny changes during experiments. 

 
 

 

Figure 3.17: Output spectra cascaded SMTFs average (a) wavelength shift of (b) 
small fringes against RI for Experiment set 1. 
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Experiment set 2 output spectra for cascaded SMTFs are shown in Figure 3.18 (a), and 

the corresponding average wavelength shift of large fringes with a change in RI 

solution is shown in (b). In Experiment 2, SMTF2 was held at 1.3322 RIU while 

SMTF1 was immersed in a different RI solution. Upon comparing the dips in the 

spectral responses with the increasing concentration of NaCl, an observation of a red 

shift was made. This is because when concentration increases, so does RI. From 1.3322 

RIU to 1.3389 RIU, it shows that the wavelength shift for large fringes gradually 

increases from 0 nm to 6.971 nm. There is a linearity of 0.9967 and a sensitivity of 

1013.4 nm/RIU with the SMTF1. The low average SD value of 0.89 signifies minimal 

variability of errors, which further enhances the sensor's reproducibility. Because the 

sensitivity of all three sensors is close to the average value, the sensor has a high 

probability of producing a constant sensitivity for any repeated experiment. 
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Figure 3.18: Output spectra cascaded SMTFs average (a) wavelength shift of (b) 
large fringes against RI for Experiment set 2. 
 
 
Figure 3.19 (a) and (b) display the output spectra for cascaded SMTFs and the 

corresponding wavelength shifts of large and small fringes, respectively, when a 

different RI solution is utilized in Experiment set 3. Large fringes in the output spectra 

shift to the left when SMTF1 is immersed in decreasing RI solutions and small fringes 

shift to the right when SMTF2 is immersed in increasing RI solutions. The RI 

sensitivity achieved by SMTF1 is 915.75 nm/RIU, while SMTF2's sensitivity is 1343.6 

nm/RIU. Both SMTF1 and SMTF2 have linearities of 0.9853 and 0.9952, respectively. 

Since the overlapping shifts of small and large fringes influenced the analysis and 

generated inconsistency between the data, the linearity of SMTF1 in Experiment set 3 
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is lower compared to prior experiment sets. SMTF1 had an SD of 0.89 meanwhile 

SMTF2 had an SD of 1.07. Furthermore, the spectral curve is shifted to longer 

wavelengths when the RIU of the sensing medium is increased. Resonance wavelength 

is found to increase with increasing RI of the sensing medium. 

 
 

 

Figure 3.19: Output spectra cascaded SMTFs average (a) wavelength shift of (b) 
large fringes and small fringes against RI for Experiment set 3. 
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The output spectra of the cascaded SMTFs and the wavelength shifts of large and small 

fringes when using a different RI solution for Experiment set 4 are illustrated in Figure 

3.20 (a) and (b), respectively. After being immersed in the same increasing RIs 

solution, SMTF1 and SMTF2 in Experiment 4 produced spectra with a right shifting 

of wavelength for both large and small fringes. SMTF1 has a sensitivity of 975.81 

nm/RIU, while SMTF2's is 1441.3nm/RIU. Both SMTF1 and SMTF2 exhibit linearity 

greater than 0.99. SMTF1 and SMTF2 have SD values of 1.03 and 1.32, respectively. 

The sensitivity for SMTF1 is lower than SMTF2 due to the larger WD, which reduces 

the penetration depth of the evanescent field [77]. 

 
 

 

Figure 3.20: Output spectra cascaded SMTFs average (a) wavelength shift of (b) 
large fringes and small fringes against RI for Experiment set 4. 
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Table 3.4 displays the experimentally obtained levels of sensitivity for SMTF1 and 

SMTF2. Results show the sensitivity of the single SMTF is greater than that of the 

cascaded SMTFs. Sensitivity greater than 1340 nm/RIU was reached by SMTF2 in all 

experiments; however, sensitivity less than 1340 nm/RIU was obtained by cascaded 

SMTFs for SMTF1. Since SMTF are particularly sensitive to strain and temperature, 

the values of RI in different studies may vary. The outcomes may therefore change 

with even little shifts in these two factors. The significant discrepancy between SMTF1 

and SMTF2 results was caused by the fact that SMTF1 has a larger FSR in cascaded 

configuration than SMTF2. This larger FSR reduces the visibility of fringes, resulting 

in a lower sensitivity in comparison to SMTF2 with a smaller FSR [78]. Since 

overlapping spectra made it hard to identify the shifts, the method of analysis could 

also influence the results. The sensitivity of SMTF1 is comparatively lower than that 

of SMTF2 because of its greater WD, which leads to a decrease in the depth of 

penetration of the evanescent field, improved fringe visibility, and potential for 

stronger signal enhancement [77].  

 
 
Table 3.4: Analyzing the effects of waist length and waist diameter on FSR 
performance. 
 

Experiment (nm/RIU) 

SMTF Single SMTF Set 1 Set 2 Set 3 Set 4 

1 1418.70 - 1013.40 915.75 975.81 

2 1876.50 1493.80 - 1343.60 1441.30 
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The cascaded SMTFs generated a periodic interferometry pattern with two combined 

fringes consisting of both large and small fringes. Under several sets of trials, the 

performance of cascaded SMTFs was evaluated; it is feasible to determine the RI 

changes that occurred to a specific SMTF based on changing fringes. The sensitivity 

of cascaded SMTFs is lower than that of pre-cascaded SMTFs. The study of the results 

revealed that cascaded SMTFs can simultaneously detect two distinct RIs. 

 
 
3.7  Summary 
 
 
This chapter demonstrated SMTF fabrication and characterization. Waist region of 

SMTF affect output spectrum properties. According to the theory, the two acceptable 

parameters for cascaded SMTF are those that produce large fringes with FSR greater 

than 16 nm and those that generate small fringes with FSR less than 5 nm. The results 

led to the selection of two taper profiles: SMTF1, with a WD of 12 µm and a WL of 5 

mm, and SMTF2, with a WD of 10 µm and a WL of 20 mm. This chapter also included 

NaCl-based RI characterization to investigate and evaluate the performance of the 

cascaded SMTF sensor for dual-detection simultaneously. 
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CHAPTER 4 
 
 

CASCADED SINGLE-MODE TAPERED FIBER BIOSENSOR FOR 
SIMULTANEOUS DETECTION OF DENGUE AND SARS-COV-2 VIRUSES 

 
 

4.1  Introduction 
 
 
The experimental processes involved in the preliminary investigation, optimization 

and development of the cascaded SMTF biosensor for simultaneous detection of 

dengue and SARS-CoV-2 viruses described in depth in this chapter. The subsequent 

subchapters provide a detailed explanation of the discussions, ensuring the research's 

success. The preparation, experimental setup, and observed parameters are covered in 

this chapter. 

 
 
4.2  Research Planning 
 
 
Research planning in a flowchart shown in Figure 4.1. Preliminary investigation and 

optimization of the surface modification method were firstly conducted with the 

Biotin-Avidin system. Completion and success of the aforementioned preliminary 

study would be followed by functionalization process using chemical solutions like 

hydroxylation with sodium hydroxide (NaOH), silanization with (3-Aminopropyl) 

triethoxysilane (APTES), and activation using glutaraldehyde (Glu). The 

functionalized and immobilized antibody that matches it was attached to the cascaded 

SMTFs. After the antibody was successfully attached to the cascaded SMTFs, the 

sensor was used and tested with different concentrations of a single disease. The 

performance evaluation of the sensor would then commence with the use of multiple 

diseases, in this case, DENV II E and SARS-CoV-2 S protein. By observing the 

sensor's reaction to changing concentrations of both diseases, the sensitivity, 
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resolution, LOD, and affinity towards the targeted determinant would be assessed. The 

detailed process and outcome of the steps are explained in the following subsections.  

 
 

 

Figure 4.1: Flowchart of the experiments conducted for the dual-disease detection 
of DENV II E and SARS-CoV-2 S proteins.  
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4.3  Characterization of Cascaded SMTF Surface Functionalization with 
Silane-PEG-Biotin and Detection of Avidin 
 
 
Biotin and avidin are two molecules that have an extremely strong attraction to one 

other. The biotin-avidin system is a molecular diagnostics benchmark that is used in 

purification and detection procedures with a dissociation constant of about 10−15 𝑀𝑀 

[79]. Due to a protein and protein-specific antibody limited availability, biotin-avidin 

was used to imitate bio-recognition molecule functionalization onto the tapered 

surface and complementary determinant detection. This is a preliminary investigation 

into the potential of bio-recognition molecule functionalization on the SMTF for 

sensing certain determinants. 

 
 
The surface of the fiber was activated with 1.0 M NaOH (Sigma Aldrich) to 

immobilize the bio-recognition molecule, biotin, on the SMTF. 10 mL of deionized 

water was used to dilute 0.04 g of powdered NaOH [40]. Following 50 minutes, the 

SMTF underwent three rinses using deionized water before being left to dry. 

 
 
95% ethanol and 5% deionized water were used to dilute a 0.1 M stock solution of 

silane-PEG-biotin. The silane-PEG-biotin solution was inserted into the groove of the 

sample holder until the tapered region was immersed. According to the manufacturer's 

instructions, 30 minutes should be sufficient for incubation [54]. The silane agent 

would condense during incubation, linking to the fiber surface's hydroxyl groups via 

hydrogen bonds.  
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The powdered avidin was dissolved in pH 7.4 PBS to make the avidin solution. avidin 

incubation was 15 minutes per the manufacturer's recommendation [54]. Total of 3 

sets of cascaded SMTFs sensors were tested at each concentration to evaluate their 

repeatability and accuracy. Figure 4.2 depicts the schematic mechanism of the biotin-

avidin reaction on the SMTF. 

 
 

 

Figure 4.2: Schematic diagram for (a) functionalization and (b) immobilization 
of silane-PEG-biotin, and (c) detection of avidin. 
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Figure 4.3: Spectra response when (a) NaOH of (b) silane-PEG-biotin were 
introduced to the cascaded SMTFs. 
 
 
The hydrolysis of SMTF in silane solution caused silane-PEG-biotin to adhere to it. 

An additional layer on the SMTF surface increases RI, causing a spectrum shift on the 

OSA. In Figure 4.3 (a), spectra responses before and after the introduction of NaOH 

were compared. A red shift of 1.48 nm for SMTF1 and 4.86 nm for SMTF2 was 

observed after NaOH was inserted. In Figure 4.3 (b), it was noted that the spectrum 

shifted to the right by 2.05 nm for SMTF1 and 4.07 nm for SMTF2 after the 

functionalization of silane-PEG-biotin. Simply stated, these red shifts represent the 

increase in RI surrounding the SMTF as a result of layers being added to the fiber. 

This is by equation 2.1 and 2.2. The observation confirms silane-PEG-biotin surface 

activation and functionalization on the SMTF. To evaluate the performance of the 
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proposed sensor, 3 sets of experiments were performed using cascaded SMTFs, 

referring to Table 4.1, and each one was exposed to a different concentration of avidin 

ranging from 0.2 µM to 1.0 µM. After 15 minutes, the SMTF were rinsed three times 

with deionized water to remove any remaining residues before drying. To ascertain the 

sensor's accuracy and precision, this series of tests was carried out three times. 

 
 
Table 4.1: 3 sets of different experiments for silane-PEG-biotin and detection of 
avidin. 
 

Avidin (µM) 

NO 
SET 1 SET 2 SET 3 

SMTF1 SMTF2 SMTF1 SMTF2 SMTF1 SMTF2 

1 0.0 0.0 0.0 0.0 0.0 0.0 

2 0.0 0.2 0.2 0.0 0.2 0.2 

3 0.0 0.4 0.4 0.0 0.4 0.4 

4 0.0 0.6 0.6 0.0 0.6 0.6 

5 0.0 0.8 0.8 0.0 0.8 0.8 

6 0.0 1.0 1.0 0.0 1.0 1.0 

 
 
The corresponding wavelength shift was observed based on the spectra response in 

Figure 4.4. For both experiments in set 1 and set 2, it yields a coefficient correlation 

value of 0.9997 and 0.9987 for SMTF2 and SMTF1. When both SMTFs increase 

gradually in experiment set 3, 𝑅𝑅2 for both is above 0.9985. The 𝑅𝑅2 for all spectral shift 

responses are also remarkably high, indicating that the linear fit is a good 

representation of the data. This demonstrates a clear relationship between 

concentration and red shifts as higher concentrations lead to a shifting of peaks towards 

longer wavelengths. The observed phenomenon is consistent with equation. 2.1 and 
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2.2, as the increase in concentration is directly proportional to the increase in RI, 

leading to the observed outcome. The sensitivity of the sensor for all sets of 

experiments obtained at a value of ≈ 6.4 nm/µM with SD of ± 1.45 for SMTF1 

meanwhile sensitivity for SMTF2 obtained a value of ≈ 9.3 nm/µM with SD of ± 1.78. 

SMTF2 has more sensitivity than SMTF1 (c). This is because the evanescent field at 

the sensor surface is higher for SMTF2, compatible with the fact that it has a smaller 

WD [77].  
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4.4  Surface Bio-functionalization and Antibody Immobilization  
 
 
Following preliminary testing with biotin and avidin, SMTF demonstrated good 

feasibility in sensing specific protein molecules after being functionalized with bio-

recognition molecules. To detect DENV II E and SARS-CoV-2 proteins, specialized 

monoclonal antibodies (MAbs) will be utilized and attached to the surface of SMTF 

as biorecognition molecules. Similar functionalization and immobilization steps are 

implemented as in the preliminary investigation. 

 
 
4.4.1  Preparation of Chemical Solution for Functionalization 
 
 
The hydroxylation technique was used to start the functionalization process. 20 mL of 

deionized water was mixed with 0.08 g of NaOH to prepare 0.1 M NaOH. It was then 

left to immerse at room temperature for 50 minutes [54]. The initial procedure involves 

coating the SMTF surface with hydroxyl (-OH) functional groups, which will facilitate 

the subsequent silanization process. To get rid of unattached molecules, the tapered 

area was washed three times with deionized water following a 50-minute incubation 

period. After that, it was left to dry for 5 minutes at room temperature (24℃). 

 
 
The hydroxylation process was validated using Raman spectroscopy (Alpha 300 R, 

WITec) on the tapered surface at an excitation wavelength of 532 nm. Figure 4.5 shows 

significant peak values at 970 cm-1, 1040 cm-1, 1100 cm-1, and 1200 cm-1, showing the 

presence of Si-OH, Si-O-, and SiO4, respectively [80]. These oxygenated linkages are 

known as siloxane and silanol, and both will aid in the following silanization process. 
© C

OPYRIG
HT U

PM



 
68 
 

 

Figure 4.5: Analysis of the Raman spectrum of a SMTF following a 
hydroxylation process. 
 
 
The process of silanization was then initiated by adding the hydroxylated tapering 

region to APTES. The goal of adding APTES to the hydroxylated surface was to link 

inorganic and organic compounds [81]. It was chosen for its amine functional group 

content, and it is the main component that facilitates the immobilization of DENV II 

E and SARS-CoV-2 S protein-specific antibodies onto the surface of the SMTF [54]. 

APTES structural formula is depicted in Figure 4.6. 

 
 

 

Figure 4.6: Structural formula of APTES in (a) 2-Dimensional and (b) 3-
Dimensional. 
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The hydroxyl groups are responsible for removing the ethoxy group of the APTES to 

facilitate the hydrolysis of ethoxy groups, leaving the APTES with hydroxyl groups 

that are ready to attach to the surface. The process would place the APTES molecule 

where the amino group is visible, giving the SMTF's surface an aminopropyl terminal 

[82]. Figure 4.7 illustrates the silanization reaction schematically. Silanization began 

by incubating the tapered area for 45 minutes with APTES/deionized water (2% v/v 

from Amresco), similar to prior studies [54]. After 45 minutes, the SMTF was cleaned 

three times with deionized water to remove unattached molecules and dried at room 

temperature.  

 
 

 

Figure 4.7: APTES is subsequently deposited onto the surface of the SMTF after 
its hydroxylation with NaOH. 
 
 
Raman spectra following silanization are shown in Figure 4.8. The Si-O-Si and Si-O- 

vibrational modes are shown by the peaks at 486 cm-1 and 1040 cm-1 [81]. This 

indicates a covalent bond between the silane agent and the hydroxylated SMTF 

surface. At 2930 cm-1, there was another peak that showed the C-C skeletal structure 

of the connected APTES. The peaks at 1247 cm-1, 1343 cm-1, and 1605 cm-1 indicate 

the N-N, N-H, Si-NH2, and NH3+ deformation vibrational modes, respectively [83]. 
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These peaks demonstrate that the bent optical fiber's surface has amine groups and that 

APTES may attach to it. 

 
 

 

Figure 4.8: Raman spectrum of SMTF after being silanized using silane agent. 
 
 
The tapered surface was activated with glutaraldehyde following the silanization 

procedure. Glutaraldehyde is a homo-bifunctional crosslinker with a 5-carbon skeletal 

backbone and two aldehyde terminals. The structural formula of the glutaraldehyde 

molecule is shown in Figure 4.9. Because aldehyde terminals are present, 

glutaraldehyde may react with primary amino groups, thiols, and phenols on enzymes 

and other proteins. Glutaraldehyde improves protein-protein and protein-support 

interactions by increasing molecular distance to minimize steric effects and 

conformational changes that could affect protein function [84]. 
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Figure 4.9: Structural formula of Glutaraldehyde in (a) 2-Dimensional and (b) 3-
Dimensional. 
 
 
The activation process is shown in Figure 4.10. Glutaraldehyde and the silanized 

surface of the SMTF will react to expose aldehyde groups that are prepared to form 

covalent bonds with the primary amines of the chosen protein antibodies, resulting in 

the formation of imine linkages. The initiation of the activation process was by 

injection of glutaraldehyde/PBS (2.5% v/v from Sigma Aldrich) into the sample holder 

until the tapered region was submerged in the solution for 45 minutes [54]. After 45 

minutes, glutaraldehyde-layered optical fiber was permitted to dry at room temperature 

after being cleansed three times with deionized water to eliminate excess or unattached 

molecules. 

 
 

 

Figure 4.10: Activation process with glutaraldehyde on silanized surfaced of 
SMTF. 
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Figure 4.11 displays the Raman spectrum after the SMTF surface was activated with 

glutaraldehyde. The vibrational modes observed between 800 cm-1 to 980 cm-1 provide 

valuable insights into the skeletal structure of glutaraldehyde, the presence of the 

aldehyde functional group, and the formation of the amide bond with APTES  [85]. 

The peak at 1611 cm-1, 1660 cm-1, and 1796 cm-1 refers to aldehyde functional group 

carbonyl structures, C=O, whereas 1330 cm-1 is linked to Amide I and Amide II bond 

vibrational modes [86]. Moreover, the peaks seen at 1461 cm-1 and 2930 cm-1 were 

induced by the methyl groups (C-H) [85]. This observation adds more evidence to 

support the activation of the SMTF surface by glutaraldehyde. 

 
 

 

Figure 4.11: Raman spectra of glutaraldehyde-activated SMTF. 
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For both SMTFs, a Field Emission Scanning Electron Microscope (FESEM) was used 

to examine the SMTF at the end of each functionalization stage, taking note of its 

thickness and conformation. Figure 4.12 (i.-vi.) for SMTF1 shows that when the fiber 

was introduced to a new solution, its thickness increased consistently. After immersing 

a bare SMTF with a diameter of ≈ 12 µm in NaOH, an increase of ≈ 0.4 µm, or less, 

was noted. A slight increase was anticipated because hydroxyl groups were not thought 

to be particularly heavy. The immersion with APTES on the other hand yielded a net 

length of 0.8 µm, followed by 1 µm when glutaraldehyde was introduced, respectively. 

In Figure 4.12 (v.-vii.) for SMTF2, on the other hand, an increase of ≈ 0.4 µm was 

seen after NaOH was added using a bare SMTF that had a diameter of ≈ 10 µm. 

Incubating APTES, on the other hand, led to a net diameter of ≈ 0.8 µm while adding 

glutaraldehyde caused an increase of ≈ 0.9 µm. The SMTF’s ability to exhibit a 

conformational shift indicates successful functionalization. 

© C
OPYRIG

HT U
PM



 74
  

 

Fi
gu

re
 4

.1
2:

 F
E

SE
M

 im
ag

es
 o

f t
he

 S
M

T
F 

at
 5

 k
V

 a
nd

 1
0 

K
 m

ag
ni

fic
at

io
n 

fo
r 

SM
T

F1
 fo

llo
w

in
g 

th
e 

im
m

er
si

on
 o

f (
a)

 b
ar

e,
 (b

) N
aO

H
, (

c)
 

A
PT

E
S,

 a
nd

 (d
) g

lu
ta

ra
ld

eh
yd

e 
fo

r 
(i.

-iv
.) 

SM
T

F1
 a

nd
 (v

.-v
iii

.) 
SM

TF
2.

 
   

© C
OPYRIG

HT U
PM



 
75 
 

4.4.2  Functionalization of Cascaded SMTF 
 
 
The immobilization of the antibody onto the SMTF determines the selectivity of the 

cascaded sensor. Antibodies are proteins that vertebrates create in reaction to specific 

chemicals. Immunoglobulin G (IgG) is an antibody with excellent antigen specificity 

that makes 10% to 20% of plasma protein in human blood and protects for months and 

years after being exposed to the antigen [87]. IgG antibodies are substantial globular 

proteins composed of four peptide chains and have an approximate molecular weight 

of 150 kDa shown in Figure 4.13. The structure is tetrameric and quaternary, with four 

identical chains: two large gamma chains (about 50 kDa) and two light chains (about 

25 kDa) [88]. Fab fragment in the antibody is the antigen-binding portion. The 

domains of each heavy and light chain component are constant and changeable, 

respectively. The antigen-binding site, or paratope, is situated at the amino-terminal 

end of the monomer and is formed in large part by the domains. The Fc portion of an 

antibody, meantime, communicates with complement system proteins and Fc receptors 

found on cell surfaces. Antibodies possess a remarkable ability to activate the immune 

system [89]. Antibodies may take on one of four orientations when immobilized on a 

surface. Flat on, side on, tail on, and head on are the four possible positions. Flat-on 

orientation limits domain exposure, but the other three allow the antibody's Fab region 

to react with the target antigen because of the antibody's vertical orientation [90].  
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Figure 4.13: An illustration of an IgG antibody molecule. 
 
 
4.5  Detection of Single Disease using DENV II E Protein with 
Biofunctionalized Cascaded SMTF 
 
 
The selected antibodies should bind specifically to the target determinant; in this case, 

the DENV II E protein was utilized for the detection of a single disease due to its 

availability. These antibodies are well known as anti-DENV II E protein IgG 

antibodies or DENV II E protein-specific antibodies. As the Glutaraldehyde-activated 

optical fiber was carboxyl-terminated, it allowed a reaction with the primary group of 

the antibody, resulting in the formation of a strong covalent bond, which causes a very 

stable immobilization. As depicted in Figure 4.14, the reaction resulted in the 

immobilization of vertically oriented antibodies on the SMTF, allowing them to 

function as intended while maintaining their selectivity for DENV II E protein. 

 
 © C

OPYRIG
HT U

PM



 
77 
 

 

Figure 4.14: Anti-DENV II E protein antibodies are immobilized on the surface 
of an active, SMTF, resulting in a vertical dimension with exposed Fab regions in 
both SMTFs. 
 
 
Anti-DENV II E protein IgG antibodies are used in both SMTFs in this study. To 

immobilize anti-DENV II E protein antibodies, a well-dried activated SMTF was 

immersed in 0.1 µM anti-DENV II E protein antibody (Meridian Life Sciences) diluted 

in PBS solution with a pH of 7.4 for 30 minutes [54]. Following immersion in an anti-

DENV II E protein antibody solution for 30 minutes, the SMTF underwent three rinses 

to remove any unbound molecules. Subsequently, the fiber was allowed to dry at room 

temperature. 

 
 
Using Raman spectroscopy, the presence of antibodies on the dried, immobilized, 

tapering optical fiber was verified. When compared to the literature, the recorded 

Raman spectra in Figure 4.15 correlated with that of an IgG molecule. The peak at 737 

cm-1 has been ascribed to the tyrosine residues contained within the amino acid 

sequence of IgG, whereas 1307 cm-1, 1517 cm-1, and the area marked as 'b' originate 

from C-N, C-C, N-H, and terminal amino groups [91], [92]. Aside from that, a C=O 
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vibrational mode was observed around 1720 cm-1 to 1745 cm-1, representing the 

carboxylic end of the IgG molecule [93]. Raman peaks at the region marked as 'a', 

1450 cm-1, and 2930 cm-1 were attributed to vibrational modes of C-H bonds, whereas 

1000 cm-1 was referred to the Si-O- a group that was produced during the silanization 

process [83], [86]. 

 
 

 

Figure 4.15: Raman spectra of a SMTF following immobilization with anti-
DENV II E protein IgG antibodies. 
 
 
Figure 4.16 exhibits a red shift following the completion of each surface 

functionalization phase. The introduction of the SMTF with APTES after 

hydroxylation with NaOH resulted in a rightward shifting of 1.49 nm for SMTF1 and 

2.13 nm for SMTF2 from the initial peak. The red shift for both SMTFs was 0.24 nm 

and 0.96 nm when glutaraldehyde was added to the SMTF, then the peak was pushed 

farther by 2.05 nm and 2.84 nm when anti-DENV II E protein IgG antibodies were 

immobilized. The adherence of molecules onto the tapered surface caused the 

wavelength shift, which in turn increased the cladding's RI and decreased the 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 
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value. As stated in equation. 2.1 and 2.2 in Chapter 2, the reduction of 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 has an 

impact on the phase shift of the spectrum, leading to a noticeable red shift in the 

observed spectra when compared. The red shift observed in both SMTFs can be 

attributed to variations in RI in the vicinity of a SMTF, as previously explicated. 

 
 

 

Figure 4.16: Spectra of output following incubation with glutaraldehyde, NaOH, 
APTES, and anti-DENV II E protein antibodies. 
 
 
The DENV II E protein was introduced into an immobilized surface for SMTF1 and 

SMTF2. The goal of immobilizing anti-DENV II E protein antibodies onto a SMTF 

surface was to achieve selective recognition of E protein for the sensor. This is 

accomplished by the specific affinity for the E protein created to attach to SMTF, as 

shown in Figure 4.17. 
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Figure 4.17: Anti-DENV II E protein antibody exhibits reactivity towards the 
DENV II E protein in both SMTF1 and SMTF2. 
 
 
To begin DENV II E protein detection, DENV II E proteins (1nM) were introduced 

onto both SMTFs. Phosphate buffer solution at pH 7.4 was used to prepare DENV II 

E protein (Meridian Life Science) for incubation. The optimization method employed 

a fresh batch of functionalized SMTF. After around 15 minutes, the excess solution 

was pipetted out, and the tapered area was rinsed three times with deionized water to 

remove any residual molecules before drying at room temperature. Reading of the 

output spectra was taken using OSA. The spectra obtained before and after the 

introduction of DENV II E proteins demonstrate a significant red shift of 2.47 nm and 

3.66 nm, respectively, for SMTF1 and SMTF2, shown in Figure 4.18. 

 
 
The red shift observation, as discussed in earlier sections, was caused by a change in 

the RI on the external surroundings of SMTF. The sensor setup was evaluated with 

avidin (negative control) to eliminate any bias factors and analyze the specificity of 

the sensor. Avidin was compared with DENV II E protein due to its similar molecular 

weight around 50 – 65 kDa [15], [94]. At 1.0 nM, the identical procedures were carried 

out using avidin. The same figure's blue line indicates that there was no discernible 

change in the pre- and post-antibody-immobilization spectra. This outcome, in which 

no further layers were generated, and no shift was detected, was anticipated since 

avidin has no affinity for the immobilized IgG on the SMTF. 
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Figure 4.18: Output spectra prior to and subsequent to the introduction of DENV 
II E proteins, with avidin acting as the negative control. 
 
 
3 sets of experiments were performed using cascaded SMTFs, referring to Table 4.2, 

and each one was exposed to a different concentration of DENV II E proteins ranging 

from 0.2 nM to 1.0 nM. After 15 minutes, the SMTF was rinsed three times with 

deionized water to remove any remaining molecules before drying. Each set of 

experiments was performed in triplicates to ensure the precision and accuracy of the 

sensor. 
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Table 4.2: 3 sets of different experiment for the detection of DENV II E protein. 
 

 DENV II E Protein (nM) 

 NO 
SET 1 SET 2 SET 3 

SMTF1 SMTF2 SMTF1 SMTF2 SMTF1 SMTF2 

1 0.0 0.0 0.0 0.0 0.0 0.0 

2 0.0 0.2 0.2 0.0 0.2 0.2 

3 0.0 0.4 0.4 0.0 0.4 0.4 

4 0.0 0.6 0.6 0.0 0.6 0.6 

5 0.0 0.8 0.8 0.0 0.8 0.8 

6 0.0 1.0 1.0 0.0 1.0 1.0 

 
 
Figure 4.19 shows output spectra and a coherent trend line between the variable of 

DENV II E protein concentrations, and the corresponding wavelength shift that was 

observed based on the spectra response in Figure 4.20. For both experiments in set 1 

and set 2, it yields a coefficient correlation value of 0.9997 and 0.9987 for SMTF2 and 

SMTF1. When both SMTFs increase gradually in experiment set 3, 𝑅𝑅2 for both is 

above 0.9985. The 𝑅𝑅2 for all spectral shift responses are also remarkably high, 

indicating that the linear fit is a good representation of the data. This demonstrates a 

clear relationship between concentration and red shifts as higher concentrations lead 

to a shifting of peaks towards longer wavelengths. The observed phenomenon is 

consistent with equation. 2.1 and 2.2, as the increase in concentration is directly 

proportional to the increase in RI, leading to the observed outcome. The sensitivity of 

the sensor for all sets of experiments obtained at a value of ≈ 6.9 nm/nM with SD of  

± 0.87 for SMTF1 meanwhile sensitivity for SMTF2 obtained a value of ≈ 9.1 nm/nM 

with an SD of ± 1.08. SMTF2 has more sensitivity than SMTF1 (c). The larger 
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evanescent field at the sensor surface for SMTF2 is consistent with its smaller WD 

[77]. Therefore, this indicates that the sensor has excellent and linear sensitivity to the 

sample concentration. This allows for precise and accurate measurements of the 

sample concentration to be taken using the sensor. 
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The bio-functionalized SMTF was assessed for the presence of DENV II E proteins 

using Raman spectroscopy. The results were evaluated both before and after the 

DENV II E proteins were added to the fiber as depicted in Figure 4.21. There was a 

marked increase in the intensity of the signal at 490 cm-1 following the addition of 

DENV II E proteins. The increase, shown by the band S-S, indicates that there was a 

massive influx of protein molecules onto the surface. In the same vein, the presence of 

amides is indicated by another peak at 610 cm-1 [95]. Additionally, a notable increase 

at 835 cm-1 was detected, which was subsequently linked to C-C bonds [93]. 

Conversely, a decrease in intensity at 1303 cm-1 was observed, indicating a weakening 

of N-H bonds. In the conventional model of the antibody-antigen interaction, a C-N 

bond is formed when the COO- of the antigen combines with the NH3+ of the antibody 

molecule [96]. 

 
 

 

Figure 4.21: Raman spectrum of SMTF following DENV II E protein 
introduction. 
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To validate the binding between the antibody and the antigen, subsequent analyses 

utilizing energy-dispersive X-ray (EDX) spectroscopy, atomic force microscopy 

(AFM), and FESEM were conducted after the DENV II E protein was introduced. 

These techniques assessed the conformation, roughness, and thickness of each layer 

on the SMTF. These investigations complement the morphologies using FESEM to 

gain a quantitative evaluation of antibody-antigen binding structure. In Figure 4.22 (a), 

an increase of thickness from 11.680 nm to 18.366 nm was expected compared to 

Figure 4.23 (a). The roughness of the surface was also reflected in the Root Mean 

Square (RMS) values, which showed a similar pattern. With antibodies, the RMS value 

is 5.951, and DENV II E with RMS value of 10.421. The roughness value is a crucial 

factor in explaining the changes in light propagation that result in a strong optical 

response. Increased surface roughness leads to a greater surface area, resulting in a 

higher amount of adsorption of DENV II E protein. A 0.5 µm expected observation of 

thickness increment was observed in Figure 4.22 (b) and Figure 4.23 (b). The state is 

almost the same before and after the addition of the DENV II E protein, although both 

exhibit protein immobilization. This is because both the antibody and the antigen are 

proteins, and the presence of globular-like structures on the SMTF indicates that the 

protein has been functionalized and immobilized successfully shown in Figure 4.24. 
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Figure 4.22: Anti-DENV II E protein immobilization for (a) AFM and (b) FESEM 
at 5kV under magnification of 10 K. 
 
 

 

Figure 4.23: Introduction of DENV II E protein immobilization for (a) AFM and 
(b) FESEM at 5kV under magnification of 10 K. 
 
 

  

© C
OPYRIG

HT U
PM



 
89 
 

 

Figure 4.24: After the addition of DENV II E proteins, SMTF was observed using 
a FESEM at 5 kV and 50 K magnification. On the surface of the SMTF, globular-
like structures are obvious throughout the area "a". 
 
 
When comparing data from pre-and post-introduction of DENV II E protein, the EDX 

tests were more conclusive. Figure 4.25 shows a 5.22% increase and a 7.60% decrease 

in the number of Carbon and Oxygen molecules. This demonstrates how the antigen-

antibody complex reacts and how the DENV II E protein adheres to the SMTF surface 

[54]. 

 
 

 

Figure 4.25: EDX spectra for before (a) and after (b) the introduction of DENV 
II E protein. 
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4.6  Detection of Dual-Diseases (DENV II E Protein and SARS-CoV-2 S 
Protein) 
 
 
To accomplish the dual disease detection using DENV II E and SARS-CoV-2 proteins, 

the cascaded SMTFs will be immobilized with protein-specific antibodies that act as 

biorecognition molecules. Similar to the preliminary study, functionalization and 

immobilization are conducted. Cascaded sensor selectivity is determined by antibody 

immobilization on SMTF. The antibodies used should be those that bind specifically 

to the determinant of interest, which in this case is DENV II E and SARS-CoV-2 since 

there is growing interest in the potential interactions between these two infectious 

diseases, which includes the co-infection scenarios and antibody cross-reactivity.  

For this subchapter, to decide which disease should be immobilized in which SMTFs, 

there were three critical benchmarks needed using the concept in the field of medicine: 

severity, infectivity period, and threshold concentration [74]. The severity of an illness 

or disease is measured by how much the body's systems break down or organs stop 

working. This shows how it can impact a person's health and quality of life, even to 

the point where it becomes life-threatening [97]. Meanwhile, the infectivity period is 

the amount of time that a person can spread an illness or microorganism to other 

people. Threshold concentration, on the other hand, is the amount of the substance that 

causes an adverse effect. The lower the threshold concentration, the more dangerous 

it would be. Table 4.3 shows the comparison of these 3 benchmarks to decide which 

disease is more critical. SARS-CoV-2 has a severity worse than DENV II E. It also 

has a higher infectivity period and lower threshold concentration, making this disease 

a crucial one to detect promptly. From the previous subchapter in this study, SMTF2 

has higher sensitivity than SMTF1. Therefore, SMTF2 was chosen to immobilize the 

SARS-CoV-2 S protein, and SMTF1 is denoted for DENV II E Protein. 
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Table 4.3: Critical benchmark between SARS-CoV-2 and DENV II E disease. 

 

No. 
Critical 

Benchmark 
SARS-CoV-2 vs. DENV II E Ref 

1 Severity 
SARS-CoV-2 causes respiratory compilations, leads 

to life-threatening and has a broader global impact 
[98] 

2 
Infectivity 

Period 

SARS-CoV-2 ↑ than DENV II E, and easy to 

transmit 
[99] 

3 
Threshold 

Concentration 

SARS-CoV-2 ↓ than DENV II E, it takes fewer 

SARS-CoV-2 virus particles to infect someone than 

DENV II E does 

SARS-CoV-2 = 5.9pM/L, DENV II E = 100pM/L 

[72] 

 
 
In Figure 4.26, the reaction resulted in the immobilization of both antibodies on the 

SMTF, allowing them to function as intended while maintaining their selectivity for 

both antigens. Anti-DENV II E protein IgG antibody was immobilized in SMTF1, and 

SARS-CoV-2 S Protein S1 IgG antibody denoted to SMTF2. All steps for 

immobilization of antibodies were repeated as in the single disease detection. For the 

dilution, 0.1 µM SARS-CoV-2 S Protein S1 IgG antibody was prepared in 20 mM Tris 

with 50mM glycine, pH 7.6 with the same immersion time of DENV II E IgG 

Antibody of 30 minutes [54]. After 30 minutes, both SMTFs were rinsed three times 

to eliminate unbound molecules and left to dry at room temperature.  
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Figure 4.26: Antibodies immobilization for dual-disease detection. 
 
 
A Raman spectroscopy analysis of the fully dried immobilized SMTF demonstrated 

the presence of SARS-CoV-2 S protein IgG antibodies on the fiber. According to the 

literature, the Raman spectra in Figure 4.27 aligned with an IgG molecule. The peak 

at 839 cm-1 was due to the tyrosine residues contained within the amino acid sequence 

of IgG, whereas area marked ‘a’, 1056 cm-1, 1125 cm-1, was originate from C-N, C-C, 

N-H protein stretching and terminal amino groups [100]. Protein structure or 

interactions with physiologically produced molecules may involve aromatic amino 

acids, such as tryptophan and phenylalanine, which are distinct signals of SARS-CoV-

2 S protein. In general, an environment that contains aromatic amino acids is 

associated with strong signals in these regions [57], [101]. In addition, amide bonds 

indicative of the carboxylic end of the IgG molecule were detected. Raman peaks at 

1288 cm-1 and 1404 cm-1 (Amide III) were identified. Peaks at 1542 cm-1 were 

attributed to the stretching of the C-N and N-H bends (Amide II), while the C=O 

vibrational mode was identified at 1674 cm-1 (Amide I). Meanwhile, Raman peaks at 

2895 cm-1, and 2930 cm-1 were attributed to stretching modes of C-H and C-H3 groups 

of S proteins [102]. 
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Figure 4.27: Raman spectra of a SMTF after anti-SARS-CoV-2 S-RBD IgG 
antibodies immobilization. 
 
 
Each surface functionalization stage causes a red shift in Figure 4.28. When SMTF 

was introduced with APTES following NaOH hydroxylation, SMTF1 and SMTF2 

spectrums shifted 1.24 nm and 2.05 nm to the right from the initial peak. Adding 

glutaraldehyde to the tapering optical fiber red shift both SMTFs by 0.89 nm and 1.36 

nm, while immobilizing both protein IgG antibodies pushed the peak 2.71 nm and 3.13 

nm farther. The wavelength shift correlated with molecule adhesion on the tapered 

surface, increasing the cladding RI and decreasing the 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 value. According to 

equation. 2.1 and 2.2 in Chapter 2, reducing 𝛥𝛥𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 influences the spectrum's phase 

shift, resulting in a red shift when comparing spectra. The red shift observed in both 

SMTFs can be attributed to variations in RI in the vicinity of a SMTF, as previously 

explained. © C
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Figure 4.28: Output spectra after surface functionalization and antibodies 
immobilization. 
 
 
An immobilized surface for SMTF1 and SMTF2 was used to introduce the DENV II 

E and SARS-CoV-2 proteins. The sensor's ability to selectively detect S and E proteins 

was the driving force for immobilizing the two protein antibodies onto a SMTF 

surface. As demonstrated in Figure 4.29, this can be achieved where SMTF1 attaches 

to DENV II E and SMTF2 with SARS-CoV-2 proteins due to their unique affinity. 

 
 

 

Figure 4.29: Dual-disease detection occurs in cascaded SMTFs. 
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To begin dual-disease detection, 1 nM concentrations of DENV II E protein (SMTF1) 

and SARS-CoV-2 protein (SMTF2) were used. The dilution for DENV II E was 

prepared in the same manner as before. However, for SARS-CoV-2 protein incubation, 

Phosphate Buffer Saline at pH 7.0 (EastCoast Bio) was used. During the optimization 

process, a fresh batch of functionalized SMTF was utilized. After 15 minutes, the 

excess solution was carefully washed out and the tapered region was rinsed three times 

with deionized water to ensure the removal of any remaining molecules and left to dry 

at room temperature. The resulting spectra were read using OSA. Figure 4.30 depicts 

a red shift of 1.47 nm for SMTF1 and 2.84 nm for SMTF2 in spectra pre-and post-

introduction of DENV II E proteins. 

 
 
The phenomenon of red shift can be attributed to alterations in the RI of the external 

environment surrounding tapered region. The sensor configuration was assessed using 

MERS-CoV as a negative control to mitigate any biases and assess the specificity of 

the sensor. MERS-CoV was compared to DENV II E and SARS-CoV-2 proteins since 

all three of these viruses belong to the order Nidovirales [65]. A variety of proteins, 

including non-structural proteins (NSPs) involved in transcription and viral 

replication, are encoded in the RNA genome of every virus. Additionally, it comprises 

structural proteins that constitute the virion, the viral particle released by infected cells. 

The three viruses have NSPs that are remarkably similar to each other, but the 

structural proteins have some differences [73]. It has been hypothesized that these 

variations account for the diverse infectivity and pathogenicity of the viruses.  
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The same procedures were followed for MERS-CoV at 1.0 nM. The same steps were 

repeated for MERS-CoV at 1.0 nM. As seen by the blue line in the same figure, there 

was a slight blue shift between the spectra before and after the antibody was 

immobilized. This can be explained by the non-specific adsorption phenomenon. The 

protein could be adsorbed non-specifically to the surface of the SMTF [103]. This may 

occur if the protein and the fiber surface have hydrophobic or electrostatic interactions. 

Even minimal non-specific adsorption can cause a slight change in the RI of the fiber, 

resulting in a blue shift in wavelength. The local environment surrounding the SMTF 

may be changing because of the protein's presence [104]. For instance, the protein 

might be drawing in ions or water molecules, which would alter the fiber's RI. This 

also led to blue shift in wavelength. This demonstrates that the sensor is specific for 

the SARS-CoV-2 and DENV II E protein (SMTF1), respectively. 

 
 

 

Figure 4.30: Output spectra prior to and subsequent to the introduction of the 
SARS-CoV-2 and DENV II E proteins, with MERS-CoV-2 as negative control. 
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Table 4.4 shows set of cascaded SMTF tests with DENV II E protein (SMTF1), and 

SARS-CoV-2 S protein (SMTF2) at concentrations from 0.2 nM to 1.0 nM. Before 

drying, the SMTF was rinsed three times with deionized water to eliminate residual 

molecules after 15 minutes. Triplicate experiments were done to confirm sensor 

precision and accuracy. 
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Figure 4.31 displays output spectra and coherent trend line between dual disease 

concentrations and wavelength shifts based on spectra response in Figure 4.32. Both 

experiments in set 1 and set 2 provide coefficient correlation values of 0.9968 and 

0.9991 for SMTF2 and SMTF1. When both SMTFs increase gradually in experiment 

set 3,  𝑅𝑅2 for both is above 0.9970. The linear fit accurately represents the data, as 

indicated by high 𝑅𝑅2 values for all spectral shift responses. This shows a strong 

relationship between concentration and red shifts, as increasing concentrations cause 

peaks to shift towards longer wavelengths. The observed phenomenon is consistent 

with equation. 2.1 and 2.2, because an increase in concentration is directly proportional 

to an increase in RI, resulting in the observed result. The sensitivity of the sensor for 

all sets of experiments obtained at a value of ≈ 6.9 nm/nM with SD of ± 0.72 for 

SMTF1 meanwhile sensitivity for SMTF2 obtained a value of ≈ 10 nm/nM with SD 

of ± 0.56. SMTF2 has more sensitivity than SMTF1. As a result, the sensor exhibits 

good and linear sensitivity to sample concentration. This enables the sensor to take 

precise and accurate readings of sample concentration. 

 
 
Raman spectroscopy was used to characterize the surface of the SMTF following the 

introduction of the SARS-CoV-2 protein. Significant changes can be discerned by 

comparing the Raman spectra obtained prior to and after the introduction of the S 

protein from SARS-CoV-2, depicted in Figure 4.33. Observations are also noted to be 

similar with previous results in Figure 4.33 for introduction of DENV II E protein. The 

notable rise in intensity at the 490 cm-1 band peak can be attributed to the introduction 

of S-S bonds resulting from the binding of antigens onto the SMTF surface [96]. The 

occurrence of the same phenomena increased C-C and C-C-H bonds, leading to the 

formation of a peak at 605 cm-1 [101]. Diminishment in intensity was seen at peaks 
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810 cm-1, 1035 cm-1, 1210 cm-1, 1340 cm-1, and 1442 cm-1, indicating a decrease in 

amino functional groups and N-H bonds [102]. The result that was observed aligns 

with the anticipated outcome of an immune response, wherein the amine functional 

group undergoes hydrolysis upon the interaction of an antigenic determinant and its 

corresponding antibody. 

 
 

 

Figure 4.33: Raman spectrum of SMTF after introduction of SARS-CoV-2 S 
protein. 
 
 
After introducing the SARS-CoV-2 S protein for SMTF2, AFM, FESEM, and EDX 

were used to further characterize the SMTF. Validation of antibody-antigen binding 

was done, and the thickness, roughness, and conformation of each layer were 

evaluated. When compared to Figure 4.34 (a), an increase in thickness from 13.446 

nm to 19.466 nm was predicted in Figure 4.35 (a). The RMS value for antibody is 

6.149, whereas the RMS value for antigen is 10.093. Surface roughness is known to 

influence molecule adhesion to a surface. This effect increases the surface area 

available for molecule adsorption. Furthermore, it encourages interactions to take 
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place in close proximity, resulting in greater bonds and better adhesive strength which 

is identical before and after its addition depicted in Figure 4.34 (b) and Figure 4.35 (b). 

These antibodies interact with other molecules in a stable and specific manner due to 

their globular shape. A 0.5 µm increase in the thickness of the SMTF was observed. 

Since both the antigen and the antibody are proteins, the SMTF exhibits globular-like 

structures. This means that the protein has been functionalized and immobilized 

properly since anti-SARS-Cov-2 S receptor-binding domain (RBD) IgG Antibodies 

were used, as shown in Figure 4.36.  

 
 

 

Figure 4.34: Anti-SARS-CoV-2 S protein immobilization for (a) AFM and (b) 
FESEM at 5kV under magnification of 10 K. 
 
 

 

Figure 4.35: Introduction of SARS-CoV-2 S protein immobilization for (a) AFM 
and (b) FESEM at 5kV under magnification of 10 K. 
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Figure 4.36: FESEM image of SMTF after adding SARS-CoV-2 S proteins at 5 
kV and 50 K magnification. Throughout area "b," there are apparent globular-
like structures on the SMTF 's surface. 
 
 
The results were more definitive when comparing EDX analyses conducted before and 

after the SARS-CoV-2 S protein was introduced. Figure 4.37 shows that the number 

of carbon and oxygen molecules increased by 3.20% and decreased by 5.69%, 

respectively. This aids antigen-antibody complex formation and SARS-CoV-2 S 

protein binding to the tapered region. 

 
 

 

Figure 4.37: EDX spectra for before (a) and after (b) the introduction of SARS-
CoV-2 S protein. 
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For LOD determination using cascaded SMTFs, concentrations of DENV II E protein 

(SMTF1) and SARS-CoV-2 S protein (SMTF2) within the range of 0.01 pM to 10 nM 

were tested. Focused on this experiment offers a valuable starting point to establish a 

comparable baseline and simplify initial analysis. And therefore, an equal increase in 

concentration was done for both DENV II E and SARS-CoV-2 proteins. To determine 

the sensor's affinity for these proteins, the experiment was repeated three times, and 

the data was analyzed using the Langmuir adsorption isotherm equation. From Figure 

4.38, the lowest possible concentration detected by the sensor was 0.1 pM as no 

wavelength shift was observed with concentrations lower than 0.1 pM for both SMTFs. 

The LOD value obtained was even better than the previous study, using a single SMTF 

to detect DENV II E protein which obtained only 1 pM [54]. In another study, the 

development of a gold nano-film deposited on a D-shaped plastic optical fiber was 

also able to detect SARS-CoV-2 S proteins, however, with a detection limit of only 37 

nM [105]. The dissociation constant, Kd obtained is 1.42 ×10-10 M (SMTF1) and 1.15 

×10-10 M for (SMTF2) with 𝑅𝑅2 above 0.9980 and SD below 10 for both SMTFs, which 

confirms the higher affinity of the sensor and was comparable to previously reported 

literature [106]. Future investigations should explore in unequal concentration changes 

to gain a more comprehensive understanding of the sensor's performance to mimic 

real-world scenarios where the concentrations of the target proteins might differ 

significantly. This will allow for a more thorough assessment of the sensor's ability to 

detect both proteins and map the dynamic range of the cascaded SMTF sensor. © C
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Figure 4.38: The wavelength shift corresponding to different concentrations of 
(a) DENV II E (SMTF1) and (b) SARS-CoV-2 S (SMTF2) proteins, ranging from 
0.01 pM to 10.0 nM, was fitted using the Langmuir isotherm adsorption equation. 
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4.7  Summary 
 
 
Surface functionalization, optimization, and biofunctionalized cascaded SMTFs 

sensor characterization were elaborated in this chapter. Immobilizing anti-DENV II E 

protein antibodies on a SMTF surface improves the sensor's selectivity. The cascaded 

SMTF sensor was then tested using dual-disease detection. In this case, DENV II E 

protein (SMTF1) and SARS-CoV-2 S protein (SMTF2) were used. The sensor's 

selectivity for DENV II E protein and SARS-CoV-2 S protein has been enhanced by 

immobilizing the two protein antibodies on the tapered region. The sensor achieved a 

sensitivity of approximately 6.9 nm/nM (SMTF1) and approximately 10 nm/nM 

(SMTF2). The sensor configuration achieved a LOD value of 0.1 pM with a 

dissociation constant (Kd) of 1.42 ×10-10 M for SMTF1 and 1.15 ×10-10 M SMTF2.  

  

© C
OPYRIG

HT U
PM



 
108 

 

CHAPTER 5 
 
 

CONCLUSIONS, RESEARCH CONTRIBUTIONS, LIMITATIONS AND 
FUTURE WORKS RECOMMENDATION  

 
 
5.1  Conclusions 
 
 
The focus of this research work is to develop a cascaded SMTF biosensor for 

simultaneous detection of dengue and SARS-CoV-2 viruses. The research began with 

the design and fabrication of cascaded SMTFs with optimized parameters. The results 

led to the selection of two taper profiles: SMTF1 (12 µm of WD, 5 mm of WL) and 

SMTF2 (10 µm of WD, 20 mm of WL) which fulfilled the first objective. Both up and 

down taper lengths were fixed at 5 mm. The FSR difference of 23.233 nm and 3.880 

nm created a composite spectrum with small fringes superimposed over large fringes.  

 
 
With the optimized cascaded SMTFs, the work progressed into completing its second 

objective, which was to investigate the performance of simultaneous detection using 

two different RIs. The cascaded SMTF was analyzed using 4 sets of experiments with 

varied RI solution sequences that were manipulated by exposing the SMTF surface to 

various concentrations of bulk NaCl solution ranging from 0.2 M to 1.0 M. The results 

indicated that RIs may be concurrently identified by analyzing the transmission output 

spectrum for the wavelength shift of both small and large fringes. This finding holds 

significant potential for developing sensors capable of detecting multiple analytes at 

different concentrations, concurrently.  

 
 
The work continued with the investigation of cascaded SMTF spectral response 

towards the presence of different biological analytes. Initial tests on the SMTF for 

© C
OPYRIG

HT U
PM



 
109 

 

selective sensing with functionalized bio-recognition molecules were conducted. Due 

to their strong affinity, biotin-avidin was used for the study. Following biotin 

immobilization on the tapered surface, the bio-functionalized cascaded SMTFs were 

tested in 3 sets of experiments with varying concentrations of avidin ranging from 0.2 

µM to 1.0 µM in each SMTF. A consistent wavelength shift was achieved for all sets 

using the bio-functionalized SMTF. In experiment set 3, increasing avidin 

concentration for both tapers yielded sensitivity values of 6.36 nm/µM (SMTF1) and 

9.26 nm/µM (SMTF2), with SD of ± 1.78 and 𝑅𝑅2 value of 0.99. With proper 

functionalization, cascaded SMTFs can preferentially detect the required determinant. 

The larger WD of SMTF1 explains why it is less sensitive than SMTF2. Since its 

penetration depth is less due to its greater width, the evanescent field interacts less 

with target protein molecules at the sensor surface. Thus, SMTF1 has a weaker 

response and lower sensitivity than SMTF2. 

 
 
The functionalization process for the cascaded SMTF biosensor, which utilizes DENV 

II E proteins for single disease detection, involved hydroxylating the cascaded SMTFs 

surface using NaOH. Following this, APTES silanization, glutaraldehyde activation, 

and immobilization of anti-DENV II E protein antibodies. 3 sets of experiments were 

performed with DENV II E protein with concentrations from 0.2 nM to 1.0 nM. Both 

sensor configurations for single disease detection using cascaded SMTF exhibited 

good sensitivity, with SMTF2 achieving slightly higher sensitivity (9.1 nm/nM) 

compared to SMTF1 (6.9 nm/nM). This difference is due to the smaller WD of 

SMTF2, which results in a larger evanescent field at the sensor surface, enhancing its 

interaction with the target protein molecules.  
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The work continued using the same procedure applied before for dual-disease 

detection, in this case, DENV II E proteins (SMTF1) and SARS-CoV-2 spike proteins 

(SMTF2). The sensor was able to achieve a sensitivity value of ≈ 6.9 nm/nM (SMTF1) 

and ≈ 10 nm/nM (SMTF2). Additionally, the LOD and affinity of the sensor for both 

proteins were determined via experiments involving determinant proteins within a 

concentration range of 10 nM to 0.01 pM. An LOD value was achieved by the sensor 

configuration of 0.1 pM and a dissociation constant, Kd of 1.42 ×10-10 M for SMTF1 

and 1.15 ×10-10 M for SMTF2. Overall, the sensing performance demonstrates the 

success of fabricating and designing a cascaded SMTF biosensor for simultaneous 

detection of dengue and SARS-CoV-2 viruses. 

 
 
5.2  Research Contribution  
 
 
The world stands at a pivotal juncture, facing dangerous virus crisis that have gripped 

over half of its population. This escalating threat, potentially even fatal, underscores 

the urgent need for continuous advancement in simultaneous multiple disease 

diagnostics. More effective and targeted responses are required to avert this 

catastrophe and safeguard global health. Multiplexing is essential for biosensors, 

especially when trying to diagnose infections with identical symptoms. The major 

contribution of this research is the demonstration of a possible alternative dual sensor 

using the cascaded SMTF configuration with the potential for early diagnosis and 

improved patient outcomes. While the proposed work remains in the proof-of-concept 

stage, its application to both viruses using DENV and SARS-CoV-2 has yielded 

promising results. Both viruses were used in this study since they share similar 

pathological behaviour. As a result, a quantitative, selective, and highly sensitive 

method is developed for the detection and monitoring of dual diseases. This could 
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potentially provide insights into the virus's characteristics and aid in enhancing clinical 

management of infection. 

 
 
5.3  Limitations of Work 
 
 
The work showed the potential of bio-functionalized cascaded SMTF as a sensor for 

multiple diseases utilizing DENV II E and SARS-CoV-2 S protein, however, it had 

limitations. When analyzing multiple diseases simultaneously, spectrum changes may 

overlap, making it hard to distinguish at a certain concentration range, complicating 

the process of analysis. The overlap of spectral responses makes it difficult to 

distinguish the large and small fringes of each disease. This uncertainty can cause 

misinterpretations and erroneous diagnosis, especially for illnesses with similar 

spectral signatures. 
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5.4  Future Work 
 
 
The groundbreaking results of this research have opened a plethora of exciting avenues 

for further exploration. Here are just a few suggestions for future work that build upon 

this success:  

 
 
• This research was only concerned with the identification of dual illness. DENV 

II E and SARS-CoV-2 S proteins were employed in this work. However, it is 

possible to investigate other prominent variants of these diseases. For example, 

employing several DENV strains (DENV-1, DENV-3, and DENV-4) and other 

SARS-CoV-2 variations (Alpha, Beta, Delta, and Omicron). 

• Implementing the use of nanomaterials such as AuNPs, CNTs, Chitosan, and 

PAMAM Dendrimers to enhance the sensing capabilities of the sensor. 

• Spectrum shifts associated with different diseases may overlap, making it 

challenging to differentiate between them. This can be overcome through 

advanced signal processing techniques or by selecting targets with distinct 

spectral signatures and improving disease identification accuracy by exploring 

the use of:  

i. Machine learning for spectral analysis 

ii. Decision-making trees and rule-based systems 

iii. Ensemble method of multiple algorithms 

iv. Artificial intelligence for spectra interpretation 
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