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Abstract

Computational studies have become an essential complement to research,
enabling the exploration of physical phenomena that are challenging or even impossible
to observe experimentally. In this thesis, computational and experimental studies were
conducted in studying resonance-based optical biosensors, namely Localized Surface
Plasmon Resonance (LSPR), integration of Surface Plasmon Resonance (SPR) and
Raman, and non-metal optical sensors. In LSPR-based optical sensors, the investigation
focuses on the interaction of the gold nanoparticle (AuNPs) transducer used for BSA
detection. Experimental results reveal the presence of the Hook effect, characterized by
a decrease in the LSPR signal response. From a computational perspective, the dielectric
layer on the AuNPs surface enhances the electric field, disrupting the LSPR signal,
particularly in the aggregated state.

In the integration of SPR sensors with Raman technology, a one-dimensional (1D)
gold grating chip was selected as the transducer. Reflectance map analysis identified a
surface plasmon mode (SPM) at grating periods ranging from 644 nm to 800 nm.
Additionally, a distinct resonance mode, known as cavity mode (CM), was observed,
exhibiting a different signal response from the SPR mode when tested with varying
refractive indices of the sensing medium. The experimental results further confirmed that
the Raman signal can still be enhanced by utilizing the electric field generated due to
SPR excitation.

In the third study, the investigation focuses on finding material combinations that
can replace SPR sensors, which heavily rely on gold as transducers. In this context, two-
dimensional (2D) materials such as MoS,, and WS, have been selected as lossy layers,
with their performance optimized by incorporating a matching layer of Cytop or MgF..
Computational results indicate that Lossy Mode Resonance (LMR) sensor utilizing Cytop
and WS, exhibits excellent signal quality and stability. This sensor also offers a wider
dynamic range, capable of detecting refractive indices up to 1.5, which exceeds the
detection capability of SPR sensors excited at either 633 nm or 670 nm. Additionally, the
proposed structure provides a longer penetration depth than SPR sensors, making it

highly promising for detecting analytes ranging from the nanoscale to the microscale.



Overall, the findings of this study are expected to serve as a reference in designing
more effective and accurate optical biosensors for biomedical and chemical applications,
by understanding their signal characteristics and electric field characteristics to maximize
sensor performance. The study's contributions include optimizing resonance-based
biosensors to improve sensitivity and accuracy in detection applications, which can

support the development of future diagnostic devices.

Keywords: Localized Surface Plasmon Resonance, Surface Plasmon Resonance,

Raman scattering, Lossy Mode Resonance
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Chapter 1

Introduction

1.1 Background

Biosensors are devices designed to detect and measure the presence of specific
biological substances and molecular compounds in biological samples (Mostufa et
al., 2024)(Y. Kim et al., 2021). These devices consist of a molecular recognition
element (receptor) such as an antibody, enzyme, or DNA that interacts with a
molecular target (analyte), and a transducer that converts the interaction into a
physical signal that can be analyzed (Damborsky et al., 2016).

In addition, optical biosensors are not only capable of measuring bioassay
concentrations but also provide in-depth information about binding kinetics such as
association, dissociation and affinity constants (Khansili et al., 2018). The primary
purpose of an optical biosensor is to generate a signal that is directly proportional to
the concentration of the target substance (analyte). As illustrated in the scheme in
Figure 1. 1, optical biosensors can be implemented using optical transducers based
on SPR, LSPR, resonators, gratings, or refractometers. The interaction between the
receptor and the target induces changes in the optical properties of the transducer,

which can be observed through shifts in wavelength (K. Liu et al., 2020), variations

1



Chapter 1 Devi Taufiq Nurrohman

in light intensity (transmission, reflection, or absorption) (Mostufa et al., 2024), or

changes in resonance angles (Meza-Sanchez & Maravillas-Montero, 2019).

An aly‘te

Rccoptcn - . -
OptlcalTransducer

Substrate

Amplifier

Processor
nnEEng

- L1
Display

Grating

LSPR Interferometer

Resonator

SPR

Figure 1. 1 Working principle of optical biosensor.

LSPR sensors operate by leveraging the collective oscillation of electrons on
the surface of metal nanoparticles, which are highly sensitive to changes in the
surrounding refractive index. The interaction between the target and the immobilized
receptor on the nanoparticle surface influences the LSPR wavelength position. A
comprehensive study of LSPR signal interactions through both computational and
experimental approaches is crucial for ensuring the accuracy and validity of
experimental results. Computational methods offer deeper theoretical insights that
may be challenging to observe experimentally, while experiments serve to validate
theoretical models. By integrating these two approaches, researchers can gain a
more profound understanding of LSPR interactions, ensuring signal validity and

identifying unusual experimental signals.
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In addition to LSPR, SPR technology has long been used in optical sensors
due to its high sensitivity to refractive index changes. However, SPR still has
limitations in terms of selectivity and specific analyte identification capabilities. One
way to improve the performance of SPR sensors is to integrate them with Raman
spectroscopy in the same system. This integration allows the sensor to not only
detect changes in analyte concentration in real time but also provide analyte
fingerprint information through Raman spectra. Thus, combining SPR and Raman in

one sensor platform can produce a more comprehensive and accurate device for

various analytical applications.

Focusseson
integrating
computational and
experimental
approachesto
understand
phenomena like the
hook effect

Investigates the
enhancementof
Raman signals
through integrated
SPRand Raman
systems.

=

I

il‘i—l Non-metal sensors
Explores alternative
materials to gold for
sensor configurations and
compares performance
with traditional SPR
sensors

Figure 1. 2 Schematic diagram to provide a brief overview of the focus of the

Although SPR-based sensors offer many advantages, the use of metallic
materials in these sensors can limit their efficiency and flexibility. In most SPR

biosensors, gold remains the primary transducer material, which limits the sensor

investigation in this study.
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performance and hinders the development of cost-effective alternatives. In addition,
the addition of 2D materials such as graphene on the metal surface results in a
broader SPR curve, reducing the sharpness of the SPR curve and this has a critical
impact on sensor precision (Tene et al., 2024). Recent research has increasingly
focused on metal-free optical sensors as a promising replacement for SPR-based
systems. One such approach involves 1D photonic crystal-based sensors, which
have been investigated by Maurya et al., utilizing alternating layers of 2D materials
and PMMA or silicon (Maurya et al., 2018). Another alternative is surface plasmon-
coupled emission, as explored by Bhaskar et al. in 2021 (Bhaskar et al., 2021). In
addition, optical sensors based on lossy materials have also attracted attention.
These sensors offer greater flexibility with a wider range of transducer materials,
presenting innovative solutions for low-cost, high-performance optical detection.
Building on this background, this study focuses on optical sensors that operate
based on resonance mechanisms. The key aspects under investigation are illustrated
in Figure 1. 2. The first study is related to LSPR sensors and will focus on
understanding the characteristics of LSPR sensor signals through computational and
experimental approaches. After that, the study will continue to develop the integration
of SPR and Raman in one system to improve sensor performance and also explore
metal-free optical sensors as alternative sensors to replace SPR sensors. The metal-
free sensors investigated will focus on optical sensors coupled with prisms. The
results of this study are expected to provide significant contributions to the

development of more accurate, sensitive, and low-cost optical sensors.
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1.2 Thesis Structure

The data presented in this thesis has been published in IEEE Sensors Journal, Optics
Express, Advanced Theory and Simulations, and ECS Journal of Solid State Science
and Technology. Accordingly, each subtopic is organized into separate chapters,
which are outlined as follows:

Chapter 1 is an introduction that contains three main subtopics, namely the
research background and thesis structure.

Chapter 2 discusses the first type of biosensor, namely the LSPR biosensor.
In each subtopic, it will begin by explaining the working principle of each biosensor
and continue by reviewing some literature to show the research gap. After that, the
study continues by explaining the research method and the results obtained.

Chapter 3 discusses the results of research related to the integration of SPR
and Raman biosensors. The contents of this section are similar to the previous
section. In simple terms, this section includes working principle of the sensor,
literature review, research methods and findings.

Chapter 4 discusses the third type of sensor which is a resonance-based
sensor that does not use metal as its transducer. In this section, the performance of
LMR-based metal-free sensors and SPR-based metal-based sensors are compared
in terms of sensitivity, signal quality, detection range and penetration depth (PD) of
the sensor.

Chapter 5 presents a summary of the research results from each subtopic
studied. This chapter also includes proposed improvements and recommendations

for the development of optical biosensors in the future.
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This thesis integrates numerical simulations using the FDTD method with
experimental studies to analyze LSPR signal characteristics and the integration of
SPR and Raman biosensors. For metal-free optical sensors, the research remains
focused on numerical studies. Specifically, sensors with thin-film transducers are
analyzed using the transfer matrix method, considering variations in film thickness,
excitation wavelength, and polarization type. Key aspects investigated include the
sensor's dynamic range and penetration depth. The findings on metal-free sensors
with wide dynamic ranges and deep penetration depths contribute to advancing

optical biosensor technology, expanding its potential applications.



Chapter 2

Exploring Interaction Phenomena in AuNPs-
Based LSPR Immunosensors: Experimental
and Computational Insights

2.1 Introduction

2.1.1 Working principle of LSPR biosensor

LSPR biosensors have become widely used to detect various analytes such as
cortisol (Jeon et al., 2018), alanine aminotransferase (Singh et al., 2023), and fipronil
(Yoo et al., 2022). This type of sensor works by utilizing LSPR phenomenon which is
generated by metal nanoparticles such as gold and silver. When metal nanoparticles
are exposed to light of a certain wavelength, free electrons on the metal surface begin
to oscillate collectively at a certain resonance frequency as shown in Figure 2. 1 (a).
This resonance is characterized by dominant light absorption at a certain frequency
and its position depends on the size, shape, material, and environment around the
nanoparticle.

LSPR phenomenon is very sensitive to the interaction phenomenon that
occurs on the surface of nanoparticles. The interaction that occurs can be easily
identified by analyzing the change in the resonance position of the LSPR sensor. In
the LSPR biosensor, the surface of the nanoparticle is coated with a functional layer

7
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that can bind the target analyte. The target that binds to the functional layer will
change the local refractive index around the nanoparticle and the position of the
resonance frequency of the LSPR biosensor as shown in Figure 2. 1 (b). The
evanescent field length of the LSPR Biosensor is in the order of 6 nm and this
characteristic makes the LSPR biosensor very sensitive and an ideal platform for
detecting small-sized target analytes such as ions, peptides and proteins (Hammond

etal., 2014).
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Figure 2. 1 (a) lllustration of localized plasmon oscillation of metal nanoparticles under
incident light radiation, (b) LSPR biosensor and its working principle.
Optical parameters that can be measured in LSPR biosensors include
extinction (Farooq et al., 2018), absorbance (Yoo et al., 2022), transmission (T. Liu

et al., 2021), and reflection signals (Lin et al., 2011). In the simplest LSPR sensors,
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extinction and absorbance measurements are generally performed using a UV-Vis
spectrometer. In addition, LSPR sensors can also be designed based on optical
fibers, where the parameters measured are usually transmission and reflectance, as

shown in Figure 2. 2.
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Figure 2. 2 LSPR sensors which utilize (a) transmission and (b) reflection signals in their
work. Figure adapted from Ref. (M. Li et al., 2021)(Qian et al., 2020), licensed under CC
BY 4.0.

There are several investigation modes that are commonly used in LSPR
biosensors. One that is widely used is using the wavelength investigation mode. This
investigation mode utilizes the shift in the resonance wavelength (A1, spr) that is
directly correlated with the concentration of target molecules bound to the
nanoparticle surface. Analytically, these two parameters are related by the following

equation (H. Zhang et al., 2023):
ALSPR = Ap\/ an + 1 Eq 2.1

Here, 1,5pr represents the LSPR peak wavelength, while 1, denotes the wavelength

corresponding to the plasmon frequency of the bulk metal. From Equation (2.1), it

can be concluded that the LSPR peak wavelength shows a positive correlation with
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the refractive index of the surrounding medium (n,), which means that a higher n,

results in a higher A4, spg.

2.1.2 Literature review related to LSPR sensors

In the previous section, it was explained that the wavelength investigation mode is
widely used in LSPR biosensors. Another commonly employed investigation mode is
based on absorbance intensity measurement and intensity ratio. In LSPR sensors
utilizing the absorbance intensity measurement mode, the absorbance intensity at

the resonance wavelength is recorded at different analyte concentrations.
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Figure 2. 3 (a) Schematic diagram of dual mode sensor for cardiac troponin | detection
(b) Sensor response before and after target presence (b) Linear response of sensor
based on changes in peak absorbance at 550 nm wavelength. Figure adapted from

Ref. (Lee et al., 2019), licensed under CC BY 4.0.

One of the researchers who used absorbance intensity mode is Lee et al. in

2019 (Lee et al., 2019). The sensor developed was a dual-mode sensor based on

10
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LSPR and EIS, as shown in Figure 2. 3 (a). In this study, an Indium tin oxide (ITO)
substrate modified with gold nanoclusters was immobilized with multi-functional DNA
3 way-junction (3WJ)-based bioprobe. This bioprobe consists of several main
elements, namely: (1) thiol, which functions to immobilize the probe on the surface of
the gold nanocluster; (2) methylene blue (MB), which is used to enhance the
plasmonic effect of the nanoparticle; and (3) aptamer at the end of the bio-probe
fragment as a recognition element to detect cardiac troponin |. The difference in
LSPR signals before and after target detection is shown in Figure 2. 3 (b). Meanwhile,
the sensor response to the variation of target concentration is shown in Figure 2. 3
(c), which shows that the absorbance intensity increases with the increase of target
concentration. The linear range of this sensor system is in the range of 1 pM to 10

nM.
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Figure 2. 4 (a) LSPR sensor detection mechanism (b) Color changes in the sample
before and after adding the analyte (c) Absorbance profiles of samples with different
analyte concentrations (d) Sensor response based on intensity ratio. Figure adapted from
Ref. (J. Chen et al., 2015), licensed under CC BY 4.0.

One of the weaknesses of the intensity-based investigation mode is the
presence of noise caused by light source fluctuations. To overcome this issue, some

researchers use the absorbance ratio-based investigation mode in analyte

11
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quantification. This mode utilizes the absorbance ratio at two wavelengths, as done
by Chen et al., who used the absorbance ratio at 520 nm and 650 nm wavelengths
(Ass0/As20) to detect Salmonella typhimurium (S. Chen et al., 2021).

In Chen et al.” study, the developed LSPR sensor utilized the catalytic hairpin
assembly (CHA) strategy for signal amplification. This amplification is based on the
self-assembly and disassembly reaction of nucleic acid hairpins, as shown in Figure
2. 4 (a). The presence of the target triggers the formation of a complex layer
consisting of streptavidin magnetic beads (SMBs)-Bapt-S. typhimurium-Tapt. Upon
heating, Tapt is released and hybridized with the sticky ends of Y1, Y2, and Y3,
forming the Y-CHA structure. As a result, the hairpin probe is released from the AUNP
surface, so that the AuNPs lose the hairpin protection and aggregate in the salt
solution. This causes the color change of the solution from red to blue-gray. The
absorbance profile shown in Figure 2. 4 (c) shows that the peak intensity at 520 nm
wavelength decreases with increasing concentration of S. typhimurium. In contrast,
the emergence of a new peak at 650 nm wavelength indicates that the nanoparticles
undergo aggregation. By comparing the absorbance intensity at 650 nm and 520 nm
wavelengths, the LSPR sensor with this detection strategy has a linear range at a
concentration of 10% to 10° CFU/mL.

In conclusion, to provide a more comprehensive picture of the utilization of
LSPR sensors for various detection purposes, we present Table 2. 1. This table
summarizes recent publications related to LSPR biosensors by highlighting several
key parameters, such as the material on the LSPR chip, the investigation mode used,

the analytes detected, the dynamic range, and the LOD. Based on the data
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presented, various types of analytes have been successfully detected such as
melamine, fipronil and clenbuterol, with one of the commonly used investigation

modes is utilizing wavelength shift.

Table 2. 1 LSPR sensor and its investigation mode

Materials Analytes Dynamic range LOD

Investigation mode: Wavelength

AuNPs/peptide (Yoo et al., 2022) fipronil 1 ppt-1ppm 0.01 ppb
AgNT/ACEZ2 (Y. Yang et al., 2022) spike RBD protein 2.03 - 9420 pM 0.83 pM
Au core-satellite (Y. B. Liu et al., 2019) glutathione 0.1 to 10 uyM 0.1 uM
AuNR/aptamer (Jo et al., 2021) 25-hydroxyvitamin 0.1-10% ng/mL 0.1 ng/mL
D3
AuNR/aptamer (J. H. Park et al., 2017) ochratoxin A 10 pM - 10 uM 0.56 pM
AuNPs/DNA conjugates (S. Jia et al., 2018)  mercury(ll) ion 1-50nM 0.7 nM
Investigation mode: Intensity
AuNPs/anti-CRP (Oh et al., 2019) C-reactive protein 0.01-10 pg/mL 0.01ug/mL
AuNPs/MoS2-NPs (S. Kumar et al., 2021) Shigella 1-10°CFU/mL  1.56
CFU/mL
AuNPs/aptamer (Oh et al., 2017) S. typhimurium 104-108 cfu/mL 10* cfu/mL
AuNPs/GO (N. F. Chiu et al., 2018) BSA 145fM -1.45nM 145 fM
AuNPs (Chang et al., 2017) melamine 0to 0.9 uM 33 nM
AuNPs/cholesterol oxidase (S. Kumar et al.,  cholesterol 10nM -1 puM 53.1 nM
2019)
Investigation mode: Intensity ratio
AuNPs/cysteamine (Liang et al., 2011) melamine 1-200 mg/L 1 mg/L
AuNPs/OTA aptamer (B. Liu et al., 2018) Ochratoxin A 0.0316-316 0.0316
ng/mL ng/mL
AuNPs/cysteamine (Kang et al., 2016) Clenbuterol - 50 nM
AuNPs/cysteamine (Y. Ma et al., 2013) melamine 0.08-1.6 mM 80 nM

2.1.3 Research Gap and Objectives
Based on the information shown in Table 2. 1, the approach that is widely used in

analyte quantification in LSPR biosensors is by using the wavelength shift
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investigation mode. From the relationship in Equation (2.1), the LSPR peak
wavelength is directly proportional to the refractive index of the medium around the
nanoparticle. An increase in the refractive index on the nanoparticle surface results
in a redshift of the LSPR peak wavelength.

Although theoretically the refractive index of the sensing medium has a
proportional relationship with the shift in the resonance wavelength, several
researchers such as Minopoli et al. (Minopoli et al., 2020), and larossi et al. (larossi
et al.,, 2018) found a decrease in the LSPR sensor response at higher analyte

concentrations in their experiments.
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Figure 2. 5 (a). Fabrication of LSPR sensor chip (b). Absorbance spectra of
functionalized AuNPs with different 170 estradiol (E2) target concentrations. Figure
adapted with permission from Ref. (Minopoli et al., 2020), copyright Elsevier.

Minopoli et al utilized AuUNPs with a diameter of 35 nm and functionalized them
with polyclonal sheep anti-17B-estradiol IgG antibodies (anti-E2) to bind the 173
estradiol (E2) target (Minopoli et al., 2020). The sensor response to different
concentrations of estradiol is shown in Figure 2. 5. The LSPR peak data indicated a

redshift in the LSPR peak wavelength as the estradiol concentration increased to 10
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pg/mL. However, at higher concentrations of estradiol, the LSPR peak decreased

from 556 nm at a concentration of 10 pg/mL to 547 nm at a concentration of 12 pg/mL.
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Figure 2. 6 (a). Fabrication of LSPR sensor chip (b). Absorbance spectra of
functionalized AuNPs with different human immunoglobulin G target concentrations.
Figure adapted from Ref. (larossi et al., 2018), licensed under CC BY 4.0.

A similar finding was also found in a study conducted by larossi et al in 2018
(larossi et al., 2018). In this study, AuNPs with different sizes of around 40 nm were
used to detect human immunoglobulin G (IgG). The sensor system developed is
shown in Figure 2. 6. Initially, AuUNPs were functionalized with 50 pg/mL antihuman
IgG to recognize the target, and 1 mg/mL BSA was added to the functional colloid to
block the AuNP surface from nonspecific adsorption. Based on the LSPR peak data,
the absorption peak red-shifted with increasing concentration until it reached a
maximum at 350 ng/mL. However, at a higher concentration of 500 ng/mL, the LSPR
peak exhibited a blueshift to a shorter wavelength.

In addition to the two studies mentioned above, LSPR signals with similar
characteristics have also been reported by Kasetner et al. (Kastner et al., 2022), Gao
et al. (Gao et al., 2019), Chen et al. (W. Chen et al., 2020), Ma et al. (Z. Ma et al.,
2022), and Cavalera et al (Cavalera et al., 2022). This phenomenon is known as the

Hook effect, where the concentration that causes the maximum redshift is referred to
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as the Hook point. It should be noted that all the studies related to LSPR sensors
cited in the previous paragraph were conducted from an experimental perspective.
To gain a deeper understanding of the interaction phenomena in LSPR sensors, such
as the size changes due to increasing target size, computational approaches are
crucial. These approaches can provide insights often unavailable through
experimental methods, including detailed electromagnetic field distributions due to
the presence of additional materials on the nanoparticle surface. A thorough
understanding of these interaction phenomena is essential before sensors can be
used to detect more complex targets and environments.

Based on this context, the purpose of this study was to investigate the
interaction studies of the LSPR sensor through experimental and computational
approaches. From the experimental side, the sensor system used consisted of AUNP
as an optical transducer, which was modified with anti-BSA antibody to specifically
recognize the target protein BSA. The LSPR sensor studied belongs to the category
of solution-phase colloidal nanoparticles, as classified by Kim et al (D. M. Kim et al.,
2021). BSA was selected as the model protein due to its widespread use in biosensor
research, particularly in early-stage studies to evaluate interaction mechanisms. Its
stable structure under various conditions, high commercial purity, and relatively low
cost make it an ideal candidate for fundamental investigation prior to applications
involving more complex targets or clinical biomarkers (Bhakta et al., 2015).

Literature has reported that the Hook effect (a nonlinear optical response) has
been observed in colloidal AuNP-based LSPR systems with nanoparticle sizes

around 35—40 nm. In contrast, this study uses smaller 15 nm AuNPs, which offer
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absorption-dominated optical signals rather than scattering (Jain et al., 2006), making
them well-suited for absorbance-based detection systems as employed here. From
the computational side, the FDTD approach was used to model the sensor system,
by representing the antibody and antigen as a dielectric layer around the AuNP
surface. The analysis focused on the optical characteristics, including scattering,
absorption, and extinction cross sections, as well as the electric field distribution

around the nanoparticles.

2.2 Research Methodology

2.2.1 Synthesis of AuNPs and their functionalization

To determine the characteristics of the LSPR signal, AuNPs have been fabricated
using a chemical reduction method. In simple terms, the experimental steps to
synthesize AuNPs are shown in Figure 2. 7 (a). The synthesis of nanoparticles began
by preparing two solutions: 0.01969 g of Hydrogen tetrachloroaurate (lll) trihydrate
(HAuCls-3H20), ACS, 99.99% (metal basis) was dissolved in 50 mL of deionized
water to obtain a 1 mM solution, while 0.0575 g of Sodium citrate dihydrate

(CeH9oNa3zO9) was dissolved in 5 mL of deionized water to create a 38.8 mM solution.

The HAuCls-3H20 solution was then heated to boiling using a magnetic stirrer set to
550°C. Once boiling, the temperature was reduced to 405°C, and a magnetic stir bar
was activated at a speed of 1150 rpm. The CsHoNaszOg solution was subsequently
added to a three-necked flask and maintained at an elevated temperature for 10 min.

During this process, AuNPs were naturally formed, as indicated by a visible color
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change from pale yellow to red. At this stage, the following chemical reactions took

place:

A Eq.2.2
HAuCl, + C¢H9Naz;09 » Au+ CO, + HCl + NaCl

After the nanoparticles were successfully fabricated, the heater on the
magnetic stirrer was turned off and the solution was left to cool to room temperature.
After that, membrane filter paper with a pore size of 0.45 ym was used to filter the
solution so that the nanoparticles obtained had a more uniform size. After the solution

was put into a bottle, the AuNPs were stored in a refrigerator at 4°C before further

use.
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copyright IEEE.

The immunosensor developed in this study was used to detect BSA.

Therefore, anti-BSA was used as the molecular recognition element and this



Chapter 2 Devi Taufiq Nurrohman

material was immobilized on the surface of AuNPs by utilizing Cystamine
dihydrochloride (Cys, 98%) as its linker. All the experimental steps in this section
are shown in Figure 2. 7 (b). A solution of 480 uL Cys dissolved in deionized water
was combined with 12 mL of AuNPs, gently mixed, and allowed to react for 2
hours at room temperature. The surface of the nanoparticles will be covered by
Cys due to the ligand exchange and the sample with this condition is called
Au/Cys.

In this experiment, anti-BSA immobilization was performed under two
conditions: one with pH adjustment using NaOH, and the other without any pH
adjustment. One of the factors that affect the refractive index is temperature (Nisar
et al., 2020). Therefore, to reduce errors caused by temperature fluctuations, all
samples to be functionalized with anti-BSA and used to detect BSA were placed
in a dry bath incubator with a controlled temperature of 25°C. To ensure that the
sample temperature has been successfully conditioned, the AuNPs/Cys sample
was left in the incubator for 30 min and then mixed with 30 pyL of anti-BSA.
Absorbance measurements were carried out after 15 min and the success of the
functionalization process was indicated by a shift in the LSPR wavelength. To

simplify, AuNPs that have been functionalized are called AuNPs/Cys/Anti-BSA.

2.2.2 Equations used and FDTD simulation settings

The LSPR signal in this study was characterized using a dual-beam UV-Vis
spectrophotometer (U-2900, Hitachi High-Technologies Corporation, Tokyo, Japan).
The obtained LSPR signal reflects the absorbance dependence of the sample across
different wavelengths. Theoretically, absorbance (4) at varying nanoparticle

concentrations (c,,) follows the Beer-Lambert equation, as shown below:
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A=cpel Eq. 2.3

Where é represents the molar extinction coefficient (in m? mol-' in Sl units, typically
expressed as cm™' mol' and L denotes the path length (in m), which is usually 1 cm
in most experimental setups. The molar extinction coefficient is also related to the
extinction cross-section (o,,:), with the two quantities connected by the following

equation:

NOgyt

Eq. 2. 4
In 10 g

e =

Where N denotes Avogadro's number (= 6.022 x 1023 particle/mol).
In Equation (2.4) above, extinction cross-section is a factor influenced by
wavelength. This quantity is related to both scattering cross section (o.,:) and

absorption cross section (g,;s) through the following relationship (Cheng et al., 2020):

Oext (@) = Ogps(@) + Tgcqr (W) Eq.2.5

For molecules, scattering cross section is minimal in comparison to absorption cross
section. As a result, extinction is essentially equal to absorption (g,,: = 0,5). This is
why UV-Vis spectroscopy is commonly referred to as absorption spectroscopy, even
though it would be more accurate to call it extinction spectroscopy.

To investigate the optical properties of the nanoparticles studied, the FDTD
method was chosen for the computational simulations, with the setup briefly depicted
in Figure 2. 8. In this study, the simulation was conducted in 3D mode, with the
nanoparticle area enclosed by a Perfectly Matched Layer (PML) boundary on all

axes. A Total Field Scattered Field (TFSF) source was selected as the light source,
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and monitors were placed both inside and outside the TFSF region to calculate the

absorption and scattering cross-sections.

TFSF Source Y k

Absorption cross section monitor

Y4
X
y
Figure 2. 8 FDTD simulation setup is depicted schematically.

2.3 Results and Discussion

2.3.1 LSPR signal quality at different AUNPs concentrations

After AUNPs were successfully fabricated, several characterizations were performed
to determine the size and morphology of the nanoparticles. The size of AUNPs can
be estimated based on the position of the LSPR peak. From the UV-Vis spectra
shown in Figure 2. 9 (a), the LSPR peak was detected at a wavelength of ~520 nm
for five different concentrations of AuNPs, indicating that the solution was dominated
by AuNPs with a size of around ~15 nm, as supported by related references (N. F.
Chiu et al., 2018). To verify this estimation, characterization was performed using
Transmission Electron Microscopy (TEM) and zeta potential. The characterization
results are shown in Figure A1 in Appendix A. The TEM image shows that AuNPs

have an almost spherical shape with an average size of around ~15 nm. Meanwhile,
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the results of the zeta potential measurement showed a particle size distribution of

16.05 + 4.94 nm, which is still within a consistent range with a size of 15 nm.
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Figure 2. 9 (a) UV-Vis spectra illustrating the absorbance profiles and (b) FWHM of
AuNPs at varying concentrations. Figure adapted with permission from Ref. (Nurrohman
& Chiu, 2023), copyright IEEE.

After the AuNP size is known, the analysis is continued by evaluating the effect
of AuNP concentration variations on the FWHM value of the LSPR signal. The FWHM
parameter plays an important role in determining signal quality, where a smaller
FWHM value indicates a sharper resonance peak and better sensor quality. FWHM
also contributes to the Figure of Merit (FoM) value, which is mathematically

expressed as follows (Farooq et al., 2022):

S
FWHM

FoM = Eq.2.6

where S represents the sensor sensitivity. In this analysis, the FWHM value is
determined based on the procedure described in the following reference (Orbaek et
al., 2015).

Figure 2. 9 (a) presents the absorbance spectra of five different concentrations

of AuNPs. As the concentration decreases, a reduction in absorbance intensity is
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observed. Further analysis of the FWHM for each concentration is shown in Figure
2. 9 (b). The data indicate that lower concentrations of AuNPs result in narrower
FWHM values in the absorbance spectra. A narrower FWHM is associated with a
higher FoM, as it reflects improved signal sharpness and thus better sensor
accuracy. Moreover, the FWHM of the absorbance spectrum provides insight into the
dispersibility and size distribution of nanoparticles in solutions. A smaller FWHM
suggests a more uniform particle size, indicating a monodisperse suspension
(Oliveira et al., 2020)(Dheyab et al., 2022). Based on these results, the lowest
concentration tested in this study demonstrates the best dispersibility characteristics
among the five. Therefore, this concentration was selected for subsequent steps

involving surface functionalization and BSA detection.

2.3.2 Immobilization Steps of Cys Linker on AuNPs Surface
In this study, anti-BSA was used as a ligand to recognize BSA. To immobilize anti-
BSA on the surface of AuNPs, we used a Cys linker. AUNPs are very susceptible to
aggregate when Cys is added due to the ligand exchange phenomenon. Too high
Cys concentration will make the LSPR peak difficult to identify. Therefore, we
consider the aggregation level in the AuNPs surface modification process and based
on the following references (C. H. Lu et al., 2012), the aggregation level can be
assessed based on the ratio of the absorbance intensity at 650 nm and 520 nm
wavelengths (Agz0/As20)-

There are 4 different concentrations of Cys used in the AuNPs surface

modification process and the volume of Cys added to the AuNPs solution has a
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volume ratio of 1:100 (10 uL Cys and 1000 pL AuNPs). From the data shown in
Figure 2. 10 (a), the LSPR peak decreased significantly after Cys was added. If the
aggregation level is calculated, AUNPs functionalized with 10 uM Cys have a smaller
aggregation level compared to the other 3 concentrations (Figure 2. 10(b)). However,
the LSPR peak did not shift significantly at Cys concentration of 10 uM. Therefore,
we performed optimization at the same Cys concentration but with a higher volume

ratio of 1:50 (1000 puL AuNPs : 20 pL Cys) and 1:25 (1000 uL AuNPs : 40 pL Cys).
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Figure 2. 10 (a) UV-Vis spectra and (b) aggregation level of AuNPs with varying Cys
concentrations. (¢) UV-Vis spectra and (d) LSPR peak of AuNPs/Cys10 uM at varying
volume ratios. Figure adapted with permission from Ref. (Nurrohman & Chiu, 2023),
copyright IEEE.

The absorbance spectra of AuNPs with different Cys volume ratios are

presented in Figure 2. 10 (c), and the corresponding LSPR peak positions are shown
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in Figure 2. 10 (d). The data reveals that the LSPR peak began to shift when the
volume ratio reached 1:50, with the most significant shift occurring at a 1:25 ratio.
Since the amount of anti-BSA that can be immobilized is closely related to the number
of linkers on the nanoparticle surface, a 10 uM Cys concentration and a 1:25 volume

ratio was selected for further investigation.

2.3.3 Aggregation phenomenon based on computational

prospective.

To evaluate the phenomenon of nanoparticle aggregation computationally,
simulations of extinction and scattering cross sections were performed using the
FDTD method. Two scenarios were analyzed: unaggregated and aggregated
conditions. In unaggregated conditions, the optical properties of nanoparticles are
assumed to be unaffected by the presence of other nanoparticles around them.
Therefore, the most representative model for this scenario is a single isolated
nanoparticle.

In contrast, in the aggregated condition, the optical properties of nanoparticles
are significantly affected by the electromagnetic field of neighboring nanoparticles,
leading to plasmonic coupling between particles. In this research, aggregation
occurred during the surface modification process of AuNPs using Cys linkers. At this
stage, the citrate ligand that initially stabilized the nanoparticle surface was replaced
by Cys linkers, which is known to trigger aggregation through decreasing colloidal
stability and potential bridging between particles.

Based on the results reported by Park and Parry, the thickness of the citrate

layer from the TEM image was around 0.8—1 nm (J.-W. Park & Shumaker-Parry,
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2014). Meanwhile, Shukri et al. reported that the thickness of the cystamine layer on
the AuNPs surface is in the range of 1 nm (Shukri et al., 2016). Therefore, the
minimum distance between nanoparticles in the aggregation state is estimated to be
around 2 nm. Considering these physical conditions and to capture the relevant
plasmonic coupling regime, the range of interparticle distances in this simulation is
set to 0 - 6 nm. This range is considered to be able to represent realistic variations

that can occur during the surface functionalization process of nanoparticles.
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Figure 2. 11 (a) o,,: Spectra of single and dimer AUNPS. (b) 0,.4: Spectra of AUNP dimers
at varying interparticle distances. Figure adapted with permission from Ref. (Nurrohman
& Chiu, 2023), copyright IEEE.

The extinction cross-section spectrum shown in Figure 2. 11 (a) reveals that
the LSPR peak for a single AuNP occurs at a wavelength of 521 nm. This is
consistent with the experimental results, where the LSPR peak for nanoparticles of
15 nm in size is observed at a wavelength of 520 nm. The slight difference between
the experimental and simulated results is likely due to the non-uniform size
distribution of the nanoparticles, as well as variations in the refractive index of the
AuNPs used in the simulation compared to the actual refractive index.

The computational simulation results show that increasing the number of

nanoparticles significantly affects the extinction cross-section spectrum. When two
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nanoparticles are simulated, there is a shift in the peak position that is sensitive to
the distance between the particles. At a distance between particles of 6 nm, the peak
position shifts from 521 nm (for a single nanoparticle) to 573 nm. The smaller the
distance between the nanoparticles, the peak shift towards a higher wavelength (red
shift) becomes more obvious. This shift is also accompanied by an increase in
spectral intensity. Of the four simulated distances, the configuration of two
nanoparticles in contact with each other produces a peak at the highest wavelength
and maximum intensity, indicating the strongest plasmonic coupling in the system.
The same characteristics are also shown by scattering cross section spectra
data. The scattering wavelength peak shifts to a higher wavelength and is followed
by its intensity. Nanoparticle aggregation is a process in which nanoparticles interact
with each other and combine into groups or clusters, either permanently or
temporarily. The computational results reveal that, in the aggregated state, the
scattering effect becomes significantly more dominant, leading to the emergence of
new peaks at higher wavelengths. This finding highlights the impact of nanoparticle

aggregation on optical properties, particularly the scattering behavior.

2.3.4 Optical properties of nanoparticles after functionalization

After the AuNPs surface was modified using Cys, sensor functionalization was
carried out by adding 30 uL of anti-BSA with a concentration of 100 ug/mL into
AuNPs/Cys solution. The amine group in Cys will bind to the carboxyl group in the

antibody. The reaction time required in this stage is 15 min. We display the
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absorbance spectra at all stages starting from the modification of the AuNPs surface

with Cys to functionalization using anti-BSA in Figure 2. 12 .
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Figure 2. 12 UV-Vis spectra during functionalization process with anti-BSA: (a) without
and (b) with NaOH addition. Figure adapted with permission from Ref. (Nurrohman &
Chiu, 2023), copyright IEEE.

For sensor functionalization carried out using the original pH (around ~6), the
LSPR peak has been identified to shift to a higher wavelength due to the bigger size
of the nanoparticles. The LSPR wavelengths for AuNPs, AuNPs/Cys, and
AuNPs/Cys/anti-BSA were 521 nm, 522 nm, and 526.5 nm, respectively. When
calculating the aggregation levels for the three samples, the values obtained were
0.113 for AuNPs, 0.353 for AuNPs/Cys, and 0.318 for AuNPs/Cys/anti-BSA.
Experimental data show that the addition of anti-BSA reduces the aggregation level
of the nanoparticles. The absorbance intensity at a wavelength of 650 nm decreases
compared to the AuNPs/Cys spectra and this indicates better dispersibility of the

nanoparticles (J. Zhang et al., 2012).
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To explore the effect of pH on the quality of LSPR signals during the
nanoparticle functionalization process, we performed pH adjustments on the
AuNPs/Cys sample. Initially, the pH of the sample was at a neutral value of around
pH 6. The pH was decreased by adding different volume of 0.5 mM HCI, which
decreased the pH to pH ~2. Conversely, the pH was increased by adding 50 mM
NaOH solution in different volumes, so that the pH of the sample increased to pH

~12.
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Figure 2. 13 Absorbance spectra of AuNPs/Cys samples (a) when pH is lowered with 0.5
mM HCI (b) when pH is increased with 50 mM NaOH.

The measurement results shown in Figure 2. 13 indicate that the sample with
pH 9 - 10 showed the lowest nanoparticle aggregation, and the most stable LSPR
signal quality compared to other pHs. Based on these results, a comparison was
made between functionalization at the original pH and the increased pH. The addition
of 20 uL of NaOH (50 mM) to the sample resulted in an increase in pH to 8.97.

From the experimental results shown in Figure 2. 12 (b), it can be seen that
the peak absorbance intensity of the AuNPs/Cys sample that had been added with

anti-BSA increased significantly, even exceeding the peak intensity of AuNPs/Cys
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after the addition of NaOH. The peak absorbance value of the LSPR increased from
0.676 (before the addition of anti-BSA) to 0.678 (after the addition of anti-BSA),
indicating that the slightly alkaline pH conditions contributed to the increase in
nanoparticle stability. In addition, the FWHM parameter also showed improvement.
For the AuNPs/Cys/anti-BSA sample without the addition of NaOH, the FWHM was
recorded at 57 nm. After the addition of NaOH, the FWHM value decreased to 53
nm. This decrease in FWHM indicates an increase in the uniformity and dispersibility
of the nanoparticles, which has implications for increasing the FoM and sensor
accuracy. Thus, the treatment of increasing pH using NaOH not only improves the
quality of the LSPR signal but also improves the overall performance of the AuNPs-

based sensor.

2.3.5 Electric field profile due to the presence of a dielectric layer

After sensor functionalization, we explored the effect of the dielectric layer on the
AuNPs surface on the electric field distribution using a computational approach. The
resulting structure is assumed to be a core/shell configuration, where AuNPs act as
the core, while Cys and anti-BSA form the first and second dielectric layers,
respectively. For ease of reference, the dielectric layer formed by Cys will be called
L1, while the layer formed by anti-BSA will be called L2. Regarding the refractive index
of the dielectric layer, the refractive index of L1 is 1.5 and L2 is 1.6 and these values

are based on the following references (Krivosudsky et al., 2017).
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Figure 2. 14 (a) Electric field profiles for bare AuNPs, Au with dielectric layer L
(AuNPs/L1) and Au with dielectric layers L1 and Lo (AuNPs/L+/Ls). Changes in the electric
field due to variations in (b) refractive index and (c) thickness of L,. (d) Electric field on
the surface of AuNPs caused by the presence of anti-BSA and BSA. Figure adapted with
permission from Ref. (Nurrohman & Chiu, 2023), copyright IEEE.

To investigate the effect of dielectric layers L1 and L2 on the electric field
distribution, three nanoparticle structures were analyzed: bare AUNPs, AuNPs coated
with a single dielectric layer (L1), and AuNPs with two dielectric layers (L1 and L2).
The thickness of each dielectric layer was assumed to be 1 nm. The electric field
distribution for the bare AuNPs is presented in the inset of Figure 2. 14 (a), while the
comparison of field distributions for all three structures in along z = 0 is shown in the
main panel of Figure 2. 14 (a). All electric field data were obtained at the respective

LSPR wavelengths: 521 nm for bare AuNPs, 525 nm for AuNPs/L1, and 527 nm for
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AuNPs/L1/L2. When comparing the electric field magnitudes across the three
structures, the presence of L1 and L2 clearly enhances the electric field surrounding
the nanoparticles. This enhancement is most prominent at the nanoparticle surface,
approximately £7.5 nm from the center. At this radial distance, the electric field
intensities are 2.15 V/m for bare AuNPs, 2.39 V/m for AuNPs/L1, and 2.58 V/m for
AuNPs/L1/L2.

The change of LSPR signal is mainly caused by the interaction at the sensing
surface that changes both the refractive index and the thickness of the surrounding
layer. Therefore, in this study we investigated the effect of the variation of refractive
index and the thickness of the second dielectric layer (L2) on the electric field
distribution around AuNPs. The simulation results are shown in Figure 2. 14, where
the effect of the change of refractive index Lz is shown in panel (b), while the effect
of L2 thickness is shown in panel (c). From these results, it can be concluded that
both the increase of refractive index and L2 thickness lead to a more significant
increase in the electric field intensity around the nanoparticles. To approach the
experimental conditions, we also evaluated the thickness of the dielectric layer based
on the molecular dimensions of anti-BSA and BSA. The first layer (L1) represents the
Cys layer, with a thickness of about 1 nm (Shukri et al., 2016). Meanwhile, the
thickness of the anti-BSA and BSA layers are assumed to be 8.5 nm and 5.5 nm,
respectively, referring to the Dynamic Light Scattering (DLS) characterization data
available in the literature (Hampitak et al., 2020)(Waghmare et al., 2018). The impact
of the presence of anti-BSA and BSA layers on the electric field distribution is

presented in Figure 2. 14 (d). The results of this simulation show a trend that is
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consistent with the results in Figure 2. 14 (a), namely that increasing the thickness of
the dielectric layer around the AuNPs significantly strengthens the local electric field

intensity at the nanoparticle surface.
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Figure 2. 15 (a). Electric field distribution for dimer nanoparticles (AuNPs/L ) with two
different refractive indices of L1 (b). Dependence of the maximum electric field between
two nanoparticles on varying interparticle distances. Figure adapted with permission from
Ref. (Nurrohman & Chiu, 2023), copyright IEEE.

To strengthen the previous findings, simulations were carried out on pairs of
nanoparticles forming an aggregate structure (dimer). Figure 2. 15 (a) shows the
electric field distribution in the dimer structure, both with and without the presence of
the L+ dielectric layer. In this simulation, the nanoparticles without a dielectric layer
are modeled as AuNPs located in a homogeneous medium with a refractive index of
1.33. Compared with the single AuNP configuration, the dimer structure shows a
significant increase in electric field intensity, especially in the gap region between the
two nanoparticles. The simulation results show that the maximum electric field in this
aggregate structure can reach up to 17 times greater than the electric field generated
by a single nanoparticle. When the refractive index of L1 layer is increased from 1.33

to 1.5, the electric field intensity increases further, reaching up to 20 times compared
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to the single AuNP case. This indicates that the presence of a dielectric layer with a
high refractive index enhances the electric field strengthening effect.

Furthermore, Figure 2. 15 (b) shows the electric field distribution for the dimer
structure with varying distance between nanoparticles. The simulation results show
that the smaller the distance between particles, the higher the electric field intensity
formed between them. This phenomenon indicates a strong plasmonic coupling
effect when the nanoparticles are in very close proximity. In contrast, this effect
decreases significantly as the distance between nanoparticles increases, indicating
that the plasmonic interaction becomes weak at larger distances.

FDTD-based simulations performed show that the electric field around
nanoparticles is strongly influenced by the presence of a dielectric layer such as
antibodies or antigens. As the refractive index of the dielectric layer increases and its
thickness increases, the electric field intensity also increases significantly at the
AuNPs surface. However, this increase has a limit, because the evanescent field has
a limited penetration depth, usually only a few tens of nanometers. If the target layer
is too thick, part of the target is no longer within the field range, causing field
saturation, where the addition of layers no longer produces a significant spectral
response.

In addition, simulations of two AuNPs show that the interparticle distance plays
an important role in determining the strength of the plasmonic coupling. When the
two particles are at an optimal distance, the electric field between them is
strengthened. However, if the distance is greater, for example due to steric repulsion

from excess targets such as antibodies, this coupling weakens, causing the redshift
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to become non-linear, even decreasing. This pattern is consistent with what is known
as the Hook effect, where the relationship between the interparticle distance and the
wavelength shift experiences non-linearity due to field limitations and optical

distributions.

2.3.6 Detection of BSA at Varying Concentrations and Selectivity

Assessment

Given that pH-adjusted AuNPs produced better signal quality, these nanoparticles
were employed to detect BSA within a concentration range of 1 ng/mL to 100 ug/mL.
A total volume of 30 uL BSA solution was added to the AuNPs/Cys/anti-BSA mixture.
As shown in Figure 2. 16 (a), the LSPR peak gradually redshifted with increasing
BSA concentration from 1 ng/mL to 10 ug/mL, shifting from 524.5 nm to 530.83 nm.
This observation indicates that the LSPR sensor is highly sensitive to changes in the
local environment near the nanoparticle surface within this concentration range.
However, an anomalous response was observed at a BSA concentration of 100
ug/mL, where the LSPR peak decreased to 526.17 nm, indicating a non-linear sensor
behavior at high antigen concentrations.

This decrease can be explained from some perspectives. Simulation results
previously demonstrated that increasing the thickness and refractive index of the
dielectric layer surrounding the AuNPs enhances the local electric field. Therefore,
higher BSA concentrations are expected to form thicker dielectric layers due to the
accumulation of antigen molecules. However, at very high concentrations, BSA may
not fully bind to the anti-BSA on the AuNP surface and instead remain freely

dispersed in the surrounding medium. This can broaden the penetration depth of the
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electric field, causing the sensor to detect both bound and unbound molecules, a

phenomenon referred to as bulk sensitivity.
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Figure 2. 16 (a) Sensor response at different BSA concentrations. (b) Sensor linearity
over a concentration range up to 10 ug/mL. Figure adapted with permission from Ref.
(Nurrohman & Chiu, 2023), copyright IEEE.

Additionally, the reduction in the LSPR signal at high BSA concentrations may
also be explained by changes in the distance between nanoparticles, which directly
affect plasmonic coupling. Simulation results have shown that the strongest
enhancement of the electric field occurs when nanoparticles are positioned very
close to each other. At higher BSA concentrations, steric hindrance caused by the
accumulation of large antigen molecules can prevent nanoparticles from approaching
each other closely or can disrupt their optimal aggregation (Minopoli et al., 2020). As
a result, the plasmonic coupling effect is weakened, leading to a decrease in local
electric field intensity and, consequently, a lower sensor response.

To further illustrate this phenomenon, the inset of Figure 2. 16 (a) depicts the
penetration depth of the electric field. When the sensor responds only to target

molecules bound to the AuNP surface (represented by the red layer), it exhibits
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surface sensitivity, which is an ideal condition where the signal originates exclusively
from specific binding events (J. Li et al., 2015). In contrast, when the electric field
penetrates deeper into the surrounding medium and captures signals from freely
dispersed molecules, the sensor is operating under bulk sensitivity (\Wanguemert-
Pérez et al., 2019). In complex biological samples, excessive bulk sensitivity can
reduce selectivity and produce signals that do not accurately represent specific
antigen and antibody interactions.

The observed decrease in the LSPR peak at very high BSA concentrations is
also consistent with the well-known Hook effect (Cavalera et al., 2022). This
phenomenon occurs when antigen levels exceed the antibody binding capacity,
resulting in non-specific binding, aggregate formation, or surface saturation that
interferes with accurate detection. In this study, the Hook point was identified at a
BSA concentration of approximately 10 pug/mL. Overall, the diminished sensor
response at 100 ug/mL is not indicative of poor sensor performance but rather reflects
the limitations of the LSPR-based sensing system in conditions of excessive field
penetration, antigen excess, and surface saturation. The Hook point marks the upper
threshold of effective sensor performance and should be carefully considered in the
quantitative application of nanoparticle-based biosensors.

In addition to being used to detect the main target, namely BSA, the sensor
was also tested against two non-target proteins, namely cytokeratin 19 (CK19, NBP2-
23164, Novus Biologicals, USA) and pregnancy-associated plasma protein A2

(PAPPA2, APREST73992, Sigma-Aldrich, USA). All three samples were tested at
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the same concentration, namely 100 ng/mL, using AuNPs-based sensor that had
been functionalized with Cys and anti-BSA antibodies.

The measurement results shown in Figure 2. 17 show that exposure to BSA
resulted in a significant shift in the LSPR peak of ~3.67 nm, indicating a specific
interaction between BSA and antibodies immobilized on the sensor surface. In
contrast, the sensor response to CK19 and PAPP-A2 was very low, only ~0.5 nm
and ~0.67 nm, respectively. These results indicate that the interaction between the
sensor and the two non-target antigens is very weak or does not occur, thus proving
that the sensor has high selectivity towards BSA and is able to avoid false signals

due to the presence of other interfering biomarkers.

BSA PAPPA2 CK19

Figure 2. 17 Comparison of LSPR sensor response to BSA target, and non-target (PAPP-
A2 and CK19) at a concentration of 100 ng/mL. Note: Data were taken with 3 repetitions.

At the end of this research, we compare the performance of the sensor
developed in this research with other sensors that have been developed previously.
The highlighted parameters are the detection limit and linear range. Related to the

linear range, the sensor developed in this research has a good linear range in the
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concentration range of 1 ng/mL to 10 pg/mL. Based on the fitting results in Figure 2.
16 (b), the coefficient of determination (R?) in this range is 0.91. Furthermore, using
Equation: LOD = 3.30/kg,p. Where o represents the standard deviation of the
response and ksiope is the slope of the calibration curve, the detection limit achieved

in this study is 1 ng/mL.

Table 2. 2 Linear range and detection limit of different sensors used to detect BSA

Detection mechanism LOD Ref.

fiber optics SPR -based sensor which is functionalized with anti-BSA  0.45 (Kaushik et al.,
pg/mL 2019)

AuNR-based fluorescence biosensor with intensity investigation mode 1.3 (Shajari et al.,
pg/mL 2018)

BSA was detected by an indirect immunoassay utilizing FRET and 0.5nM  (P. Yang et al,,

qguenching of AuNPs. 2011)

Electrochemical Impedance Spectroscopy (EIS) with gold electrodes 0.84 (Yari &

modified with 2D silica networks, citrate-capped AuNPs and pmol/L  Saeidikhah,

poly(diallyldimethylammonium chloride 2015)

turn-on fluorescence probe based on cationic amphiphile with 0.08 (Y. Chen et al.,,

diketopyrrolopyrrole decorated with methoxy- lated pupmol/L  2022)

tetraphenylethylene

Fluorescence biosensor utilizing aggregation and release of CdS 0.01uM (Cui et al,

quantum dots on carboxymethyl cellulose 2020)

LSPR sensor based on AuNPs functionalized with Cys and anti-BSA 1 ng/mL This work

Compared with other research results with the same detection case in Table
2. 2, Kaushik et al. developed FOSPR to detect BSA (Kaushik et al., 2019). In this
study, the linear range of the sensor was still too narrow ranging from 10 ug/mL to
50 ug/mL. The same results were also shown by Yang et al (Shajari et al., 2018). By
using the fluorescence energy transfer resonance (FRET) sensor, the linear range of

the sensor was only in the range of 0.0013 mg/mL to 6.25 mg/mL. The results of this

39



Chapter 2 Devi Taufiq Nurrohman

study indicate that the LSPR sensor has quite good sensitivity with low cost and fast

detection time.

2.4 Conclusions

The signal characteristics of the AuNP-based LSPR immunosensor were analyzed
through computational and experimental approaches. Using the FDTD method, the
optical behavior and electric field distribution around the AuNPs were studied in
detail. Simulation results showed that the interparticle distance and the presence of
a dielectric layer on the nanoparticle surface significantly affect the extinction and
scattering cross-section spectra, as well as the resulting electric field distribution. The
addition of a dielectric layer increases the electric field intensity and modifies the field
distribution, allowing the field to extend slightly into the surrounding medium. This
condition has the potential to increase detection sensitivity, but can also reduce the
sensor's selectivity at high analyte concentrations, because the measured signal
originates not only from the target bound to the receptor on the surface but also from
the free target in solution. However, the evanescence wave range remains limited,
so it is possible that some of the targets bound to the receptor is not fully reached by
the electric field, especially if the target size is quite large. In this study, the LSPR
sensor showed a linear response to the LSPR wavelength shift in the concentration
range of 1 ng/mL to 10 ug/mL BSA. However, at a higher concentration of 100 ug/mL,
the sensor response decreased, indicating the occurrence of the Hook effect
phenomenon due to the excess amount of target interfering with the specific binding

mechanism.
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Towards Dual-Mode Integrated Sensors:
Initial Study on Resonance Modes,

Performance Metrics, and Raman Signal
Amplification in 1D Gold Grating Chips

3.1 Introduction
3.1.1 Theoretical backgrounds of SPR

LSPR and SPR are two plasmonic phenomena involving collective oscillations of
electrons on a metal surface. The fundamental difference that distinguishes the two
lies in the transducer used. For the LSPR phenomenon, this phenomenon occurs in
nano-sized metal nanoparticles and this size effect causes surface plasmons to be
localized on the nanoparticles. The electromagnetic field is more focused, and this
phenomenon is more suitable for application for sensing based on local field intensity.
Unlike the LSPR phenomenon, the SPR phenomenon occurs at the interface of metal
and dielectric with a planar structure such as a thin film. The surface plasmons that
are formed will propagate along the interface of the metal and dielectric. If the decay

length of the two phenomena is compared, the surface plasmon wave in a thin layer
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has a longer radius reaching 200 nm than the LSPR phenomenon which only has a

decay length of the order of 6 nm (Hammond et al., 2014).
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Figure 3. 1 Common configurations for achieving SPR: (a) Prism-based setup using the Kretschmann
configuration, (b) Waveguide-based design, (c) Grating-based structure, and (d) Optical fiber-based
system. Figure adapted from Ref. (Nurrohman et al., 2024), licensed under CC BY 4.0.

To implement SPR sensor, a coupling medium is needed to achieve matching
conditions. Among the many coupling methods, we classify them into four different
categories as shown in Figure 3. 1. For SPR biosensors coupled with a prism, the
sensor can be implemented by the attenuated total reflection (ATR) method with the
Otto or Kretschmann configuration. A prism is used to focus light at the metal-
dielectric interface and the incident light uses p-polarized light so that the electric field
is parallel to the metal surface which is needed to create plasmon oscillations.
Resonance condition occurs when the momentum of the incident light matches the
momentum of the surface plasmon at the metal-dielectric interface. The energy
transfer from the incident light to the plasmon causes the reflected light to be

drastically reduced at certain angles or wavelengths. The change in refractive index
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that occurs near the metal surface will change the resonance condition of the sensor
and by measuring the shift in the resonance angle, wavelength, or reflectance
intensity, small changes in the surface near the metal surface can be detected.

The second SPR system is an SPR sensor which uses a waveguide. The
existence of a prism is replaced by a waveguide and light is transmitted from the
source through the waveguide area that has been deposited with a metal thin film.
Resonance is generated when the propagation constant of the guide mode matches
the propagation constant of the surface plasmon wave. In addition to waveguides,
optical fibers can also be used to implement SPR sensors. Based on the SPR sensor
illustrated by Figure 3. 1 (d), the surface of the fiber core is coated with a metal film
with a thickness of generally about 30-50 nm. By controlling the polarization of the
incident light, some of the energy in the fiber core leaks into the fiber layer so that
resonance conditions can be obtained.

In addition to the three coupling methods described above, SPR excitation can
also be done by utilizing gratings. This sensor system takes advantage of the
additional momentum provided by the grating effect, enabling the incident light to
match the surface plasmon momentum without the need for a prism. The grating
provides additional momentum through light diffraction and the resonance condition

is met when:

2mm

kphoton + A = ksp Eq. 3.1

Where A denotes the grating period and m denotes the diffraction order. When these

conditions are met, light energy is absorbed by the plasmons, resulting in a plasmonic
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resonance characterized by a decrease in reflectance at a specific angle or
wavelength (Pandey & Sharma, 2021). This system is also very sensitive to refractive
index changes near the grating surface, making it also ideal for biosensing and

spectroscopy applications.

3.1.2 Theoretical Background of Raman

Raman is a light scattering phenomenon involving the interaction between photons
and molecules, resulting in changes in the energy of the scattered light (Geraldes,
2020). As shown in Figure 3. 2, when monochromatic laser light is directed at a
sample molecule, most of the light is scattered with the same energy as the incident
light and a small part of it will experience a change in energy. When the scattered
energy is the same as the energy of the light that hits the sample, this phenomenon
is called Rayleigh scattering. However, if the scattered energy is different from the
energy of the incident light, this scattering is called Raman scattering which is divided
into two, namely Stokes scattering (energy decreases) and anti-Stokes scattering
(energy increases). The energy difference between the incoming photon and the

outgoing one is called “Raman shift” (Orlando et al., 2021).
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Figure 3. 2. (a) Schematic representation of the scattering mechanism. (b) Jablonski
energy diagram depicting the transitions associated with different types of scattering.
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Resonance Raman Scattering is a special form of Raman scattering in which
the incident photon interact not only with molecular vibrations but also with electronic
transitions, which increases the scattering probability and produces a more intense
Raman signal (Serebrennikova et al., 2021). The intensity enhancement of this type
of Raman signal can reach up to 10° (Orlando et al., 2021). To make it easier to
understand the different scatterings explained previously, a Jablonski energy
diagram has been attached as shown in Figure 3. 2 (b).

Compared with Rayleigh scattering, Raman scattering is a very weak
phenomenon where only one out of 108 scattered photons undergo Raman
scattering. Therefore, the Raman spectrometer is equipped with several tools such
as notch filters to block Rayleigh scattering. Theoretically, the intensity of Raman
scattering (Iz) is influenced by several factors, namely intensity and the frequency of
the incident light (v), number of scattering molecules in a given state (N), polarizability
(a) and amplitude of the vibrational coordinate (Q). All of which are related by the
following equation (Colthup et al., 1990):

2

Ja
Iy o I*N (@> Eq. 3.2

Where [, indicates the intensity of the incoming light. Theoretically, Equation (3.2)

explains that Raman scattering occurs when there is a change in polarization

resulting from the interaction between the sample and the incoming photon.

3.1.3 Literature Review Related to Dual-Mode Biosensors
In SPR biosensors, one of the main challenges is ensuring sensor specificity (J.

Zhang et al., 2023). Because these sensors detect refractive index changes near the
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sensor surface, they are highly susceptible to interference from nonspecific signals,
such as temperature fluctuations and sample matrix variations, which are unrelated
to target-receptor interactions. To enhance reliability, recent studies have explored a
dual-mode approach that integrates multiple sensing mechanisms to detect the same
analyte.

Among the various dual-mode sensors studied, the SPR sensor combined with
Raman technology is an interesting one. Raman spectroscopy is widely used in
chemistry, biology, and material physics due to its ability to provide molecular
fingerprint information (S. Zhang et al., 2023)(D. Wang et al., 2020). Researchers
such as Song et al. (2021) (Song et al., 2021), Zheng et al. (2023) (Zheng et al.,
2023) and Cao et al. (2024) (Cao et al., 2024) have explored this SPR/Raman based
dual-mode approach. Their research developed a sensing method that integrates
SPR for analyte quantification with Raman spectroscopy which can be utilized not
only for analyte quantification but also for spectral verification of targets, thereby
improving accuracy and specificity.

A dual-mode sensor developed by Song et al. utilized AuNPs to detect cancer-
related miRNA-652 (Song et al., 2021). As shown in Figure 3. 3, the detection
mechanism in this study was based on the formation of AuNPs network induced by
the presence of miRNA-652 target. Signal detection was performed through two
approaches: SPR signal was obtained from dark-field microscopy (DFM) images,
while SERS signal was obtained based on the ratio of Raman intensity at Raman
shifts of 1500 cm™ and 1580 cm™ (Ir=l1500/l1580), which depended on the target

concentration. This sensor had a detection limit of 42.5 fM for SPR and 2.91 fM for
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SERS. Experimental results showed that this dual-mode sensor has complementary
advantages. The combination of SPR and SERS not only increases detection options
but also allows for re-verification of results, thereby improving the accuracy and

reliability of the assay.
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Figure 3. 3 Schematic illustration of an SPR/SERS dual-mode plasmonic biosensor
designed for miRNA-652 detection, based on a CHA-induced AuNP network. (a).
Nanoparticle functionalization (b) detection mechanisms. Figure adapted with permission
from Ref. (Song et al., 2021), copyright Elsevier.

Another study that developed dual-mode biosensors was conducted by Cao et
al. (Cao et al., 2024). They designed an SPR/SERS-based dual-mode biosensor on
a 1D grating chip to detect human Immunoglobulin (h-IgG). The grating chip was
fabricated using wet etching-assisted direct laser interference patterning (DLIP), and
the SPR investigation method was based on wavelength interrogation. As shown in
Figure 3. 4, the sensor chip fabrication consists of three main steps. First, a shallow
nanograting is formed on a silicon substrate using single-pulse nanosecond DLIP

(Nd:YAG nanosecond laser, Continuum Surelite 11-10, 355 nm wavelength, 5 ns
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pulse duration, 10 Hz repetition rate). Next, the laser-treated silicon substrate is
etched with a KOH solution to achieve a nanograting with controlled depth. Finally, a
thin Au layer is deposited onto the silicon substrate through evaporation, forming an
Au-silicon grating. Among the three grating periods investigated (490 nm, 566 nm,
and 765 nm), the grating chip with a 765 nm period was selected for h-IgG detection.
The study results indicate that the SPR mode exhibits better linearity; however, its
detection limit remains relatively high at 23.5 nM. In contrast, the SERS mode

achieves a lower detection limit of 1.176 nM.
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Figure 3. 4 lllustration of a dual-mode sensor based on SPR/SERS developed by Cao et al. for H-IgG
detection. Figure adapted with permission from Ref. (Cao et al., 2024), copyright Elsevier.

The previous section reviewed two studies on SPR/Raman dual-mode sensors
utilizing AuNPs and 1D Au gratings as optical transducers. Other more complex
transducers, such as silver nanohole arrays with silver nanorods (Ag NR-NH) and Au

film - AUNPs sandwich structures, have also been explored (Song et al., 2020)(Y. Li
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et al.,, 2024). These two types of optical transducers have been utilized for the
detection of nucleic acids and miRNA-21. To provide a brief overview of the various
dual-mode SPR/Raman sensors, we present Table 3. 1 to compare the performance

of each sensor highlighted by its detection limit value.

Table 3. 1 Summary of SPR/Raman-based dual-mode sensor developments and their applications

Optical transducer Analyte -ob

SPR Raman
AuNPs (Song et al., 2021) miRNA-652 42.5 fM 291 fM
Sandwich structure of Au film and AuNPs (Y. Li et miRNA-21 6.3 fM 1fM
al., 2024)
1D Au grating (Cao et al., 2024) H-1gG 23.5nM 1.176 nM
Ag Nanorod-Covered Ag Nanohole Array (Song et Nucleic Acid 0.51 pM 0.77 fM
al., 2020)
Au/GO composite membrane with AuNPs linked by Mercury 1.82 pM 39.4 pM

double-stranded DNA (L. Li et al., 2025)

3.1.4 Research Gap and Objectives
Based on all the references reviewed in Table 3. 1, the developed dual-mode sensor
system has not been integrated into one sensor device. Until now, target
quantification has been carried out using the same sample, but the measurements
are still carried out separately in SPR and Raman devices independently. This
condition causes the experimental process to become more complex and less
efficient, especially for large-scale measurements. Therefore, integrating the two
detection methods is essential to enhance the practicality and scalability of the sensor
system for large-scale applications.

Among the various optical transducers available, grating is one of the most

attractive ones to be applied in SPR/Raman dual-mode sensors because its optical
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response can be easily controlled by adjusting parameters such as grating shape,
thickness, and period (Bijalwan & Rastogi, 2017). In addition, smaller and more
compact SPR sensors can be fabricated by utilizing this type of transducer. Munoz
et al. have developed a 1 cm? integrated grating chip, which was then mounted on a
prototype with an overall size of only 10 cm x 10 cm optical components (Lépez-
Mufoz et al., 2017). With a wavelength shift-based interrogation method, this sensor
system is able to achieve a detection limit in the picomolar order. In the context of
Raman sensors, grating-based optical transducers can also provide hotspots that
play a role in amplifying Raman signals, thereby increasing detection sensitivity.
Based on the above facts, this study proposes the development of a
SPR/Raman dual-mode sensor in an integrated sensor system. In the initial stage of
the investigation, the resonance modes on a 1D grating chip with grating periods
varying from 400 nm to 800 nm were analyzed using the FDTD computational
method. In this stage, the optical response and signal quality of the grating chip were
evaluated at three different SPR excitation wavelengths, namely 633 nm, 670 nm,
and 700 nm. To validate the computational results, the grating chip was then
fabricated using electron beam lithography system. Furthermore, the potential for
enhancing Raman signal amplification through electric field induction due to SPR
excitation was also investigated using R6G as the test material. In the future, a
SPR/Raman dual-mode sensor system based on a 1D grating with an integrated
system can be a sensor that is not only sensitive and accurate but also more

compact.
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3.2 Research Methodology

3.2.1 Simulation Details

In the initial stage of the investigation, two 1D grating chips with different periods of
400 nm and 800 nm were investigated based on computational studies using the
FDTD method. Other grating parameters such as fill factor, grating thickness (h), and
width of grating (w) have constant values. In detail, the dimensions of each parameter
are shown in Figure 3. 5. Regarding the refractive index of the material, the refractive
index of ITO was taken from a study conducted by Koénig et al., while the refractive
index of chromium (Cr) and gold (Au) were taken from the results of Johnson and

Christy's study (Kdnig et al., 2014)(Johnson & Christy, 1974).
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Figure 3. 5 The investigated 1D grating chip and its dimensions

The investigation mode used in this study uses the angle investigation mode
and the optical properties of the 1D chip grating investigated in the computational
study includes the reflectance curve and the resulting electric field profile. These two

parameters are investigated at different incident light wavelengths, namely 633 nm,
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670 nm and 700 nm. By using the two-dimensional FDTD computational method, the
setting on the boundary along the x-axis is Bloch boundary condition while along the

y-axis is the perfect matching layer (PML).

3.2.2 Fabrication of 1D nanograting

The grating chip used in this study was fabricated based on a previously established
protocol with slight modifications (N.-F. Chiu, Yu, et al., 2007)(N.-F. Chiu, Lin, et al.,
2007)(N.-F. Chiu et al., 2006). 1D linear gold gratings were patterned using an
electron beam lithography (EBL) system (ELS-7500EX, Elionix Inc., Japan). A

schematic overview of the fabrication process is shown in Figure 3. 6.
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Figure 3. 6 Outline of the fabrication process of 1D nanograting chip

The fabrication process began by cleaning ITO-coated glass substrates
(Product No: LT-G001, Luminescence Technology Corp.) sequentially with acetone,

isopropyl alcohol (IPA), and deionized water, followed by N2 gas drying.
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Subsequently, a 2 nm chromium (Cr) adhesion layer and a 50 nm gold film were
deposited sequentially via thermal evaporation. The substrates were then coated with
a positive e-beam resist, ZEP520A (Zeon Co., Japan), by spin-coating at a controlled
speed to achieve a uniform resist thickness of ~50 nm. The coated substrates were
soft baked on a hotplate at 180 °C for 2 min to remove residual solvents and moisture.

Next, nanograting patterns with designed periods of 400 nm and 800 nm were
defined using electron beam lithography with an acceleration voltage of 50 kV. The
exposure was performed using a pixel map of 60,000 x 60,000 dots, resulting in a
total patterned area of approximately 1.2 x 1.2 mm?2. Each dot was exposed for 2 ys,
forming elongated 1D line gratings with a period of 400 nm and 800 nm. After
exposure, the samples were developed using ZED-N50 developer (Zeon Co., Japan)
for 90 seconds to selectively remove the exposed resist areas, followed by rinsing
with IPA and drying.

Gold was then deposited again by thermal evaporation under a base pressure
of ~2 x 107® Torr at a deposition rate of 0.2 A/s to form the nanograting structures.
Finally, a lift-off process was performed by immersing the samples in N,N
Dimethylacetamide (ZDMAC, To-Nippon Zeon Co.) solution to dissolve the remaining
resist and remove the unwanted gold on top of it. This resulted in well-defined
periodic gold nanostructures on the substrate. The final patterned area of the gold

nanograting covered approximately 1.2 x 1.2 mm? on each chip.

3.2.3 SPR-Raman Experimental Set-up
SPR-Raman set-up in this study is briefly shown by the scheme in Figure 3. 7. A

white light source with Model 71ISW151 from Optics Focus has been used to excite
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the SPR sensor. This light source is equipped with Czerny-Turner optic configuration

and different wavelengths of light source can be obtained by controlling the 71SWS

spectrometer software. The light source with controlled wavelength will pass through

the polarizer to obtain p-polarized light. We use a convex lens and a pin hole to

control the shape and size of the beam that hits the surface of the grating chip. Finally,

the light reflected by the grating chip is measured for its intensity using a mono CCD

camera. At this stage, the reflectance intensity at each different incident angle is

measured automatically using the LABVIEW program on Computer 1.
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i
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L
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Figure 3. 7 Schematic diagram of the dual-mode SPR-Raman optical set-up. Figure
adapted from Ref. (Nurrohman et al., 2025), licensed under CC BY 4.0.

The Raman system used in this study uses a pre-configured Raman

Spectrometer System developed by StellarNet.Inc with a default wavelength of 785

nm. The probe in the Raman measurement is installed perpendicular to the grating

plane. The light scattered by the grating passes through the fiber coupler and the
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light with Raman scattering will be forwarded to the spectrometer and the data is
displayed by Computer 2. To experimentally explore the possibility of Raman signal
enhancement through SPR excitation, R6G was chosen as the test material.
Measurements will be performed under two different conditions: dry and in aqueous

(ag) conditions.

3.3 Results and Discussions

3.3.1 Reflectance curve and electric field distribution

The discussion in this part will begin by presenting the results of the investigation
viewed from a computational perspective. Two grating chips have been calculated
the reflectance curves and electric field profiles taken at 3 different wavelengths. The
sensing surface is air with a refractive index of ns=1. From the reflectance curves
shown in Figure 3. 8 (a) and Figure 3. 8 (b), the wavelength of the incident light has
a very significant effect on the resonance produced. For a chip with a grating period
of 400 nm (called S1 chip), the resonance angle shifts to a higher angle when the
wavelength of the incident light is increased to 700 nm.

A different phenomenon is shown by a chip with a grating period of 800 nm
(called S2 chip) where the resonance angle shifts to the opposite direction. What is
interesting is the presence of a minor resonance on S2 chip which has the same
position as the resonance angle on S1 chip (marked by the colored area). This minor
resonance in S2 reflectance spectra is increasingly clearly visible when the

wavelength of the incident light is 670 nm and 700 nm. From the results of the
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reflectance curve analysis, we suspect that there are two different types of

resonances generated by the grating chip.
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Figure 3. 8 SPR curves of (a) S1 and (b) S2 chips at different wavelengths. Electric field
distributions of (a) S1 and (b) S2 chips taken at resonance angles when excited with a
wavelength of 670 nm. Figure adapted from Ref. (Nurrohman et al., 2025), licensed
under CC BY 4.0.

To understand the physics phenomenon behind it, we study the resonance
that occurs from the analysis of the electric field distribution. Figure 3. 8 (c) and Figure
3. 8 (d) show the electric field distribution of both chips taken at their main resonance
angles. These two data were taken when the wavelength of the incident light was
670 nm. From the data shown, both display the same characteristics related to the
position of their highest electric fields. The highest electric fields on both chips are at
the grating corner. However, the S2 chip has a higher intensity which is > 13 V/m. In

addition, a new source of electric fields was found originating from the grating valley.
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On the S2 chip, the intensity is not too high. However, for the S1 chip, the electric
field originating from the grating valley spreads even its radius passes through the
grating corner. This field is predicted to be the main factor causing resonance on S1
chip. For S2 chip, the electric field originating from the grating valley is not too
dominant so that the resulting resonance is only a minor resonance. The high field in
the grating valley is predicted to cause cavity resonance. The shorter cavity width in
S1 chip has caused repeated reflections in the grating cavity and created a trapped
electromagnetic field. This effect becomes less pronounced when the valley width is

increased as is the case with the S2 chip.

3.3.2 Dispersion Curve Analysis and Reflectance Map
If in the previous study the resonance mode was analyzed based on the study of the
electric field, in this section we want to analyze it based on the SPR dispersion curve.

Resonance due to the SPR effect can occur when:

) 21 Re (&p)&s
— ’ _TmTS Eq. 3.3
konssm9+( )m + k e e) + 2 q

where k, is the wave vector of the free space, ¢, is the permittivity of the metal, and
& is the permittivity of the sensing surface. Since the type of sensor investigated in
this study uses the angle of incidence interrogation method, in the dispersion analysis
we calculate the wave vector at various angles which are 15°, 30°, and 45°.

Figure 3. 9 (a) and Figure 3. 9 (b) show the dispersion curves for S1 chip and
S2 chip. In both figures, the surface plasmon wave vector is shown by the black data.

From the four selected angles, in the case of S1 chip, the incident light wave vector
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never intersects with the surface plasmon wave vector. That means the resonance

phenomenon due to the SPR effect never occurs for a chip with this dimension.
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Figure 3. 9 Dispersion curves of (a) S1 and (b) S2 chips. (c) Reflectance map of 1D
nanograting chips excited with 670 nm wavelength and different grating periods. Figure
adapted from Ref. (Nurrohman et al., 2025), licensed under CC BY 4.0.

This is different from S2 chip where the incident light wave vector intersects
with the surface plasmon wave vector at an incident angle of 15°. At this angle, the
excitation energy is ~1.97 eV or a wavelength of ~628 nm. The results of this
dispersion analysis prove that the resonance that occurs in the S2 chip is caused by

the SPR effect. The resonance equation above can be simplified as:

1 Re (g)&s A
0 = si L —_— — L.
sin o\ |Ree) + e m+ Eq. 3.4
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By utilizing this equation, the diffraction order (m) can be determined by entering the
SPR angle, excitation wavelength, grating period, dielectric constant of the metal and
sensing surface. The calculation results show that the diffraction order at this
resonance angle is m = +1.

The analysis in the previous section shows that there are two different
resonances displayed by the grating chip. Therefore, the reflectance curves in the
range of grating period from 400 nm to 800 nm are calculated and we display the
results in the form of reflectance maps. In this study, the wavelength of the incident
light is 670 nm. The resonance angle in Figure 3. 9 (c) shows that the resonance
angle shifts to a smaller angle until finally at an angle of 0° when the grating period
is increased from 400 nm to about ~640 nm. In this period, a transition occurs which
initially has a cavity mode (CM) to a surface plasmon mode (SPM). This region is

called the cut-off period (A.,:—,rr) @and can be analytically determined by the equation

(W. Chen et al., 2014):

2mm

Acut—off = & Eq. 3.5

spp — kx
The cut-off period obtained is 644 nm. When compared, this value is smaller than the
excitation wavelength used, which is 670 nm. Therefore, the resonance observed on
the S1 chip can be identified as the cavity resonance mode (CM), while the
resonance on the S2 chip is the surface plasmon mode (SPM).

3.3.3 Grating characterization and resulting performance

Before the grating is measured for its SPR and Raman signals, characterization is

carried out to determine the surface profile and dimensions of the fabricated grating.
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To determine the surface profile of the grating, SEM characterization is carried out

and the SEM images for chips S1 and S2 in this study are shown in Figure 3. 10.
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Figure 3. 10 SEM image of (a) S1 chip and (b) S2 chip. Figure adapted from
Ref. (Nurrohman et al., 2025), licensed under CC BY 4.0.

After the grating chips were characterized, their reflectance spectra were
measured at various incident angles and wavelengths. The optical responses of S1
and S2 chips, which differ due to the variation of the incident wavelength, are
presented in Figure 3. 11. Both chips show a shift in the resonance angles consistent
with computational predictions. Specifically, S1 chip shows a shift to a higher angle
as the incident wavelength increases, while S2 chip shows a shift to a lower angle.
This trend confirms that the experimental results are in good agreement with the
simulation results.

However, there are still differences in the absolute positions of the resonance
angles between the experimental and simulation data for S1 and S2 chips. This
difference is mainly due to the differences in the actual refractive index values of the

chips and the refractive indices used in the simulations. Furthermore, the simulated
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gratings exhibit ideal and defect-free structures, while imperfections are inevitable in

the fabricated chips due to practical limitations in the fabrication process.
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Figure 3. 11 SPR curves of (a) S1 and (b) S2 chips from the experimental results.
Comparison of (a) FWHM and (b) dip strength of S1 chip and S2 chips at different
wavelengths. Figure adapted from Ref. (Nurrohman et al., 2025), licensed under CC BY
4.0.

The data in Figure 3. 11 (c) and Figure 3. 11 (d) are made to assess the quality
of the signal produced at each wavelength. There are two quantities used, namely
FWHM and dip strength. For S1 chip, a higher incident light wavelength results in a
wider FWHM of the reflectance curve. This indicates a degradation of the sensor
signal which means that the sensor accuracy is reduced. A different phenomenon is

shown by S2 chip where the sensor accuracy becomes better when the incident light
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wavelength is increased. If the signal quality is assessed from the dip strength, S2

chip which is excited with a wavelength of 700 nm also shows better quality.
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Figure 3. 12 The response of (a) S1 chip and (b) S2 chip when the sensor is excited with
700 nm incident wavelength and a different refractive index of the sensing surface. Linear
fitting curves of SPR resonance angle (c) S1 Chip (d) S2 Chip. Figure adapted from
Ref. (Nurrohman et al., 2025), licensed under CC BY 4.0.

To complete the study, the Figure of merit of the sensor is calculated by
considering the sensitivity (S) of each grating. The Figure of merit (FoM) can be

determined using the following relationship:

FoM = ( )x dip strength Eq. 3.6

FWHM

The sensitivity of the sensor in this study was obtained by testing the sensor on

different refractive indices of the sensing medium, namely air (ny, = 1), water (ng =
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1.33) and IPA (ny = 1.34). The sensitivity was obtained from the gradient value of the
linear fitting results with the x-axis indicating the refractive index of the sensing
medium and the resonance angle of the sensor indicated by the y-axis (X. Wang et
al., 2021).

The data in Figure 3. 12 shows the sensor response when excited with a
wavelength of 700 nm. Both chips, both S1 and S2 chips, show a linear response.
Where the higher the refractive index of the sensing surface, the higher the angle
shift that occurs. However, there is a difference in the direction of the resonance
angle shift. For S1 chip, the higher refractive index of the sensing surface causes the
resonance angle to shift to a smaller angle. Therefore, when the S1 chip is measured
at a lower wavelength, the resonance angle cannot be obtained. The smallest angle
that can be measured in this study is 5°. A smaller angle causes the light to be
blocked by the mono CCD so that it cannot hit the grating surface.

When comparing the same 700 nm wavelength, the fitting results indicate that
the sensor exhibits strong linearity. The sensitivity of the S1 chip is -83.84°/RIU with
a coefficient of determination (R?) of 0.998. In this context, the negative sign on the
sensitivity value indicates the direction of the resonance angle shift to a smaller angle.
For the S2 chip, the sensitivity is smaller, which is 83.81°/RIU with a coefficient of
determination (R?) of 0.997. However, when the Figure of Merit values are compared,
the S2 chip has a performance which is 3.23 times higher than the S1 chip.
Considering the Figure of Merit of the sensor, the S2 chip has been selected for

further investigation in Raman measurements.
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3.3.4 Effect of surface plasmon excitation on Raman signal

enhancement

The reflectance curve of the grating chip and its resonance modes have been
discussed in the previous section. In this section, the effect of surface plasmon
excitation on the Raman signal enhancement is investigated experimentally. To
determine the Raman signal enhancement that occurs, R6G has been chosen as a
standard material. This material is dissolved in deionized water to obtain R6G
solution with a concentration of 1 uM. The measurements were carried out in two
states, namely dry and aqueous (aq) states. For the Raman signal measured in a dry
state, the 10 uL of R6G solution was dropped on the grating surface and left to dry

naturally at room temperature.
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Figure 3. 13 (a) Raman signals on different substrates and treatments. (b) Comparison of
Raman peak intensity on Plane Au film with S2 chip with and without SPR system.
Figure adapted from Ref. (Nurrohman et al., 2025), licensed under CC BY 4.0.

Based on the experimental data shown in Figure 3. 13, the Raman signal of
R6G cannot be detected when the measurement was carried out under dry
conditions. The resulting spectrum is dominated by high noise without the

appearance of identifiable characteristic peaks of R6G. In contrast, under aqueous
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conditions, the spectrum shows distinct peaks of R6G, and the vibrational modes of
each peak have been summarized in Table B2 in Appendix B. In this study, the
Raman spectrum of R6G obtained using a fiber optic Raman system showed different
results compared to the R6G spectrum widely reported in the literature. This
difference is mainly due to the type of Raman system used and the experimental
conditions applied. A more detailed explanation of this can be found in Appendix B.

Raman measurements in this study were performed using a fiber probe-based
Raman system developed by StellarNet Inc. Unlike the micro-Raman system which
has a very small focal spot (~1 ym diameter) (Foucher, 2022)(Novak et al.,
2016)(Jung et al., 2022), the fiber-based system developed by StellarNet Inc has a
much larger focal spot, around 250 ym (Artemyev & Shatskaya, 2022), with a focal
depth of around 1 mm (StellarNet, 2025). This large focal volume allows the excitation
of a much larger number of molecules in solutions, even at low concentrations,
thereby significantly increasing the Raman signal intensity. Based on the relationship
in Eq. 3. 2 below, the Raman intensity and the number of molecules (N) involved in
the focal volume can be described by the basic Raman intensity equation:

da\?

Ip o I,u*N (%)

From this equation, the number of molecules (N) excited by the laser light is an
important factor in determining the strength of the detected Raman signal. Therefore,
when the measurement is carried out in a liquid medium, where the molecules are
homogeneously distributed and fill the focal volume, the Raman signal tends to be

stronger. On the contrary, in dry conditions, the number of R6G molecules attached
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to the surface becomes very limited and uneven. This causes a decrease in the
number of N in the large focal volume of the fiber system, so that the signal intensity
becomes very low or even undetectable.
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Figure 3. 14 Electric field distribution on the S2 grating chip under 785 nm excitation,
comparing two sensing media: (a) air and (b) water. The presence of water enhances the
local electric field intensity near the grating surface compared to air.
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In addition to the above factors, the optical properties of the sensing medium
also affect the efficiency of Raman excitation. Based on the results of the electric field
simulation on the grating chip, it was obtained that the sensing medium in the form
of water produces a higher local electric field intensity compared to air (Figure 3. 14).
On the grating chip excited by a laser with a wavelength of 785 nm, the highest fields
when the sensing media were air and water were 2.46 V/m and 3.29 V/m,
respectively. This stronger local field supports the enhancement of molecular
excitation and contributes directly to the enhancement of Raman intensity in liquid
conditions.

To determine the effect of grating on Raman signal enhancement, Raman
spectra of planar Au chips were also measured in this study. In aqueous conditions,
the R6G peak can be identified on the planar Au chip when the Raman power (Prs)
used is 65 mW. The R6G peak becomes more clearly visible when the Raman power

is increased to 105 mW. The presence of grating has also been shown to significantly
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enhance the Raman signal. For the S2 chip with a Raman power of 65 mW, its
Raman intensity has an intensity that exceeds the Raman signal intensity of the
planar Au chip with a power of 105 mW. These experimental data indicate that the
presence of grating has a positive contribution to Raman signal enhancement. In fact,
the Raman signal can still be further enhanced when measurements are made at the
SPR resonance angle. We summarize the comparison of Raman intensity in each
different measurement mode in Figure 3. 13 (b).

Furthermore, it is important to note that despite using laser powers up to 105
mW, no thermal damage or burning of the sample was observed during the
measurements. To confirm this, repeated measurements were performed and no
Raman signal instability was encountered during the experiments. This is because
the macro-Raman system used in this study has a relatively large spot size (~250
pgm) and a deep penetration depth (~1 mm), which significantly reduces the power
density on the sample. Furthermore, the measurements were performed under
aqueous conditions within the microchannel, allowing the surrounding liquid medium
to act as an effective heat sink and efficiently remove heat from the irradiated area.
These factors together minimize the risk of burning and ensure stable Raman
measurements even at higher laser powers.

To explore the effect of SPR excitation on Raman signal enhancement, Raman
measurements were performed simultaneously at three different SPR excitation
wavelengths. At each wavelength, the measurements were performed exactly at its
resonance angle. The measurement results are shown in Figure 3. 15, which shows

the Raman spectrum and the intensity of its dominant peaks. Based on the Raman
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intensity data in Figure 3. 15 (b), most of the Raman peaks increase with increasing

SPR excitation wavelength. This increase is most obvious in the Raman peak at 812

1

cm™, which shows the highest intensity when excitation is performed at a wavelength

of 700 nm. This phenomenon is thought to be closely related to the enhancement of

the local electric field generated by the SPR resonance mode at higher wavelengths.
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Figure 3. 15 (a) Raman signal enhanced by SPR phenomenon with different excitation

wavelengths (b). Comparison of Raman peak intensities of chips excited with different

SPR wavelengths. Figure adapted from Ref. (Nurrohman et al., 2025), licensed
under CC BY 4.0.

Theoretically, the Raman signal enhancement on the grating chip can be
explained by a combination of electric field analysis from FDTD simulation results,
diffraction phenomena, and SPR excitation mechanisms. Based on the simulation
results shown in Figure 3. 16 (a), the electric field on the plane Au film (without a
grating pattern) shows a relatively homogeneous distribution, with non-localized field
around the surface of plane Au film chip. At a Raman excitation wavelength of 785
nm, the maximum peak electric field intensity is only ~1.97 V/m. This result indicates
that the planar structure does not have an efficient coupling mechanism to enhance

the electric field locally. As a result, its contribution to the Raman signal enhancement
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is very limited. This limitation is caused by the failure to fulfill the momentum matching
condition required to induce the surface plasmon mode, due to the absence of
additional momentum components in the tangential direction as provided by the
grating structure.
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Figure 3. 16 Electric field profiles of (a) flat gold film and (b) S2 grating chip when excited
at a wavelength of 785 nm with incident light perpendicular to the chip.
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In contrast, in Figure 3. 16 (b), the electric field is mapped on the surface of
the chip grating excited with a wavelength of 785 nm in a perpendicular or normal
incidence configuration. Although there is an increase in the electric field intensity
compared to the planar structure, reaching a maximum value of 3.29 V/m, the
resulting electric field distribution looks uneven and forms a more complex and
fluctuating pattern around the grating relief. This increase does not originate from the
SPR excitation but rather is caused by the diffraction effect produced by the periodic
structure of the grating. At an incident angle of 0°, the tangential component of the
light wave vector is insufficient to meet the momentum matching requirements
required to induce surface plasmon polaritons. As a result, plasmon resonance

cannot be formed efficiently. This is supported by the calculation results based on
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the diffraction coupling model, which is described by Eq. 3. 3. By entering the
refractive index of gold at the Raman excitation wavelength of 785 nm, which is
0.14891 + 4.783i, the refractive index of the medium on the grating surface is 1.33,
the grating period is 800 nm, then the resonance condition is achieved when the
incident angle is ~25.24° and the diffraction order m is +1. Therefore, when the
excitation is performed at an angle of 0°, as in this simulation, then the momentum
matching does not occur, which causes the SPR mode not to form. As a result, the
intensity of the generated electric field remains at a moderate level and the formation

of hotspots becomes less than optimal.

y(nm)
y(nm)

y(nm)

Figure 3. 17 Electric field profiles of the S2 grating chip excited at different SPR
wavelengths, each at its resonance angle: (a) 633 nm, (b) 670 nm, and (c) 700 hm.
Figure adapted from Ref. (Nurrohman et al., 2025), licensed under CC BY 4.0.

Compared with the Raman signal without SPR excitation, the data in Figure 3.
13 (a) show that the Raman spectrum measurement carried out simultaneously with
the SPR excitation results in a significant increase in the Raman signal intensity.

Therefore, to further understand the effect of the SPR excitation wavelength on this
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Raman enhancement phenomenon, the electric field profile analysis was carried out
for three different SPR excitation conditions. The simulation results are shown in
Figure 3. 17. The electric field profiles shown by the three different wavelengths show
that the local electric field is concentrated on the grating corner which is very different
from the electric field profile of the grating chip when excited with a wavelength of
785 nm in the previous discussion. The SPR resonance mode causes light to be
effectively absorbed by the chip more optimally, reducing the diffraction effect and
strengthening the local grating field. The peak values of the electric field when excited
with wavelengths of 633 nm, 670 nm and 700 nm are 10.8 V/m, 13.29 V/m, and 13.40
V/m, respectively. This field enhancement is an indication of successful SPR
excitation, which occurs when the tangential component of the incident wave vector
satisfies the momentum matching condition with the plasmon wave at the metal-
dielectric interface.

The Raman intensity enhancement can be explained by the local electric field
enhancement mechanism, which is quantitatively expressed in the equation

(Yamamoto et al., 2014)(Hardy & Goldberg Oppenheimer, 2024):

|Eloc(wL)|2|Eloc(wR)|2
2
|Miotarl™ = Epc]® Eq.3.7

Here E,,. indicates the local electric field concentrated due to the presence of
nanostructures, at the laser frequency (w;) and Raman band (wg), while Ej,. is the
incident electric field in the absence of nanostructures. In the context of this study,
although the Raman excitation and SPR excitation come from two different light

sources, the local electric field hotspots caused by both excitations are at the same
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location, namely at the grating corner. SPR excitation plays a dual role in enhancing
the Raman process: first, by increasing the excitation field E;,.(w,) because SPR
produces a very strong localized field around the metal surface; and second, by
enhancing the Raman emission field E;,.(wg), because the local field also affects the
efficiency of the Raman signal emission. The high local field allows for increased
interaction between the electromagnetic field and the target molecules adsorbed on
the surface, thereby significantly increasing the probability of Raman scattering. This
field is concentrated around the grating surface, amplifying both the excitation and
emission processes, ultimately leading to an enhancement of the Raman signal.

If the Raman signal enhancement on different substrate and SPR excitation
wavelengths are compared quantitatively where the Raman intensity of the plane Au
film substrate (denoted as Irs) is compared with the intensity of the 1D nanograting
chip without SPR excitation (Isers) and with SPR excitation (Isers+spr). At a Raman
shift of 812 cm™, the 1D nanograting chip shows a Raman intensity enhancement of
2.03 times compared to the plane Au film substrate. More interestingly, when SPR
excitation at a wavelength of 700 nm is used, the Raman peak intensity increases
significantly to 3.03 times the initial value. This finding confirms the superiority of the
1D nanograting structure combined with SPR excitation in amplifying the Raman
signal, while opening up great opportunities for the development of dual-mode
biosensors that are not only able to improve the sensitivity of analyte quantification
but also provide specific spectral information as a molecular fingerprint of the

detected target.
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3.4 Conclusions

This study investigates different resonance modes in 1D nanograting chips through
both computational and experimental approaches. Among the two grating periods
examined, the 400 nm period chip displays a cavity mode, while the 800 nm period
chip exhibits an SPR mode. Comparing the FoM of both chips, the 1D nanograting
chip with an 800 nm period shows a 3.23-fold higher FoM than the 400 nm period
chip. The findings also demonstrate that the Raman signal intensity can be enhanced
by adjusting the incident angle and SPR excitation wavelength. Integrating SPR and
Raman techniques leverages complementary advantages, making it crucial for

advancing high-performance sensor development.
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Chapter 4

Computational Insights into MoS; and WS; -
Based Non-Metal Lossy Mode Resonance
Sensors: Achieving Wider Dynamic Range
and High Sensitivity

4.1 Introduction

4.1.1 Working Principle of LMR Sensors

LMR and SPR-based biosensors are two technologies that utilize optical resonance
phenomena to detect refractive index changes on the sensing surface. Both types of
sensors can be excited using a prism or optical fiber as a coupling medium, as shown
in Figure 4. 1. In LMR sensors coupled with a prism, ATR principle with a
Kretschmann configuration is used to generate resonance (Shen et al., 2024).
Detection mechanism of LMR sensors with this coupling medium can be done
through resonance shifts in the incident angle or wavelength (Y. Zhang et al.,
2022)(Villar et al., 2017), while in LMR sensors coupled with optical fibers, the
investigation mode is generally carried out by analyzing the shift in the transmission

wavelength (Semwal & Gupta, 2020)(Prieto-Cortés et al., 2019).

74



Chapter 4 Devi Taufiq Nurrohman

K Sample (&) \

Thin film
waveguide (&) /
\
s : Reflected output
Kretsmans Lp/s pol input light )
configuration S 2 ) /-
o ]
Q o
© ®
O, Ks}
é‘i Prism (&5) é‘i
Aor@ Aoré@

) X input light Transmitted output
Opticalfiber 5 s B 5
configuration 2 ample (&) 3

e Q
3 Thin film 8
g waveguide (&) : g
/] \) N\ l

K Optical fiber (&3)

Figure 4. 1 Set-ups for LMR and SPR generation.

J

In principle, the main difference between LMR and SPR biosensors lies in the
type of transducer material used to generate resonance. In SPR biosensors,
resonance occurs due to the excitation of surface plasmon waves at the interface
between the metal and the dielectric material. To trigger the SPR phenomenon, the
real part of the dielectric constant of the transducer material must be negative,
indicating a small real refractive index and a relatively high imaginary component
(Kaur et al., 2014). These properties are generally possessed by metals such as gold,
silver, and aluminum (Mishra & Mishra, 2016)(Lambert et al., 2020).

Unlike SPR sensors that can only be excited by p-polarized light, LMR sensors
can be excited by p- and s-polarized light. The transducer in an LMR sensor does

not require special metal properties as in SPR, thus allowing the use of various

75



Chapter 4 Devi Taufiq Nurrohman

alternative materials, such as metal oxide (Usha et al., 2018), polymers (Letko et al.,
2024), and 2D materials (Qiu et al., 2021). Resonance in LMR sensors is caused by
energy dissipation in the lossy layer and this type of sensor can be excited using
materials that have permittivity with positive real values (Sicacha et al., 2021). Based
on the parameters defined in Figure 4. 1, LMR can be generated simply if the
following four conditions are met: (1) Re (&;,) > 0, (2) Re (&) > Im (&), (3) Re(ey) >

n,2, (4) Re(g,) > n3?(H. Wang et al., 2022).

LMR

Permittivity of ITO
=

500 1000 1500 2000 2500 3000
Wavelength (nm)

Figure 4. 2 Real and imaginary parts of dielectric constant of ITO as a function of
wavelength Reprinted with permission from (H. Wang et al., 2022), Optical Society of
America.

To understand how SPR and LMR are excited, consider the ITO dispersion
curve shown in Figure 4. 2. The SPR condition in ITO can be observed in the
wavelength range of around 2500-3000 nm, depending on the ITO structure (film
thickness, deposition method, and material quality) while the LMR condition can be
observed in the wavelength range of around 500-1200 nm. The differences in

material characteristics and excitation mechanisms open up the potential for wider
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applications of LMR sensors, especially in detecting refractive index variations in

complex and diverse environments.

4.1.2 Literature Review Related to LMR Sensors Development

LMR Sensor was first demonstrated by Villar et al in 2010 (Villar et al., 2010). The
first investigation was conducted on fiber optic based LMR sensor with ITO as lossy
layer. The LMR sensor in this study used the transmission wavelength shift
investigation mode with the setup shown in Figure 4. 3. LMR signals with different
ITO thicknesses of 115 nm and 220 nm were investigated in this study and from the
data shown in Figure 4. 3 (b), the ITO layer with a higher thickness showed a smaller
LMR sensor sensitivity. In 2015, Villar et al also investigated an LMR sensor coupled
with a prism (Villar et al., 2015). This study measured the reflectance of the ITO lossy
layer in the wavelength range of 500 nm to 2000 nm. The results of the investigation
showed that the properties of ITO allow the acquisition of LMR and SPR using the
same experimental setup.

Although LMR sensors offer greater flexibility with the use of more diverse
materials, this type of sensor is still less popular compared to SPR sensors. In fiber
optic-based LMR sensors, more significant developments have been achieved
compared to prism-based LMR sensors, where lossy materials such as ITO (Lopez
et al.,, 2011), In,O; (Zamarrefio et al,, 2010), Aluminum doped zinc oxide (AZO)
(Ozcariz, Pifa-Azamar, et al., 2019), TiO, (Tien et al., 2018), indium-gallium-zinc
oxide (IGZO) (Ozcariz, Dominik, et al., 2019), and Copper Oxide (CuO) (Ozcariz,

2018) have been successfully investigated experimentally. For prism-based LMR
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sensors, the progress achieved so far has not been too significant because several
research results show that LMR sensors coupled with prisms exhibit low sensitivity

and limited dynamic range.
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Figure 4. 3 (a) ITO-coated optical fiber sensor setup (b) LMR Experiment Results with
115 nm and 220 nm ITO. Adapted with permission from Ref. (Villar et al., 2010),
copyright IEEE.

One approach that can be used to optimize the performance of LMR sensors
coupled to prisms is to add a matching layer placed between the lossy layer and the
coupling medium. This layer is designed to match the refractive index between the
core or waveguide substrate (such as BK7 glass or silicon) and the lossy layer. The
refractive index and thickness of the matching layer affect the light coupling between
the evanescence wave and the lossy mode in the lossy layer which will affect the

quality of the resonance curve and its field distribution (Shen et al., 2024).
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Saini et al. developed an LMR sensor by utilizing a transducer consisting of
LiF as a matching layer and ZnO as a lossy layer to detect sucrose (R. Saini et al.,
2020). The investigation mode in this study used the incident angle shift mode with
the experimental setup shown in Figure 4. 4 (a). The thickness of LiF and ZnO in this
study has been optimized and the highest sensitivity produced in this study was only
61.92°/RIU when excited with p-polarized light and 68.8°/RIU when excited with s-

polarized light.
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Figure 4. 4 LMR sensors investigated by (a) Saini et al. and (b) Qiu et al. Adapted with permission from
Ref. (Qiu et al., 2021)(R. Saini et al., 2020), copyright Springer and IEEE.

Laser source

A different structure has been developed by Qiu et al. by utilizing Cytop and
PtSez (Qiu et al., 2021). The investigated structure is shown in Figure 4. 4 (b) and the
optimized LMR sensor was finally tested over a refractive index range from 1.33 to
1.342. The computational results in this study indicate that the sensitivity of the LMR

sensor built from Cytop and PtSez is only 37.57°/RIU.

4.1.3 Research Gap and Objective
In SPR biosensors, gold is still considered the most suitable material due to its high

resistance to oxidation and corrosion, as well as its good chemical stability. However,
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the gold surface has limited biomolecule adsorption capacity, which can limit the
sensitivity of the biosensor. One strategy to increase sensitivity is to add high
refractive index materials such as graphene, TMDs, black phosphorus (BP), and
MXene to the metal surface. These 2D materials have several advantages that are
beneficial to the performance of SPR biosensors, including a high surface area to
volume ratio, which allows more efficient biomolecule adsorption than gold (Szunerits
et al., 2013). In addition, the presence of 2D materials in silver or copper-based SPR
biosensors also functions to protect the transducer layer from oxidation
(Scardamaglia et al., 2021)(Kravets et al., 2014), allowing the use of alternative
metals such as silver, copper, and aluminum as plasmon-active interfaces. Another
advantage is the very thin thickness of the 2D material, which allows control of the
sensitivity of the SPR biosensor down to the atomic scale.

Although the incorporation of 2D materials can enhance the sensitivity of SPR
biosensors, it often comes at the cost of sensor accuracy due to the broadening of
the resonance curve (FWHM), which arises from the absorptive nature of these
materials (Y. Wang et al., 2022)(Y. Wang et al., 2024). To address this limitation,
increasing attention has been directed toward LMR-based sensor platforms, which,
in contrast, exploit local electromagnetic losses to generate resonance modes (B. Li
et al., 2025). In this context, materials such as MoS, and WS, are particularly
promising, as they are capable of producing sharp and stable resonance modes
without relying on noble metals. These materials possess high complex refractive
indices, enabling strong coupling between optical modes and the material layers

(Chiavaioli & Janner, 2021)(Akila et al., 2024).
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The optical properties of TMDs are dominated by excitons. Therefore, these
materials have high refractive indices and absorb light strongly at excitonic
resonances as demonstrated in the study by Xu et al (Xu et al., 2019). According to
Liu et al., MoS; and WS, exhibit high real refractive indices (n ~ 5) in the visible range
(H. L. Liu et al.,, 2020). These high dispersion values and significant absorption
characteristics are crucial for supporting resonance conditions in LMR sensors.
Similar to other 2D materials, MoS, and WS, can be utilized in either monolayer or
multilayer forms, allowing precise control over the thickness of the active layer, which
is a critical factor in determining the position and quality of LMR resonances.
Moreover, in comparison to black phosphorus (BP), which is highly reactive in
ambient conditions, MoS, and WS, offer superior chemical and thermal stability,
making them more suitable for long-term use in practical environments (Bahri et al.,
2024). Both surfaces are also readily chemically functionalized, allowing specific
adjustment to sensing targets. Functionalization strategies for these materials
typically fall into two main categories: non-covalent interactions such as Van der
Waals force, hydrogen bonding, and hydrophobic interactions and covalent
interactions, including gold sulfhydryl bonding, sulfur vacancy engineering, and m —
m coordination covalent bonding (Seo et al., 2020)(Sun et al.,, 2022). These
approaches not only enhance the specificity and sensitivity of LMR sensors but also
expand the applicability of MoS, and WS, in real-world biosensing scenarios,
including in harsh or oxidizing environments where stability is critical.

Although several studies have reported LMR sensor configurations with

various material combinations, the performance achieved still shows limitations in
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terms of dynamic range and sensitivity. In Table 4. 1, the widest dynamic range of

the LMR sensor only starts from 1.33 to 1.45. In addition, cytop and TMD-based

configurations with cytop thicknesses between 1000 and 2500 nm only achieve a

maximum sensitivity of 50.4°/RIU, lower than the LiF/ZnO configuration which is able

to reach 68.8°/RIU. Therefore, further optimization of the selection of matching and

lossy layer materials, as well as appropriate adjustment of the layer thickness, is

required.

Table 4. 1 Comparison of LMR sensor sensitivity with different coupling methods and structures

Structure Polarization Dynamic range Sensitivity Ref.
Coupling method: Prism
BK7/Cytop/PtSe2 p-pol 1.33 —1.342 37.57°/RIU (Qiu et al., 2021)
BK7/Cytop/TMDs s-pol 1.33-1.335 50.4°/RIU (Wu et al., 2019)
BK7/Cytop/BP s-pol 1.33-1.38 67°/RIU (Wu et al., 2018)
p-pol 1.33-1.38 60°/RIU
BK7/[silicon/graphene]® p-pol 1.33-1.40 35.29°/RIU (Maurya et al., 2018)
BK7/LiF/ZnO s-pol 1.33-1.45 61.92°/RIU (R. Saini et al., 2020)
p-pol 1.33-1.45 68.8°/RIU
Coupling method: FO
SnO:2 p-pol 1.3333 -1.3525 3.40 nm/vol% (Prasanth et al., 2021)
ITO p-pol 1 ug/L -500 mg/L - (Chiavaioli et al., 2018)
ZnO/polypyrrole NA 0 to 10-6 g/ml 6.47 nm/gml'  (Gupta et al., 2016)
ITO NA 50 — 700 ppb 4.40 pm/ppb  (Dominguez et al., 2023)

This research was conducted computationally to develop an LMR sensor with

a wider dynamic range and higher sensitivity. The materials used include Cytop and

MgF, as matching layers, and MoS, and WS, as lossy layers. The sensor

performance evaluation was carried out numerically using the transfer matrix method
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by considering various parameters, such as polarization and wavelength of incident
light. Unlike previous studies that generally used matching layer thicknesses above
1000 nm, in this study the effect of matching layer thickness was analyzed in more
depth through reflectance contour maps in the thickness range of 0 to 1200 nm. The
optimized LMR sensor was then tested in the refractive index range of 1.331-1.5 and
compared with the SPR sensor in terms of dynamic range, sensitivity, signal quality,
and penetration depth. It is expected that the optimized LMR sensor can show
superior performance and become an innovative alternative to replace the SPR
sensor which is highly dependent on gold, thus supporting more precise, stable, and

inexpensive optical detection.

4.2 Simulated LMR Chip Details

The LMR sensor investigated in this study was designed for a wide dynamic range.
Initial testing was conducted at refractive indices ranging from 1.33 to 1.401, the
highest values observed for cancer cells, as shown in Table 4. 2. Subsequently, the
dynamic range of the LMR sensor was compared to that of the SPR sensor at an
extended refractive index of up to 1.5. This refractive index is possessed by many
proteins as discussed in Chapter 2. Sensors with a broad dynamic range are widely
utilized in optical sensing experiments, particularly those involving various biological
fluids such as plasma, serum, urine, and organic solutions (Rupert et al., 2018). This
approach enhances the sensor’s ability to detect a wide range of analytes with high

accuracy while maintaining sensitivity at higher refractive indices.
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As shown in Figure 4. 5, the LMR sensor investigated in this study consists of
lossy layers, specifically MoS2 and WS2, and is optimized with a matching layer of
either Cytop or MgF2. This study focuses on evaluating and comparing the
performance of LMR sensors using these matching layers in combination with
different 2D materials as lossy layers. The investigation begins by determining the
optimal thickness of both the matching layer and the 2D material to achieve a sharp
resonance dip. To ensure practical feasibility, the maximum number of 2D material
layers examined was set to 30, based on the fabrication results reported by Dhar et

al. (2020) using the laser ablation method (Dhar et al., 2011).

Table 4. 2 Refractive Index Comparison Between Healthy and Cancerous Cells (Yasli, 2021)(Parvin et

al., 2021)
Cancer Type Cell Type Normal Cell Cancer affected cell
Refractive Index
Skin Basal 1.360 1.380
Cervical Hela 1.368 1.392
Blood Jurkat 1.376 1.390
Adrenal Gland PC12 1.381 1.395
Breast MDA-MB-231 1.385 1.399
Breast MCF-7 1.387 1.401

Regarding the refractive index of the material used during the computation
process, the BK7 prism has been selected as the optical component of the LMR
sensor with the refractive index at different wavelengths determined based on the

following equation (Y. Jia et al., 2019):

_ (1039612122 02317934427 1039612120° 1z Eq. 4. 1
"BK7 =\ 22 = 0.00600069867 12 — 0.0200179144 * A2 — 103.560653
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On the surface of the prism, a matching layer of Cytop or MgF, is applied, with
refractive indices of 1.33 and 1.38, respectively (C. Chen et al., 2014)(Nurrohman &
Chiu, 2024b)(Y. Lu et al., 2022). This matching layer can then be coated with MoS,
or WS,, whose refractive indices are referenced from the study by Hsu et al. (2019)
(Hsu et al., 2019). A key advantage of these 2D materials lies in their atomic-scale
thickness, allowing for precise optimization of the LMR chip's performance by
adjusting the number of layers. Specifically, the monolayer thicknesses of MoS, and

WS, are 0.65 nm and 0.8 nm, respectively.

Input Qutput

MoS, or WS, N Ch"’"‘ W Microfluidic

‘- BK7 prism

Cytop or MgF,

CCD/detector

Polarizer

Laser source

Figure 4. 5 The LMR sensor investigated in this study.

To predict the reflectance curves generated by LMR chips with different
matching layer thickness, lossy layer and wavelength, the transfer matrix method has
been used. Details related to the equations in the transfer matrix methods are shown
in Appendix C. After optimization, the LMR signal quality is then evaluated based on
several parameters, including minimum reflectance, FWHM, dip strength, sensitivity,

and dynamic range of the sensor. The best performing LMR sensor is then tested in
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the refractive index range of 1.33 to 1.5, and its performance is compared with the

SPR sensor to assess its superiority.

4.3 Results and Discussions

4.3.1 Effect of polarization and wavelength on LMR signals

In some cases of LMR biosensors, the thickness of the matching layer is usually
investigated at a thickness of ~1000 nm. Therefore, in the initial stage of our
investigation we investigated the effect of different thicknesses of MoS2 and WSz on
the LMR chip built with 1000 nm Cytop. In addition, the resonance dip that is the
focus of this paper is the resonance dip that exists after the critical angle (6,.) which

can be mathematically determined by the Snell equation, namely:

6, = sin~ <E> Eq. 4.2
Ny

In this case, n, and n,, denote the refractive indices of sensing medium (water) and

prism, respectively. From this equation, the critical angle is around ~61.54°.
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100.0 i 100.0
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58 59 60 61 62 63 64 65 58 59 60 61 62 63 64 65

Incident angle (deg) Incident angle (deg)
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Figure 4. 6 Reflectance contour of (a) MoS2 and (b) WS> based LMR sensor with 1000
nm Cytop and excited with 633 nm wavelength.
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Figure 4. 6 shows the reflectance contours that illustrate how the thickness of
MoS2 and WS:, affects the reflectance curve of the LMR biosensor. From the contours
shown, it can be seen that for LMR sensors with p-polarized light, the resonance
angle begins to be identified when the thickness of MoS2 is ~6 nm. In addition, thicker

MoS2 and WSz layers have resulted in higher resonance angles.
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Figure 4. 7 Reflectance curves of (a) MoS; and (b) WS> based LMR sensors excited at
633 nm wavelength. Reflectance curves of (¢c) MoS:> and (d) WS, based LMR sensors
excited at 670 nm wavelength.

To prove the contour analysis above, the reflectance curve of LMR sensor with
1000 nm Cytop and different number of 2D material layers was performed. The

results obtained are shown in Figure 4. 7. In this section, optimization is performed
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where the minimum reflectance (R,,;,) at the resonance angle must be made as small
as possible to obtain a good signal. From the data shown, for a chip excited at a
wavelength of 633 nm, the chip with the smallest reflectance dip occurs when the
number of MoS2 and WS: layers is 25 and 28 layers, respectively. A different thing
happens when the wavelength of the incident light is changed to 670 nm. More layers
are needed to achieve optimum conditions. Even for WS:2 chips, the reflectance at

the resonance angle is only 64.09% when the number of WS: layers is 30 layers.

Table 4. 3 Refractive index of 2D materials (MoS2 and WS5) and their n/k ratio at two different

wavelengths
Refractive Index
Materials Wavelength n/k ratio
n=n+ik
633 nm 4.91 + 1.06i 4.63
MoS:2
670 nm 5.44 + 0.572i 9.51
633 nm 5.06 + 0.23i 22.00
WS>
670 nm 4.72 + 0.03i 157.33

The refractive index of a material is composed of the real part denoted by n
and the imaginary part denoted by k. If the LMR properties are related to the
refractive index of a 2D material then for the same thickness of the 2D material, a
higher n/k ratio will produce a resonance with a higher minimum reflectance intensity.
From the data shown in Table 4. 3, the optimum condition of the MoS2-based LMR
sensor with a wavelength of 633 nm is when the chip has 25 MoS: layers. In this
condition, the n/k ratio is 4.63. When the excitation wavelength is changed to 670
nm, the reflectance intensity at the resonance angle increases from the initial 0.05%
to 19.23%. This characteristic is more clearly observed in the WS2-based LMR

sensor where at a WSz thickness of 30 layers, the minimum reflectance increases
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from the initial 4.80% at a wavelength of 633 nm to 64.09% at a wavelength of 670

nm.
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Figure 4. 8 Reflectance contour of LMR sensor with s-polarized light. (a) MoS; based (b)
WS: based. Reflectance contours of (c) MoS: and (d) WS chips excited at two different
wavelengths.

With the same technique, contour analysis was performed to LMR biosensor
with s-polarized light. Different thicknesses of cytop were varied up to 1000 nm
thickness on LMR chip with monolayer of 2D material. The results obtained are
shown in Figure 4. 8 (a) for MoS2-based LMR sensor and Figure 4. 8 (b) for WS2-
based LMR sensor. From the contours shown, the resonance dip begins to form
when the thickness of cytop is ~250 nm. If the optimization is carried out with the
same criteria as the previous investigation, the optimum conditions of MoS2-based

LMR sensor with 250 nm cytop are 3 layers and 4 layers when the sensor is excited
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with 633 nm and 670 nm wavelengths. For the WS2-based LMR sensor, the optimum
condition is 5 layers of WS2 when the sensor is excited with a wavelength of 633 nm
and 6 layers of WS2 when the sensor is excited with a wavelength of 670 nm.

In short, the LMR signal excited with s-polarized light has the same
characteristics as the LMR sensor excited with p-polarized light. A higher n/k ratio
results in a higher damping effect and minimum reflectance. In both investigation
results of LMR sensors with p- and s-polarized light, the LMR sensor chip with a
smaller n/k ratio on the 2D material can produce resonance with a fewer number of
2D material layers.

MoS, and WS, are 2D transition metal dichalcogenides (TMDs) materials with
extraordinary optical properties and most of their optical properties are dominated by
excitons which are bound electron-hole pairs. This fact makes MoS2 and WS:2 very
interesting to be developed in various future technology products based on excitons.
Therefore, to determine the contribution of excitons to the optical response of the
LMR sensor, the absorbance of the LMR sensor at different wavelength and its
relationship with the incident angle was carried out. For the LMR sensor with p-
polarized light is represented by the LMR sensor with 1000 nm cytop and 25 layers
of MoS2 while for the LMR sensor with s-polarized light is represented by the LMR
sensor with 250 nm cytop and 5 layers of WSo2.

Figure 4. 9 (a) presents two prominent absorption peaks corresponding to the
wavelengths of A and B excitons in MoS,. As the incident angle increases from 0° to
62.31°, the total absorption significantly rises, approaching near-perfect absorption.

Additionally, the absorption peaks exhibit a noticeable spectral shift. A similar trend

90



Chapter 4 Devi Taufiq Nurrohman

is observed in the LMR chip with a WS,-based lossy layer, as shown in Figure 4. 9
(b), where variations in the incident angle influence both the total absorption and the

resonance position.

Cytop (1000 nm)yMoS, (25L) a
1004 g=0 deg ( )
{—0=0_=6231deg

Cytop (250 nm)/WS, (5L) (b)

1004 6 =0deg

—0 =0, =68.97 deg

o]
o
"
[e+]
o
i

60 4

Total absorptance (%)
= =2}
o o

Total Absorptance (%)

[h*]
o
L

0 T T T T T T T T T T
400 450 500 550 600 650 700 400 450 500 550 600 650

Wavelength (nm) Wavelength (nm)

Figure 4. 9 Effect of wavelength and Incidence angle on the total absorbance of LMR
sensor. (a) MoS2-based sensor with p-polarized light (b) WS»-based sensor with s-
polarized light.

4.3.2 Signal quality of LMR biosensor

In the previous section, sensor optimization was performed based on the minimum
reflectance value. In this section, the signal quality of each LMR chip is assessed
based on the dip strength and FWHM. These two quantities are important parameters
that reflect the performance of the sensor.

Dip strength refers to the minimum depth of the resonance curve in the
reflectance spectra. This parameter refers to the difference in intensity between the
off-resonance baseline (in this context, the intensity at the critical angle) and the
minimum point on the resonance curve. Dip strength indicates the coupling efficiency
between light and the modes supported by the lossy layer. Related to FWHM, this

parameter relates to the width of the resonance curve at half the minimum dip depth.

91



Chapter 4 Devi Taufiq Nurrohman

A narrower FWHM indicates a sharp resonance and results in a sensor with better

resolution and accuracy.
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Figure 4. 10 Dip strength and FWHM of LMR sensor excited with (a) p-polarized light and
(b) s-polarized light.

The datain Figure 4. 10 shows the difference in dip strength and FWHM values
of the LMR sensor obtained from the optimization results in the previous section.
From the data displayed by the LMR sensor with p-polarized light (top), the LMR
sensor built from 1000 nm cytop and 28 layers of WS2 displays the highest dip
strength which reaches 97.83% compared to the other three configurations. This
configuration also displays a narrower FWHM compared to the MoS2-based LMR
sensor. Because the WS2-based LMR sensor excited with a wavelength of 670 nm
displays too shallow a dip strength, the LMR sensor for next investigation was the

WS2-based LMR sensor with an excitation wavelength of 633 nm.
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For LMR sensor with s-polarized light, the dip strength produced has a smaller
intensity compared to LMR sensor with p-polarized light. It means that LMR sensor
with p-polarized light shows better coupling effect. Of the four investigated structures,
the highest dip strength is possessed by the chip with 250 nm cytop and 5 layers of
WS:2 which reaches 86.19%. Compared with MoS2-based chip, LMR sensor with 5
layers of WSz also shows a not too wide FWHM. Therefore, this structure has been
selected to represent LMR sensor with s-polarized light to be tested at different

refractive index of sensing medium.

4.3.3 LMR and SPR response at different refractive indices

In this study, the LMR sensor obtained from the optimization results will be tested for
signal quality at different sensing medium refractive indices. Initially, the sensor will
be tested at the sensing surface refractive index ranging from 1.331 to 1.401. The
dynamic range of the LMR sensor is then compared with that of the SPR sensor over
an extended refractive index range up to 1.5. The compared SPR sensor is a
conventional chip composed of 2 nm Cr and 47 nm gold film.

Based on the sensor response shown in Figure 4. 11, the LMR sensor excited
with p-polarized light shows poor stability. This is indicated by a significant increase
in the minimum reflectance at the resonance angle as the refractive index of the
sensing medium increases. For example, the reflection intensity at the resonance
angle increases drastically from 2.17% (at a refractive index of 1.331) to 96.14% at

a refractive index of 1.401. The dip strength of the LMR sensor becomes shallower
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due to the higher refractive index of the sensing surface until it cannot be identified

when the refractive index of the sensing surface is 1.5.
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Figure 4. 11 Response of LMR sensor based on cytop as matching layer and excited with
(a) p-polarized light and (b) s-polarized light. Response of LMR sensor based on MgF> as
matching layer and excited with (c) p-polarized light and (d) s-polarized light.

Similar phenomena are also observed in sensors with varying Cytop layer
thicknesses, specifically 800 nm and 1200 nm, as shown in Figures D1(a) and D1(b)
in Appendix D. Notably, the dynamic range of the LMR sensor decreases with
increasing Cytop thickness. This effect is particularly evident in the sensor with a
1200 nm Cytop layer, where resonance dips can only be identified when the refractive
index of the sensing medium is < 1.385. Comparable behavior is also found when

the matching layer is replaced from Cytop to MgF:, as illustrated in Figures D1(c) and
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D1(d). In this configuration, the LMR signal still exhibits poor stability, marked by a
significant increase in minimum reflectance. Overall, LMR sensors excited with p-
polarized light demonstrate limited detection range and poor signal stability under
these configurations. Therefore, based on the computational results, such sensor
designs are not recommended for practical sensing applications.

In contrast, a different phenomenon was shown by the LMR sensor excited
with s-polarized light. This sensor, with both cytop and MgF2 matching layers, showed
better signal stability. The reflectance intensity at the resonance angle could be
maintained below 10%, and the resonance angle was still identifiable even though
the refractive index of the sensing surface was expanded to 1.5. Signal stability was
also observed in matching layers with different thicknesses, namely 200 nm and 300
nm. The optimum condition for the LMR sensor with a cytop thickness of 200 nm was
6 layers, while for a cytop thickness of 300 nm it was 4 layers, as shown in Figure D2
in Appendix D. These data indicate that the LMR sensor excited with s-polarized light
has better signal stability and wider dynamic range compared with the sensor excited
with p-polarized light. Therefore, the LMR sensor with this configuration is more
recommended for application in analyte sensing than the LMR sensor with p-
polarized light.

When compared with the quality of the SPR sensor, the data in Figure 4. 12
shows that the SPR sensor excited with a wavelength of 633 nm has poor signal
stability. This is indicated by an increase in the reflectance intensity at the resonance
angle when the refractive index of the sensing surface exceeds 1.377. Even at a

refractive index of 1.401, the reflectance intensity at the resonance angle increases
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by 50%. In contrast, the SPR sensor excited with a wavelength of 670 nm shows a
more stable signal, with the reflectance intensity at the resonance angle still being
maintained below 10%. However, when compared with the dynamic range of the
LMR sensor, the SPR sensor has a narrower detection range. Whether excited with
a wavelength of 633 nm or 670 nm, the resonance angle of the SPR sensor cannot
be identified when the refractive index of the sensing surface reaches 1.5. These
results indicate that the LMR sensor proposed in this study has better signal stability
and a wider detection range than the SPR sensor. Therefore, this LMR sensor has
great potential to be further developed in experiments as an alternative to SPR

sensors which are highly dependent on gold as their main transducer material.
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Figure 4. 12 Response of SPR sensor excited with wavelengths of (a) 633 nm and (b)
670 nm.

To complete this study, a comparison of the sensitivity and dynamic range of
the various sensor structures investigated by the authors is presented, as
summarized in Figure 4. 4. All compared configurations are based on the authors’
own simulation results. The data indicate that the structure incorporating a graphene

lossy layer exhibits both low sensitivity and a limited dynamic range. In contrast, the
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structure using MoS; as the lossy layer shows a comparable dynamic range for both
p- and s-polarized light excitation. However, it is important to note that the signal
quality of the MoSz2-based LMR sensor under p-polarized excitation demonstrates
poor stability. Overall, the WS,-based LMR sensor whether paired with MgF2 or
Cytop as the matching layer exhibits a wide dynamic range, extending up to a
refractive index of 1.5, along with higher sensitivity. These characteristics suggest
strong potential for further development and validation through experimental

implementation.

Table 4. 4 Summary of the dynamic range and sensitivity of various LMR sensors that have been
investigated by author.

Sensitivity
Structure Polarization Dynamic range Ref
(°/RIU)

BK7/MgF2/Graphene s-pol 1.331-1.385 66.17 (Nurrohman & Chiu, 2024a)
BK7/MgF2/MoS:2 s-pol 1.331 - 1.401 70.37 (Nurrohman & Chiu, 2024a)
BK7/Cytop/MoS:2 s-pol 1.331-1.401 72.13 (Nurrohman & Chiu, 2024b)
BK7/Cytop/MoS:2 p-pol 1.331 -1.401 70.67 (Nurrohman & Chiu, 2024b)
BK7/MgF2/WS2 s-pol 1.331-1.5 106.38 This work
BK7/Cytop/WS: s-pol 1.331-1.5 98.19 This work

4.3.4 Penetration depth of LMR and SPR sensors

In addition to dip strength and FWHM, another parameter that can be used to assess
the performance of the LMR sensor is the penetration depth. This parameter is very
important to ensure that the electromagnetic field can reach the target without
reducing the sensitivity and specificity of the sensor. The sensor penetration depth
that is too shallow causes the target to not be detected perfectly and the measured
signal only comes from a small part of the target (Shrivastav et al., 2021). This

parameter can be calculated from the distance where the intensity of the
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electromagnetic field generated by

resonance (SPR or LMR) decreases

exponentially to about 1/e (~37%) of its maximum value.
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Figure 4. 13 shows the electromagnetic field profiles of the LMR and SPR
sensors from the BK7 substrate to the sensing surface (water) taken at their
resonance angles (6,.,). For the LMR sensor with p-polarized light is shown in Figure
4. 13 (a) where the highest electric field at the boundary between WS2 and the
sensing surface is 210 V/m. It means that 37% of the highest electric field is about
77 V/m so that the penetration depth of the LMR sensor with p-polarized light is 443
nm. Using the same steps, the penetration depth of the LMR sensor excited with s-
polarized light and SPR sensor is determined. The results showed that the

penetration depth for the LMR sensor with s-polarized light was 213 nm, while for the
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SPR sensor at wavelengths of 633 nm and 670 nm were 183 nm and 210 nm,
respectively. The LMR sensor excited by p-polarized light had the highest penetration
depth compared to the other three sensors.

For the LMR sensor with s-polarized light, the penetration depth was greater
than the SPR sensor at a wavelength of 633 nm, and slightly greater than the SPR
sensor at a wavelength of 670 nm. These findings indicate that in addition to having
a wider dynamic range, the LMR sensor also offers a higher penetration depth, so it
has the potential to be applied in various types of detection ranging from nano to

micro scales.
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Figure 4. 14 Penetration depth of LMR sensor excited with s-polarized light on chips with
different thicknesses of matching layer and lossy layer. (a) MgF.-based chip (b) Cytop-
based chip.

Since the penetration depth of the LMR sensor with s-polarized light is still
comparable to that of the SPR sensor, further investigations were carried out to

understand the effect of the thickness of the matching layer and the lossy layer on
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the penetration depth of the LMR sensor. The three thicknesses of the matching
layers analyzed were 200 nm, 250 nm, and 300 nm.

The optimization results show the thickness of each material and its
penetration depth, as shown in Figure 4. 14. This study revealed that the LMR sensor
with a thinner matching layer has a shallower penetration depth, while the sensor
with a thicker matching layer shows a greater penetration depth. Compared with other
sensors, the LMR sensor using the Cytop layer achieved the highest penetration
depth of 275 nm, far exceeding the LMR sensor with a MgF2 layer which has a depth

of 186 nm, and the SPR sensor which only reached 210 nm.

4.4 Conclusions

This study has numerically investigated MoS2 and WS2-based LMR sensors. Two
different structures, namely MoS2 chip and WS:2 chip, are compared based on their
reflectance curve quality and performance at various refractive indices of sensing
media. The results show that WS2-based LMR sensors excited with s-polarized light
have better reflectance curve quality and wider detection range. Similar
characteristics are also shown by LMR sensors with MgF2 matching layer. When
Cytop and MgF2-based LMR sensors are compared, the sensitivity of the sensors is
98.19°/RIU and 106.38°/RIU, respectively. Compared with conventional SPR
sensors, the proposed WS2-based structures offer wider dynamic measurement
range up to refractive index 1.5 and better penetration depth. This finding makes LMR
sensors a potential candidate to replace SPR biosensors, which rely heavily on gold

as their plasmonic material.
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Conclusion and Recommendations

5.1 Conclusion

Computational and experimental approaches have been used to investigate optical
resonance biosensors, ranging from LSPR-based biosensors to SPR-Raman integration and
LMR metal-free biosensors. In the LSPR biosensor study, the investigation focused on a 15
nm AuNPs-based LSPR immunosensor used to detect BSA. Computational results showed
an enhancement in the electric field caused by the dielectric layer on the nanoparticle
surface. This enhancement in the electric field results in a limited detection range of the
LSPR sensor due to the Hook effect. Previously, the Hook effect has also been observed in
larger AUNPs nanoparticle sizes, namely 35 nm in the case of 17B-estradiol (E2) detection
and 40 nm in the case of human immunoglobulin G (IgG) detection. The fact that the Hook
effect phenomenon occurs in AuNPs with different sizes provides a comprehensive
understanding that this phenomenon is inevitable and the linearity of the LSPR sensor is

limited, therefore, it is very important to know the Hook point of each detected analyte.
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The second topic explores the integration of 1D grating-based SPR with Raman
spectroscopy. This study demonstrates the potential of SPR-Raman integration for specific
molecule detection with high sensitivity and spectral identification (molecular fingerprinting)
capability. Two grating periods were examined: 400 nm and 800 nm. The SPR mode was
only observed in the chip with the larger grating period. Reflectance map analysis revealed
that under 670 nm wavelength excitation, SPR modes emerge when the grating period
exceeds approximately 644 nm. In contrast, for the chip with the smaller grating period (400
nm), the observed resonance is predominantly attributed to cavity modes. Experimental
results further demonstrate that the Raman signal can be enhanced through the amplification
of the local electric field generated by the SPR phenomenon. However, the Raman
measurements in this study still require relatively high excitation power (up to 65 mW). To
enhance the Raman signal while reducing the required power, it is suggested to modify the
grating chip, for instance by incorporating metal nanoparticles, which can further boost the
plasmonic effect.

For the LMR metal-free sensor, the structure proposed in this study is composed of
Cytop or MgF2 as the matching layer and 2D materials (MoS2 and WS>) as its lossy layer.
From the results of the computational study, the LMR sensor with the proposed structure has
good signal stability with a wider detection range even exceeding the SPR sensor. The LMR
sensor excited by s-polarized light can be utilized for quantification of analytes up to a
refractive index of 1.5.

5.2 Sensor Performance Comparison
Resonance-based optical sensors have become one of the promising approaches in

developing sensitive, rapid, and label-free chemical and biological detection systems. Among
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these approaches, LSPR, SPR, and LMR offer different but complementary detection
mechanisms in terms of performance characteristics, application areas, and device
architecture. Therefore, to provide a more comprehensive overview of these three types of
sensors, the performance of the three sensors is compared based on various technical

parameters such as penetration depth, sensitivity, FoM, spectral resolution, cost and others.

The comparison is presented in Table 5. 1 below:

Table 5. 1 Performance comparison of LSPR, SPR-Raman and LMR sensors

Parameters LSPR SPR/Raman LMR
Field ~ 5-24 nm (depends on the size ~200-300 nm ~150-275 nm (depends on
penetration and inter particle distance of the (depends on wavelength and structure)
depth nanoparticles (Semwal et al., wavelength and

2023)) structure (Maurya et

al., 2023))

Refractive Low—Medium (high only on the High High
Index surface of nanoparticles)
Sensitivity
Figure of Merit Medium (affected by spectral peak High (when combined High—very high

(FoM)

Spectral

resolution

Specificity

Chip
fabrication
costs

Optical set-up

Suitable
POC (Point of

Care)

for

width)

Medium (generally has a wider
FWHM)

High (due to high localization field)

cheap

Simple (can be sufficient with a
UV-Vis spectrometer)

Very suitable

with  sharp Raman
spectrum)

Higher than LSPR
sensor

Height (when

combined with Raman
fingerprint)

Medium — expensive

Complex (requires
SPR/Raman setup)
Less suitable (large

and complex)

(depending on the type of
polarization used)

Very high (LMR peak is
very narrow) (Nurrohman
& Chiu, 2024b)
Medium-high

Medium — expensive

Complex (requires LMR
setup)
Less suitable (large and

complex)
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In terms of sensitivity, the three sensors (LSPR, SPR, and LMR) have different
electromagnetic field characteristics at their resonance conditions. In the LSPR sensor, the
electromagnetic field is highly localized around the surface of the metal nanoparticles.
Several reports state that the field penetration depth is only around 5 to 24 nm (Semwal et
al., 2023)(H. Wang et al., 2023), making it very sensitive to events that occur right on the
surface of the nanoparticles, such as the attachment of target molecules (Semwal et al.,
2023). In contrast, in the SPR and LMR sensors, the electromagnetic field has a much
deeper penetration range into the dielectric medium. Based on the simulation results in this
study, the conventional SPR sensor excited at a wavelength of 670 nm has a field penetration
depth of 210 nm, while in the LMR sensor based on the cytop/WS,, structure, the penetration
depth is even greater, which is around 275 nm. This higher penetration depth allows SPR
and LMR to be more sensitive to refractive index changes in a larger volume, not just on the
surface. For example, in the detection of exosomes with diameters between 30 and 200 nm
(Gurung et al., 2021), SPR and LMR sensors are more promising because the size of the
analyte is comparable to the effective detection zone of its electromagnetic field.

In terms of interrogation mode, LSPR generally only allows analyte quantification
through wavelength interrogation mode. Meanwhile, SPR and LMR sensors offer higher
flexibility, because they can be utilized in wavelength (Long et al., 2020)(B. Li et al., 2025),
angle (Vala et al., 2010)(Wu et al., 2018), and phase/polarization interrogation modes
(Ruffato et al., 2013), thus opening up opportunities for optimizing sensor performance from
various aspects. When compared in terms of sensitivity, the SPR grating chip used in this
study showed a sensitivity of 83.81°/RIU, a lower value compared to the LMR sensor.

However, the SPR system combined with the Raman scattering technique offers better
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specificity, especially in applications that require structural identification of molecules. In
simple, it can be concluded that LSPR excels in local detection on a nanometer scale, while
SPR and LMR offer high sensitivity to refractive index variations on a larger scale and
flexibility in detection methods.

In terms of cost and application area, LSPR sensors have advantages in terms of ease
and efficiency of fabrication. LSPR transducers are generally based on AuNPs which can be
synthesized through simple chemical reduction methods, such as the Turkevich method. The
size of AuNPs can be controlled relatively easily by adjusting the precursor concentration
(HAuCl,), reaction temperature, and reaction time (Bilal & Bandyopadhyay, 2025). In this
study, the LSPR signal was obtained from measurements using a UV-Vis
spectrophotometer. However, the LSPR signal can also be observed visually through
changes in the color of the nanoparticle solution due to the presence of the target analyte
(Aldewachi et al., 2018). These characteristics make LSPR a low-cost, easy-to-operate
sensor, and very suitable for applications in Point-of-Care (POC) and environments with
limited resources. In contrast, SPR and LMR sensors require more complex fabrication
processes and higher costs. In this study, the grating chip for SPR was fabricated using the
Electron Beam Lithography technique which requires high-precision equipment. For LMR
sensors based on 2D materials such as MoS, or WS,, a Chemical Vapor Deposition (CVD)
process and material transfer steps to the target substrate are required, which adds to the
complexity of the process. In addition, SPR and LMR sensors generally require larger optical
systems and more precise setups, making them more suitable for use in laboratory or

controlled testing environments. Thus, in terms of cost and implementation potential, LSPR
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is superior for portable and field applications, while SPR and LMR are more suitable for

applications that require high accuracy and tight control of experimental parameters.

5.3 Further Research Recommendations

5.3.1 Recommendations for LSPR sensors

The LSPR biosensor in this study utilized ~15 nm AuNPs to detect BSA, with anti-BSA
antibody as the recognition element. This nanoparticle size was chosen because its optical
properties are dominated by absorption and extinction, while its scattering contribution is
very small (Jain et al., 2006). This characteristic makes absorbance-based measurement
using UV-Vis spectrophotometers as an ideal method. In this research, the Hook point was
observed at a BSA concentration of around 10 pg/mL, with a linear range of the sensor from
1 ng/mL to 10 pug/mL.

AuNPs with a size of 15 - 20 nm have been widely used in various studies, such as
for the detection of hepatitis B surface antigen (HBsAg), and methamphetamine (J. Kim et
al., 2018)(Qadami et al., 2018). Meanwhile, larger AUNPs, such as 40 nm, are known to have
an optimal balance between absorption and scattering, thus providing optimal LSPR signals.
However, several studies have also reported the emergence of the Hook effect at this size,
indicating that this phenomenon is difficult to avoid in nanoparticle-based LSPR sensors
(larossi et al., 2018)(Minopoli et al., 2020).

Based on these findings, it is recommended for further research to explore the use of
AuNPs with a size of > 40 nm, whose optical properties are dominated by scattering.
However, because scattering dominates, the detection method as carried out in this study

which uses absorbance measurements seems no longer ideal. Instead, scattering-based
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detection techniques such as dark-field microscopy (DFM) seem more recommended. With
this approach, it is expected to develop LSPR sensors that not only have high sensitivity, but

also have a wider linear range and resistance to the Hook effect.

5.3.2 Recommendations for Integrated SPR/Raman

The analysis of the reflectance map in Chapter 3 reveals that the SPR mode starts to form
in the 1D grating chip structure when the grating period exceeds 644 nm. For chips with
smaller periods, the observed resonance is primarily dominated by the cavity mode.
Experimental results also demonstrate that SPR excitation generates a significant local
electric field, which enhances the Raman signal intensity. However, clear identification of the
R6G peak characteristics is only possible when the excitation power reaches 65 mW. This
power level is still relatively high, indicating the need for optimization of the 1D grating chip
structure to achieve a high Raman signal even with lower excitation power.

Therefore, future research should be directed at modifying the grating structure, such
as by adding nanoparticles to the grating to increase the intensity of electromagnetic hot
spots. This strategy is expected to improve the excitation efficiency of target molecules by
strengthening the local field. As a reference, research by Driskell et al. has shown that the
addition of AuNPs to a gold thin film substrate, with varying nanoparticle sizes, can increase
the intensity of the Raman signal (Driskell et al., 2006). Based on the peak characteristics
shown in Figure 5. 1, the gold substrate coated with AUNPs with a larger size produces a
higher Raman peak intensity. This proves that the addition of AuNPs to the gold substrate
has a significant effect on the amplification of the Raman signal.

However, in the context of an integrated SPR/Raman system, the addition of

nanoparticles with too high concentration or too large size can interfere with the SPR sensor
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signal. Therefore, the concentration and size of nanoparticles need to be optimized to
enhance the Raman signal without sacrificing the SPR signal. This approach enables the
proposed SPR/Raman system to work synergistically and effectively in detecting and
analyzing target molecules, especially for biosensing applications that require high sensitivity

and accuracy.
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Figure 5. 1 Raman spectra for different sizes of 5,5'-dithiobis(succinimidyl-2-nitrobenzoate)
(DSNB)-labeled AuNPs immobilized on gold substrate with 2-aminoethanethiol hydrochloride.
Adapted with permission from Ref. (Driskell et al., 2006), copyright American Chemical Society.

In the future, the direction of research needs to be focused on the design and
optimization of hybrid structures between plasmonic gratings and nanoparticles to maximize
Raman detection performance, especially under low excitation power conditions. In addition,
the integration of machine learning technology can be utilized to process spectrum data more
intelligently and automatically, such as in spectral pattern classification (A. Kumar et al.,

2024), or noise elimination (Y. Jia et al., 2024). With the application of machine learning
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algorithms, integrated SPR/Raman sensors can be developed into more adaptive, accurate,
and efficient detection systems in various environmental conditions and sample variations.
Overall, these steps are expected to bring significant improvements in the
performance of SPR/Raman-based sensors, making them more ready to be applied to
biomolecule detection in the medical, environmental, and food safety fields with higher

sensitivity and better reliability.

5.3.3 Recommendations for LMR Metal-free Sensors
In the case of metal-free LMR sensors, numerical simulations have demonstrated that this
sensor type offers excellent signal stability and a broad detection range. However, to fully
realize this potential, further experimental validation is required. As a step toward
implementation, this section provides recommendations on suitable fabrication techniques
for constructing LMR sensors composed of BK7 glass as the substrate, MgF2 or Cytop as
matching layers, and MoS2 or WSz as lossy layers. In this study, MgF2 and Cytop were
evaluated as candidate materials for the matching layer. MgF2 thin films can be fabricated
using sputtering techniques. On the other hand, Cytop thin films are easier to fabricate,
offering a more practical approach for experimental realization. The spin coating technique
is particularly well-suited for applying Cytop onto BK7 substrates, as it allows precise control
of film thickness through adjustments in spin speed and solution concentration. The
experimental procedures for fabricating Cytop thin films are briefly outlined in the references
provided below (Heo, 2020).

To obtain MoS, or WS, with varying thickness or number of layers, several techniques
can be used, including spin coating and Chemical Vapor Deposition (CVD). However, based

on several literatures, the fabrication process using these two techniques generally requires
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high temperatures during the experiment (Das et al., 2020)(Kwack et al., 2021). Therefore,
a transfer process is needed to move the 2D material to the LMR sensor chip substrate,
which in this study uses BK7 glass.

In this section, two studies are highlighted that employed spin coating and CVD
methods, along with their respective transfer techniques to target substrates. The first study,
conducted by Yang et al., demonstrated the fabrication of MoS, films with varying layer
numbers using a polymer-assisted deposition method, followed by thermolysis at a relatively
low temperature without sulfurization (H. Yang et al., 2017). The fabrication process began
with the preparation of a precursor—polymer complex thin film, consisting of anhydrous
ammonium tetrathiomolybdate (ATM) as the precursor and linear poly(ethylenimine) (L-PEI)
as the supporting polymer. In this method, the polymer facilitates uniform coating over a large
area while retaining moisture during film formation. To avoid aggregation in the solution
phase, ethanolamine was added to the complex solution to help dissolve any precursor
aggregates. Subsequently, thermolysis was performed at 700 °C under an inert atmosphere
of 4% H, and 96% Ar, without the need for an additional sulfur source, resulting in the
formation of MoS, thin films. A summary of the experimental procedure and the resulting film
quality is presented in Figure 5. 2 (a).

To transfer MoS, or WS, films onto desired substrates, a surface energy-assisted
transfer technique can be employed. In one study, Gurarslan et al. successfully transferred
MoS, films grown via the CVD method on sapphire substrates to arbitrary target substrates
using this technique (Gurarslan et al., 2014). A brief illustration of the process is shown in
Figure 5. 2 (b). In this method, 9 g of polystyrene (PS) was dissolved in 100 mL of toluene,

and the resulting solution was spin-coated onto the MoS, film at 3500 rpm for 60 seconds.
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The sample was then baked to enhance the adhesion between the PS layer and the MoS,
film. Subsequently, water droplets were introduced onto the surface. Once the PS layer was
gently scratched from its edge, water molecules infiltrated the interface, leading to
delamination of the PS—MoS, assembly. This detached film could then be retrieved using
tweezers and transferred onto a new substrate. In a related study, Gurarslan et al. reported
that this surface energy-assisted transfer technique is broadly applicable and can also be

used for transferring other 2D materials, such as WS,.
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Figure 5. 2 (a) Fabrication of different thicknesses of MoS» by spin coating method (b) Surface
energy assisted transfer technique to transfer MoS: films onto target substrates. Figure composed
of elements reproduced from Ref. (H. Yang et al., 2017) (licensed under CC BY 4.0) and
Ref. (Gurarslan et al., 2014) (with permission from American Chemical Society).

Up to this point, the fabrication of matching layers and lossy thin films has been
discussed, along with the transfer techniques for MoS, and WS, onto LMR substrates. To
further implement this LMR chip as a functional biosensor, biorecognition elements need to
be immobilized on the chip surface using suitable linker molecules. In this context, the sulfur
vacancies present on MoS, and WS, surfaces can be strategically utilized to facilitate the

immobilization process, enabling specific interactions with target biomolecules. The detailed
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discussion regarding the utilization of sulfur vacancies for molecular immobilization can be

found in the following paper (Chiu et al., 2021).
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Appendices

Appendix A : TEM and Zeta potential characterization results of
AuNPs

Results
Size (d.n... % Number: St Dev (d.n...
Z-Average (d.nm): 55.97 Peak 1: 16.05 100.0 4.944
Pdl: 0.442 Peak 2: 0.000 0.0 0.000
Intercept: 0.905 Peak 3: 0.000 0.0 0.000

Result quality Good

Size Distribution by Number

Number (Percent)

Size (d.nm)

Record 4: 220602-04-01 Size avg

(b)

Figure A1. TEM and zeta potential characterization results of bare AUNPs
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Appendix B: Raman peak of Rhodamine 6G

Raman spectroscopy is a characterization technique that is very sensitive to the
physical and chemical conditions of the sample, including the molecular form
(monomer, dimer, or aggregate), the type of substrate used, and the signal
acquisition system and method. In this study, significant spectral differences were
observed between measurements using micro-Raman and fiber-optic Raman, both
in terms of Raman peak positions and their relative intensities. The three main factors
that influence these differences are the measurement conditions (dry or in solution),

the presence of AuNPs substrate, and the type of Raman system used.

Figure B1. Chemical structure of R6G. Adapted with permission from Ref. (Al-Jarwany et
al., 2024), copyright Springer.

To evaluate the effect of the Raman system on the resulting signal, a
comparison was made between the Raman spectra of micro-Raman (MRI-Raman,
ProTrusTech Co., Ltd., Taiwan) and fiber-optic Raman (StellarNet, Inc.). The
molecular structure of R6G is shown in Figure B1 to provide context for the vibrational

modes observed in the spectra. The results of the R6G measurements using micro-
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Raman are shown in Figure B2, with the complete identified Raman peaks presented
in Table B1. Based on these data, the R6G spectrum measured without the addition
of AuNPs did not display any characteristic peaks. However, after the addition of
AuNPs, the Raman spectrum showed clearly defined peaks typical of R6G. In
addition, a comparison of the two excitation wavelengths, 532 nm and 785 nm,
showed that the excitation at 532 nm resulted in a higher signal intensity due to the
resonance effect, since this wavelength is closer to the electronic absorption band of

R6G (P4l et al., 2021).
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Figure B2. Comparison of R6G signals with two different excitation wavelength (632 nm
and 785 nm) and measured using micro-Raman on samples with (w/) and without (w/0)
AuNPs.

Technically, the micro-Raman system has a small depth of focus (about 1 um)
and an axial resolution close to 2 um (Foucher, 2022)(Novak et al., 2016)(Jung et al.,

2022), which makes it more suitable for the measurement of samples in dry

137



conditions. The limited detection volume causes the signal acquisition to originate
only from molecules located very close to the substrate surface. Therefore, the
detected signal mainly originates from R6G molecules adsorbed on AuNPs, most

likely in the form of monomers.

Table B1. Raman peak which is obtained from micro-Raman measurements

Raman shift Vibration Ref

(cm™)

608 C-C-C bending vibrations in xanthene ring (Y. Zhang et al., 2011)

768 C-H bending vibrations in xanthene or phenyl ring (Y. C. Liu et al., 2006)

1122 C-H bending vibrations in xanthene or phenyl ring (Sridhar et al., 2022)

1179 C-H bending vibrations in xanthene or phenyl ring

1303 symmetric modes of in-plane C-C (Y. Zhang et al., 2011)
stretching vibrations in xanthene or phenyl ring

1356 symmetric modes of in-plane C-C (Sridhar et al., 2022)
stretching vibrations in xanthene or phenyl ring

1502 symmetric modes of in-plane C-C (He et al., 2012)
stretching vibrations in xanthene or phenyl ring

1566 symmetric modes of in-plane C-C (Sridhar et al., 2022)
stretching vibrations in xanthene or phenyl ring

1644 symmetric modes of in-plane C-C (Y. Zhang et al., 2011)

stretching vibrations in xanthene or phenyl ring

In contrast, the fiber-optic Raman system shows higher signal intensity when
the measurements are performed in solution. The difference in Raman signals
measured in dry and solution is shown in Figure B3. This is due to the increased
effective detection volume in the liquid phase. With a larger spot diameter (up to 250
pm (Artemyev & Shatskaya, 2022)) and an axial resolution of up to 1 mm (StellarNet,
2025), the system is able to sample signals from more molecules in the sample. In
liquid conditions, more molecules are in the excitation and detection path, resulting

in a larger interaction volume and a stronger Raman signal. Therefore, the physical
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condition of the sample (dry or solution) greatly affects the quality and intensity of the

Raman signal.

——R6G,, 812
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Figure B3. Raman spectra were recorded under both dry (black) and aqueous (red)
conditions using a fiber-optic Raman system with 785 nm excitation.

The results of Raman measurements of fiber-optic Raman in dry and solution
conditions are shown in Figure B3, while the list of detected Raman peaks is
presented in Table B2. Some Raman peaks show the same position as the data
obtained from the micro-Raman measurement results. Some of them are peaks
which are at Raman shifts of 1123 cm™ and 1184 cm™'. However, some peaks which
have prominent intensities have different positions from the peaks obtained from the
micro-Raman measurements. For example, C—C—C bending vibrations in xanthene

ring and C—H bending vibrations in xanthene or phenyl ring are detected at Raman
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shifts of 608 cm' and 768 cm-'. The measured peaks are actually influenced by the
measurement conditions and the type of substrate used. Khosroshahi et al.
conducted Raman measurements on a gold thin film substrate immobilized with gold
nanourchins with a Raman excitation wavelength of 632 nm (Khosroshahi et al.,
2025). The results of the peak in this area were found at Raman shift 653 cm' and
824 cm-'. Different researchers, namely Zhou et al., used silver gel particles as
Raman substrates and the results found rare peak characteristics such as at 820 cm-
' and they stated that this peak was related to the phenomenon of R6G molecule

dimerization (Zhou et al., 2025).

Table B2. Raman peak assignment of Rhodamine 6G (R6G)

Raman shift
Raman peak assignment

(em™)

603 C-C-C ring in-plane bending (Zrimsek et al., 2013)(Bartolowits et al., 2019)(W.
Liu et al., 2023)

812 symmetric stretching or out-of-plane wagging of the xanthene ring (Zhou et al.,
2025)

975 weak C—H in-plane bend (Watanabe et al., 2005)

1123 C-H bending vibrations in xanthene or phenyl ring (Pal & Varma, 2024)(Sridhar
et al., 2022)(He et al., 2012)

1184 C-H bending vibrations in xanthene or phenyl ring (Pal & Varma, 2024)(Sridhar
et al., 2022)(He et al., 2012)

1311 C-O-C vibrations (Pal & Varma, 2024)

1457 C—N stretching in NHC2Hs (Khosroshabhi et al., 2025)(Zhong et al., 2018)

In this study, two peaks in this area were detected at Raman shift 603 cm-’
and 812 cm™. Based on Zrimsek and Bartolowits' research (Zrimsek et al.,
2013)(Bartolowits et al., 2019)(W. Liu et al., 2023), the Peak at Raman shift 603 cm-
' shows one of the indicators of dimer signals (dimer structure and different

orientations are shown in Figure B4). Likewise, the Raman peak at 812 cm-" in this
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spectrum is very likely related to the specific orientation of the R6G molecule during
dimerization, as explained by Zhou et al. (2025) (Zhou et al., 2025). Based on the
results of harmonic vibration simulations carried out with the B3LYP/6-31G(d) level
of theory, it is known that the peaks around 810-820 cm™ reflect the symmetric
stretching vibration modes of the xanthene ring and the out-of-plane wagging of the
ethyl group. However, Zhou et al. also showed that the geometry and orientation of

the molecules in the dimer structure play a key role in generating these peaks.

( ) Aggregate (dimer) axis
) -
Sandwich geometry Twisted sandwich dimer Oblique  head-to-tail  dimer Head-to-tail geometry
(Parallel transition dipole (transition dipole moment (transition dipole moment of (In-line transition dipole
moments (90° with dimer of one monomer twisted at one monomer twisted at & with moments (0° with dimer
axis) and 8= 0) 6 with respect to other (90° respect to other (0° with dimer axis) and = 0)
H-dimer with dimer axis)) axis)) J-dimer

Figure B4. The R6G dimer structure is shown in three views: (a) top, showing the
direction of the dipole moment; (b) side, showing the relative positions of the molecules;
and (c) the location of the transition dipole moment in the dimer form. Figure composed

of elements adapted from Ref. (Doveiko et al., 2023) (licensed under CC BY 4.0) and
Ref. (Terdale & Tantray, 2017) (with permission from Elsevier).

In the Raman shift range of 900-1000 cm™, several previous studies have

reported the emergence of several characteristic peaks of R6G. Among them, Shim
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et al. observed a peak at 917 cm™ (Shim et al., 2008), Guthmuller and Champagne
at 924 cm™(Guthmuller & Champagne, 2008), and Watanabe et al. at 978
cm™'(Watanabe et al., 2005). According to Majoube and Henry, the peaks in this
range are active peaks, which is evidenced by the comparison of the spectra between
surface-enhanced Raman spectroscopy (SER) and surface-enhanced resonance
Raman spectroscopy (SERR) signals (Majoube & Henry, 1991). In the SERR
experiment, a peak appeared at a Raman shift of 933 cm™, which was not detected
in the SER spectrum. This peak was attributed to the vibrational mode involving the
deformation of the xanthene ring. In this study, the R6G peak around 900-1000 cm™
was identified at Raman shift 975 cm™, which according to Watanabe et al. was
related to the bending or stretching motion of the phenyl ring plane (Watanabe et al.,
2005). In addition, another dominant peak was observed at 1457 cm™, which was
related to the stretching of the C—N bond in the NHC,H;s group, as reported in the
following literature (Khosroshahi et al., 2025)(Zhong et al., 2018). These two peaks,
namely 975 cm™ and 1457 cm, have quite dominant intensities. Several studies
have revealed the phenomenon of signal changes from initially weak to very intense
intensity and this can be caused by changes in the orientation of the molecules
(Marshall et al., 2017), Raman scattering enhanced by aggregation (Akins et al.,
1997) and also intermolecular coupling in the aggregates (Coles et al., 2010).

The difference between the results shown by Micro-Raman and fiber optic
Raman measurements indicates a change in the detected molecular structure, which
is most likely related to the aggregation state in solution. The fiber-optic Raman

system has a wider and deeper detection volume, because the excitation light and
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signal collection are sent through the optical fiber, so that the signals obtained are
more representative of the molecules in the bulk solution. Therefore, the resulting
signal mainly comes from R6G molecules that are homogeneously distributed in
solution, including the possible presence of dimers or aggregates formed due to

concentration and environmental conditions.
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Figure B5. Absorbance profiles of R6G solutions with different concentrations. The
shoulder indicated by the green area confirms the formation of dimers.

The change in molecular structure from monomer to dimer was further
confirmed through UV-Vis characterization. Figure B5 shows the absorbance
spectrum of R6G at various concentrations, ranging from 100 nM to 100 uM. The
main absorption band which is characteristic of R6G is located at a wavelength of
526 nm and the spectrum also shows the appearance of a shoulder around 498 nm,
which has been reported as a typical indicator of the formation of H-type dimers
based on several references (G. S. S. Saini et al., 2005)(Terdale & Tantray,

2017)(Purcar et al., 2008). This shoulder indicates the presence of m—1 stacking
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interactions between aromatic molecules in face-to-face orientation, which causes
exciton coupling between molecules. Therefore, the presence of this shoulder is
strong evidence for the formation of dimer structures in solutions.

The type of Raman system and the substrate used significantly affect the types
of molecules detected. Micro-Raman systems with AuUNPs substrates amplify signals
from molecules located very close to the metal surface, and because the sample is
dried, R6G molecules are less likely to interact with each other and remain in
monomeric form. In contrast, fiber-optic Raman has a wider detection volume and
measures molecules in solution throughout. Under these conditions, molecular
aggregation such as dimerization is not only possible but also becomes the dominant
form.

It should be noted that the position and intensity of Raman peaks can be
affected by various factors, including experimental conditions (such as laser intensity,
excitation wavelength, and solvent type and polarity), the type of substrate used (e.g.,
flat metal surfaces, nanoparticles, or porous structures), and specific interactions
between R6G molecules and the substrate surface or surrounding environment
(Haran et al., 2010)(W. H. Li et al., 1999)(C. Lu et al., 2019). In a study by Majoube
and Henry (Majoube & Henry, 1991), the use of an excitation wavelength resonant
with the R6G electronic transition resulted in the appearance of a specific Raman
peak at 933 cm™, which was not observed under off-resonance conditions, indicating
the importance of excitation selection in eliciting a specific vibrational mode. In
addition, the influence of the substrate has also been investigated by Li and co-

workers (W. H. Li et al., 1999), who prepared substrates with different degrees of
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roughness by electrochemical methods. They found that the Raman signal
enhancement depends not only on the type of metal and its surface roughness, but
also on the type of molecules adsorbed on the electrode. Therefore, the differences
in peaks observed in this study most likely reflect the contribution of one or more of
these factors.

All the Raman peaks identified in this study have been discussed in detail. Of
the six peaks observed, five were considered to be dominant, namely at 603, 812,
975, 1184, and 1457 cm™. The differences in Raman intensity of these five peaks
caused by the effects of the substrate used and the SPR excitation wavelength are

discussed in depth in Chapter 3 of this dissertation.
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Appendix C : Transfer Matrix Method

Transfer Matrix Method (TMM) is a mathematical method used to analyze the
propagation of electromagnetic waves through layered structures. These structures
consist of layers of material with a certain thickness (d) and refractive index (n), each
of which can affect how the wave is reflected, transmitted, or trapped. In TMM, the
relationship of the electromagnetic fields is expressed in the form of a total matrix:
] =[] g
where VV and U represent the magnetic and electric field components at the boundary

surface. In the above equation, M denotes the matrix feature of the stacked structure

which is defined as:

N-1 M M
. B 11 12
M= HMk y [M21 MZZ] (2)
k=2
Where,
_ [ cospBk —sin By /qx
My = [—iQk sin By Cos By ] (3)

In equation 3, g, and g, are defined as:

o = (e — ny2sin? 6,) (p-pol) (@)
€k

q =/ (&x — ny?sin? 6;) (s-pol) (5)

Br = 27;dk \/(gk —ny?sin6;) (6)

Here, the incident angle is 8,. The total reflection coefficient is expressed as:

. (Myq + M12qn)q1 — (M3q + Mapzqy)
(My1 + M12qn)q1 + (M3 + Myzqy)

[7]
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Finally, we can derive that the reflectance (R) of the N-layer model is:

R = |r|? (8]
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Appendix D : LMR sensor response to different refractive indices
of sensing medium

Figure D1 illustrates the influence of varying thicknesses of the matching and lossy
layers on the sensor response as the refractive index of the sensing medium
increases. As observed in Figures D1(a) and D1(b), LMR sensors with thicker Cytop
layers exhibit a narrower detection range. Specifically, the LMR sensor with a 1200
nm-thick Cytop layer can only detect analytes with a refractive index below 1.385. In
general, LMR sensors excited with p-polarized light show poor signal stability, as
evidenced by significant fluctuations in minimum reflectance in response to changes

in the refractive index of the sensing environment.
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Figure D1. Response of LMR sensor excited by p-polarized light with Cytop matching
layers of (a) 800 nm and (b) 1200 nm thickness. Response of LMR sensor excited by p-
polarized light with MgF> matching layers of (c) 800 nm and (d) 1200 nm thickness.
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In contrast to the LMR sensor excited with p-polarized light, the LMR sensor
using s-polarized light demonstrates better signal stability within the refractive index
range of 1.331 to 1.401. As shown in Figure D2, the resonance angle can still be
clearly identified within this range for sensors employing either Cytop or MgF2 as the
matching layer. Remarkably, the resonance angle remains detectable even when the
refractive index of the sensing medium is increased up to 1.5. This stability is

consistently observed for both 200 nm and 300 nm matching layer thicknesses.
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Figure D2. Response of LMR sensor excited by s-polarized light with Cytop matching
layers of (a) 200 nm and (b) 300 nm thickness. Response of LMR sensor excited by s-
polarized light with MgF, matching layers of (c) 200 nm and (d) 300 nm thickness.
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