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ABSTRACT

Plasmon resonances have attracted a lot of recent research
interest for their potential applications, including bio-sensing,
sub-wavelength optics, negative refractive index metamaterials
and their ability to produce massively enhanced electromagnetic
fields. Localized surface plasmon resonances (LSPR) in metallic
nanostructure can offer large electromagnetic enhancements and
nanometer-scale localization of electric fields. Their resonance
wavelength and properties can be tuned by variation of the
nanostructure geometry and are sensitive to environmental

refractive index.

This thesis contains in depth investigation of gold nanorod
monomer biosensors for label free molecule detection. Some
core plasmonic properties of gold and its importance in LSPR

sensing are analyzed. In addition, LSPR shifts are closely



observed by varying different physical parameters of the
biosensor structure. Furthermore, we closely observed the LSPR
response by changing the physical environment of the biosensor
structure by tuning corresponding refractive indices. Finally, we
explored the responsible factors for the sensitivity of

bio-proteins and compared our results with theory.
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Chapter-1
INTRODUCTION

1.1) Nanoplasmonics

Nanoplasmonics is an emerging field that studies light—matter
interaction interceded by resonant excitations of surface
plasmons in metallic nanostructures. It permits the control of the

flow of light and its cooperation with matter at the nanoscale
4 . .
(10 m). A standout amongst the most encouraging qualities of

plasmonic resonances is that they occur at frequencies relating
to that of typical electronic excitations in matter. This prompts

the presence of solid collaborations between localized surface



plasmons and light emitters placed in the vicinity of metals.

The scattering of light by a dielectric particle is an issue that, in
spite of being extremely old, shrouds the exceptionally rich field
of material science. It was initially treated hypothetically by
Lord Rayleigh, who considered the straightforward instance of
circles much smaller than the wavelength of light toward the end
of the nineteenth century. | 1] His exploration prompted the
comprehension of numerous marvels identified with light
diffusion. For example, in one of his most well known works,

[2] he demonstrated that the scattering of light by a weakened
gas takes after a w4 law, where w is the angular frequency of the

incoming radiation. This implies at high frequencies (blue), light
is scattered more efficiently via air particles than at low
frequencies (red). This basic law gives an exquisite clarification
on the blueness of the sky, the redness of the dusk, or the yellow

shade of the sun.

After two decades, a more broad examination, not constrained to
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little particles, was performed by Mie. [3] He built up the full
diagnostic investigation of light scattering by spherical particles.
Extending a plane wave in spherical waves and coordinating the
limit conditions on the item surface, Mie was capable to get the
scattering and the absorption cross segments of spheres of any

size.

Since the work of Mie, the spherical geometry is the main one
for which a precise logical hypothesis portraying the scattering

of light by particles exists. Barring the utilization of numerical

strategies, the treatment of whatever other shape requires the
presentation of various levels of estimate. Subsequently, based
on the Rayleigh and Mie approaches, Gans expanded the
hypothetical structure to ellipsoidal geometries, illustrating that
the optical properties of metal nanoparticles (NPs) depend
firmly on their shape. [4] This clarified why the color of a
solution containing ellipsoidal NPs changes when the ratio

between the particles' axes is varied.
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Hypothetical arrangements clarifying the scattering of light by
metal NPs have been proposed over a century ago but the
characteristic color of metal NPs has been exploited since the
days of the Roman Empire. NPs were utilized as colorants in
fabrics, recolored glasses, or earthenware production. Clearly, it
was most certainly not realized that the starting point of such
extraordinary hues was expected to the nearness of small
metallic particles, as the length scale included in the scattering
of light by NPs (1 nm—1 pum) is numerous requests of size littler
than regular human experience (from 1 mm upwards). As an
aftereffect of this, the exploration field lost force after Gans'
work, to a great extent on account of the inconceivability of

building bright nanometric particles in a controlled way.

In the course of recent decades, nonetheless, late remarkable
propels in manufacture and portrayal on the nanoscale have
offered ascend to a re-established enthusiasm for the scattering
properties of metal NPs. Propels in single-molecule
spectroscopy, for example, confocal microscopy, [5, 6] dark

field microscopy, [7] furthermore, scanning near field optical
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microscopy (SNOM), [8, 9, 10, 11] joined with new
improvements in very sensitive detectors, counting avalanche
photodiodes (APDs) and photomultiplier tubes (PMTs), have

permitted us to associate with and study structures on this scale.

The rise of nanophotonics as a productive exploration field over
the previous decade has prompted a profound comprehension of
electromagnetic phenomena occurring on the nanoscale and to
the identification of plasmonic resonances as the key
components controlling the optical response of metallic
outstanding that the communication of light with noble metals,
for example, gold or silver, is for the most part determined by
the coherent oscillations of the plasmons in the conduction
band.[15, 21] In a basic picture, when light experiences a
metallic NP, the connection of the electro-attractive field with
the electrons in the metal causes them to abandon their
equilibrium positions, offering ascend to a surface charge on the
nanostructure. The framework then has a tendency to return to

its minimum-energy configuration and the electrons attempt to
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come back to their balance positions, prompting the formation of
charge-density oscillations inside the NP. At the point when the
characteristic frequency of these charge oscillations coincides of
that of the outer excitation, the response of the metal
nanostructure becomes resonant in nature. These are localized

surface plasmon resonances (LSPRs). [18]

1.2) Why Nanoplasmonics

One could contend the present increment in enthusiasm for nano
plasmonic detecting stages 1s simply the consistent result of
nanotechnology pushing routine SPR detecting toward new
wildernesses. In any case, the most essential question that
should be addressed is whether this development is justified
regardless of the exertion. Inborn advantages of metal nano
structure offer conceivable outcomes which is difficult to be met
by traditional SPR sensors. Contrasted with SPRs, where the
propagating nature of the plasmonic mode guarantees large
effective sensing areas, the strong EM field confinement and the

localized nature of LSPRs limits minimum sensing area of metal
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nano structure to their size. Consolidated with the likelihood of
energizing the LSPRs with direct EM illumination, and thus
becoming unnecessary use of bulky coupling methodologies, the
utilization of metal nano particle offers extremely encouraging
open doors for sensor miniaturization and multiplexing. The
strong EM field confinement of LSPRs guarantees smaller
penetration depths of the evanescent field into the surrounding
dielectric. As an immediate result, bio molecules connected to
the nano particle surface possess a much bigger division of the
evanescent field, raising the desires of excellent sensitivities for

the detection of tiny bio molecules in low amounts.

By and large, a nanoplasmonic biosensor comprises of a
nanostructured substrate with perfect microfluidics. The LSPR
of the nanostructures can be energized by a VIS-NIR light
source, while a spectrometer gathers the necessary light. For
high nanostructure surface densities, extinction measurements
are the most effortless approach to describe the optical
properties. For this situation, light 1s shed on the plasmonic

nanostructures and the transmitted light is dissected with a



spectrometer. However, in the point of confinement of single
molecule detecting, a much higher complexity is required
between the excitation light and the light consumed by the
nanoparticles. In those cases, scattering measurements are
favored. These high signal-to-background levels can be
accomplished by dark field (DF) microscopy or total internal
reflection (TIR) spectroscopy. As the span of the particles is
diminished, the scattering cross segment becomes smaller and
absorption becomes dominant, making extinction measurements
more desirable. In DF microscopy (transmission design) a DF
condenser is utilized to focus a hollow — high numerical aperture
— cone on the nanostructured substrate. At that point, the
scattered light scattered by the nanostructures can be gathered
by a magnifying lens objective with a lower numerical gap.
Interestingly, in TIR microscopy, the LSPR is energized in a
crystal coupled TIR design, subsequently likewise utilizing a
magnifying lens target to gather the scattered light, yet for this
situation, with no limitation on its numerical aperture.
Nanostructured substrates utilized in the nanoplasmonic

biosensors can be isolated based on top-down or bottom up



fabrication methodologies. While the former group depends on
lithographical designing systems, the last one depends on
chemically synthesized colloidal nanoparticles that are further
kept on substrates. Thus, we just call attention to the nuts and
bolts of both manufacture ideas. For a more point by point and
broad data on the creation of nanoplasmonic structures, we
allude to the survey by Jones et al. [30]. The current variety and
extraordinary optical properties of synthesized nanoparticles can
be credited to extraordinary advances in nanotechnology, giving
analysts the vital chemistry methods that empower exact
geometrical nanoparticle designing. In such manner, next to
spheres [31], rods [32, 33, 34], plates [35], triangles [36, 37],
(bi)pyramids [38, 39, 40], cubes [41, 42], tubes [43], stars [44]
or prisms [45], also hybrid and alloy nanoparticles have been
fabricated [46], such as for example core-shell particles [47, 48,

49, 50], nanoflowers [51] or nanorice [52].

In all cases, the nature of colloidal nanoparticles imposes
downsides on their utilization as biosensors in arrangement.

Changes in the 1onic quality, pH or buffer temperature, can
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prompt the molecule precipitation. Moreover, surface bio
functionalization conventions can screen or change the charge
conveyance yielding a break of the colloidal balance. To keep
away from these challenges, connection of the colloidal
nanostructures to a strong backing can be the best option or even
an essential. An extra advantage is its similarity with
microfluidics for in-flow detecting assays. To this end, diverse
approaches have been created that go for appending the colloidal
nanoparticles to already functionalized surfaces through either
covalent or electrostatic linkage procedures. Thiol-or
amino-adjusted glass surfaces can firmly connect gold
nanoparticles to the surface, albeit at times this functionalization
step can be particularly dubious with particles that require a
stabilizer layer on the surface to maintain a strategic distance
from collection, as on account of nanorods, nanoplates or other
sort of structures [78, 79]. These surface alterations as a rule
impede a proficient and reproducible scope of the strong
backing. While trying to beat this issue, extra strides are

regularly required including the exchange of this defensive layer



with other functionalized mixes (i.e. PEGylated mixes, thiolated

mixes with carboxylic corrosive, biotin, and so on.).

This progression therefore allows for binding to appropriately
modified surfaces (amino-, thiol-, avidin-modified or opposite
charged surfaces so that electrostatic cooperations happen [80,
53, 54]). An attractive option comprises of straightforwardly
developing the nanostructure on the substrate [55]. The surface
thickness of immobilized nanoparticles can be controlled by
improving parameters, for example, the grouping of the colloidal
nanoparticle suspension, the hatching time, or the temperature,
making it conceivable to acquire exceedingly thick or
exceptionally meager surface focuses. For scanty thickness,
between molecule segregation gets to be conceivable,
empowering the otherworldly observing of a solitary
nanostructure. It ought to be noticed that all these
immobilization procedures prompt an arbitrary nanoparticle
surface dispersion, yielding low control of both position and
introduction. This issue can be overcome via doing a past

requested functionalization of the substrate, for case, via



painstakingly adjusting the surface at particular positions that

results in an arrayed-based distribution.

The most common top-down creation approaches incorporate
routine lithography, for example, photograph lithography,
electron beam lithography (EBL) or focused ion beam
lithography (FIB), taking into consideration the development of
varieties of nanometric structures with very much characterized
shapes and sizes [81]. Albeit broadly utilized, these systems are
moderate and high-cost, and in spite of high levels of resolution,
typically limit the patterning area to only a few pwm?. On the
other hand, conventional photo lithography allows faster,
parallel and huge scale manufacture at the expense of lower
resolution. An alternate approach for extensive scale and ease
making of plasmonic nanostructures is offered by colloidal
lithography systems, for example, nanospheres lithography
(NSL) [56, 57, 58], or hole-mask colloidal lithography (HCL)
[59]. In both strategies, the self-assembled layer of nanospheres
onto the substrate 1s utilized as a conciliatory cover for the era of

nanostructured substrates. With NSL, rendershighly requested



designing, while HCL, described by short-run requested
varieties of nanostructures, offers more adaptability regarding
molecule geometry. Another manufacturing system that
currently gets much consideration is nanoimprint lithography.
This method depends on the utilization of reusable ace stamps,
which can be either hard (unbending) [60], or delicate
(elastomeric) [61], that are utilized to engraving or exchange
predefined designs onto any fancied substrate. These examples
are regularly utilized as a cover for progressive manufacture
steps. Because of the reusability of the ace stamps, and even
their tunability on account of delicate stamps [62], nano imprint
lithography is viewed as an ease system with potential for high
throughput manufacture of sub-micron organized substrates.
Utilizing this manufacture strategy, extensive nano-designed
zones of vaults [63], pits [64], gaps [65], and dots/disks [66, 67,
68] have been reported. An alternate approach is offered by
nano stencil lithography. In light of shadow cover testimony,
and having the extra advantage of not requiring any oppose
handling, heating, or dissolvable utilize, this system

manufactures thick nanostructured substrates with high



determination [69], for example, nanodots [70], or nanorods
[71], and can even be stretched out for the production of
nanoplasmonic structures on adaptable substrates [72, 73].
Alongside these previously mentioned approaches, other
top-down techniques that merit specifying incorporate the
utilization of permeable alumina formats for the production of
vertical nanorods [74] and nanotubes [75], the immediate
seed-mediated growth of nanoplates straightforwardly on top of
surfaces [82], the utilization of interference lithography [76], or
the fabrication of nanoparticle bunch clusters utilizing a hybrid

top-down/bottom-up approach [77].

1.3) Nanoplasmonic Sensing

Nanoplasmonic sensing deals with the interaction of light with
metallic substances at the nanoscale, commonly in almost 100
nm size extent. This interaction with light summons the direct
photon-induced resonant collective oscillation of valence

electrons, built up when the frequency of photons matches the

natural frequency of the metal electrons wavering against the
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re-establishing force of positive nuclei. Such LSPRs are
portrayed by a large amplification of the electric field close to
the molecule surface and for the most part, field rot lengths
littler than the wavelength of the exciting light in free space.
Because of the substantial field improvement offered, physical

procedures that are delicate to the electric field experience

amplification [22, 23, 24].

Nanoplasmonic detection has broadened into an experimental
platform for investigations of biomolecular interactions and for
biosensors. Enlivened by this success, in later years,
nanoplasmonic detection methodologies have been adjusted and
custom fitted effectively to probe functional nanomaterials and
catalysts in situ and in real time. An expanding number of these
studies concentrate on utilizing the LSPR as a test device to
ponder a procedure of enthusiasm for a nanomaterial. The key
resources of nanoplasmonic sensing here are its remote readout,
non-intrusive nature, single molecule analysis capacity,

convenience and, perhaps above all, unmatched adaptability as
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far as similarity with every material sort (particles and thin or

thick layers, conductive or insulating) are distinguished.

There are two generic experimental strategies: Direct
Nanoplasmonic Sensing and Indirect Nanoplasmonic Sensing.
In a direct nanoplasmonic detection test the plasmonic
nanoparticles are active and at the same time constitute the
sensor and the concentrated nano-element. In an indirect
nanoplasmonic detection test the plasmonic nanoparticles are
inert and adjacent to the material of interest to test a procedure

occurring in/on this material.

1.4) Overview of the Thesis

In this thesis, we have investigated gold nanorod monomer
biosensors for label free molecule detection. In chapter-1, we
provided a short overview of nanoplasmonics and its importance

for biosensing applications. In chapter-2, we have reviewed



localized surface plasmon resonance in brief and explained some
fundamental theories like Lorentz Model, Drude Model, Mie
Theory, and Gans Theory. These theories play vital role in
modeling and analysis of gold nanorod, bio-proteins, and their
interaction with light. Then in chapter-3, we’ve analyzed some
core plasmonic properties of gold and its importance in LSPR
sensing. After that we have explained our proposed biosensor
structure and described different parts in chapter-4. Chapter-5 is
all about the basics of Finite Difference Time Domain (FDTD)
simulation where we have explained different aspects of
material modeling, biomolecule modeling, necessary boundary
conditions, optical sources, and the core formula to calculate
power absorption by the proposed biosensor structure. In
chapter-6, we have analyzed our simulations and results in
detail. We investigated LSPR responses for physical parameter
and environment variation of the proposed biosensor structure.
Then we concluded chapter-6 by observing the sensitivity of
various bio-proteins and explained the core factors responsible
for their various characteristics in terms of sensitivity. Finally, in

chapter-7, we illustrated future works of this extremely



emerging field of nanoplasmonics and the applications of gold

nanorod monomer biosensors for label free molecule detection.

Chapter-2
LOCALIZED SURFACE PLASMON
RESONANCE (LSPR)

2.1) Difference between Bulk Plasmon and
Localized Plasmon Resonance

The differences is related to the origin of the both phenomena.
The origin of localized surface plasmon is the collective
oscillation of the electrons at the metal NP’s surface, whereas
the bulk plasmons is a result of the oscillation of the electrons at
the bulk materials. Surface plasmon (in the case of metal
nanoparticles) can be excited by barely visible light (for the



overwhelming majorities of noble metal). Bulk plasmons can
not be excited by visible light, but rather with a beam of
electrons.

2.2) Microscopic Response of the Medium

Metals, for example, gold and silver that are appropriate for
plasmonic applications are all around characterized by the Drude
Model. Here, the metals comprise of fixed ion cores,
encompassed by freely moving conduction electrons. The
electrons don't interact with each other, however once in a
while, collide instantaneously and elastically with the ion cores.
The Drude Model can be derived as a special case of the Lorentz

Model of the optical polarisability.

2.2.1) Lorentz Model and Drude Model

The Lorentz Model of the optical polarisability [25] regards a

medium as an accumulation of classical driven damped
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harmonic oscillators. For an oscillator of mass m, natural
frequency o, and damping coefficient A displaced from

equilibrium a distance r by force F,
2
F= m(j—t§+ X%+ wy2r)= —eE

For our case the displacing force is created by an electric field E,
and follows up on electron charge e. Utilizing complex notation

for E and r oscillating at a single frequency o with time reliance

contained in a e " factor, and substituting m by the electron

effective mass m* we find

—el
m*(— 2 — iAo + ©y?)

]/':

The complex dipole moment p induced by the charge separation
r is p = -er. The linear polarisability o is defined as

p = oF . Here,

&2

m*(— 02 — ko + 0y?)

a:



The macroscopic polarisation of a medium P is linked to its

dielectric function by (o) = 1 + £ . Assuming that oscillators

&k
are non-interacting, we can simply sum all the individual

microscopic polarizabilities to find P. So for n electrons,

P =noFE and

2

g(w)=1+ ne (D)

m*ey(— @ — iAo + ©,?)

Drude model 1s simply a special case of the above. In the Drude
model, the delocalised conduction electrons move without any

restoring force, in other words, ®, =0 . We then have

nez
80) == e @

The factor n’:f; multiplying the second term on the right hand

side has units of s 2, and its square root represents the the bulk

plasma frequency of the metal, ®, .



_ ne?
o= \ln; O
We therefore have a frequency dependent dielectric function,
e(m).

_ 0p°
gw)=1- pemayll C))

The effect of inter-band transitions can be roughly accounted for

by introducing a factor ¢, . .

2
Wp
®? + iAo

ew)=¢, —

However the Drude model will fail close to the inter-band

transition



2.3) Mie Theory

'Mie Theory' empowers exact assessment of extinction,
scattered fields and enhancement factors, yet can be
exceptionally cumbersome[25, 26]. The hypothesis
accepts a spherical morphology, that the particle and
encompassing medium can each be depicted by one
dielectric function, and that there is a sharp discontinuity in
electron density at the particle surface[27]. For a metal
sphere of dielectric functiong,, () in a dielectric medium of
dielectric constante, in a constant semi static external field

of magnitude FE the inward field of the sphere is

incident ?

given by[25, 28]

3¢

2 internal — (SM((D) +2¢), )E incident (5)

Accepting that the electric potential, ¢ (whereE, =—Vo)

incident

and the typical component of the electric displacement are both

continuous at the sphere surface as our boundary conditions, the
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general polarisability of the nanosphere can be computed by

solving Laplace's equation, VZ¢ = 0, giving

a = 47:80r3(8M+28D) (6)

for a sphere of radius r.

From (5) and (6) we see that, for a metal with small damping,
when g,, = — 2¢,, the polarisability will be tremendous and the
field inside the nanoparticle will be significantly amplified. For
a theoretical perfect Drude metal, the amplification factor would
tend to endlessness. It is the damping (Im( ¢,,(®))) which
obliges the amplitude and expands the resonances. The
resonance wavelength relies on the frequency dependent
dielectric function ¢,,(®) of the metal and additionally of the
environment. Like SPP resonances, this sensitivity to the
dielectric constant/refractive index of the environment is the
premise of LSPR bio-detecting systems. For excitation

frequencies fundamentally bigger than the dipolar surface



plasmon resonance of the particle the deviation between
nanoparticle and thin film behaviour diminishes, as other effects
such as inter-band transitions begin to dominate the optical
properties[29]. The resonances of sub-wavelength
nanostructures depend firmly on the morphology of the
structures, and explanatory arrangements of Maxwell's
conditions exist for basic geometric shapes. More muddled
structures are still impossible to analyze analytically. In these
cases, finite element computer simulation can be utilized to

anticipate the resonances.

2.4) Gans Theory

Gans hypothesis is the expansion of Mie hypothesis for the

instance of spheroidal particles. It gives the dispersing qualities
of both oblate and prolate spheroidal particles much littler than
the excitation wavelength. Since it is a solution of the Maxwell

equations it ought to in fact not be known as a hypothesis.
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In Gans hypothesis, the absorption depends on aspect ratio of
the particles only. This reliance 1s presented through polarization
or shape factors related to the three dimensions of the particle.
For the instance of spheroids, this diminishes to just two distinct
factors since the particle is rotational symmetric around one

axis. [83]

The absorption coefficient,

C 2
__ 2nNVey (1/P;")g,
Gabs B 3A Z lfp], 2 (7)
Jj=A (81+P—j-gm) +e,2

Where N = number of particles per unit volume,
V = average volume per particle,
NV = total volume of all particles,

2 = ¢, = dielectric constant of the medium,

n
A= absorbed wavelength,

P ;= depolarization or shape factor,

(g, t+ig,) = €= complex dielectric function of prolate spheroid.
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P relates the plasmon excitation to the aspect ratio of the

particle for the 3 axes, j =4, B, Cwith lengths L,, L,, and L..

WhereL, > L, = L.,
R=L,/L,,

e (L) - 1),

e2

Py

The position of longitudinal absorption peak is strongly
dependent on R and ¢, . The transversal plasmon mode is also
dependent on R and ¢, but the effect is not significant enough.
o, Increases slightly with increasing R and the increment of

o, 1s more significant with higher value



Chapter-3
OPTICAL PROPERTIES OF GOLD

3.1) Noble Plasmonic Metal - Gold

Gold’s high conductivity and chemical stability are its most
advantageous properties. However, gold has an interband
transition in the visible part of the spectrum at around 470 nm
and several more in the ultraviolet region at around 325 nm. [84]
For these interband transitions, gold is used for plasmonic
resonances of wavelength > 600 nm. Damping is smaller in this
region and gold much more closely resembles an ideal Drude

metal.
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The electronic transition in a solid are more directly related to
the complex dielectric constant, € = g, + ig, instead of complex
refractive index, n = n +ik. Here, €= n . So, g, = n? — k*and
€, = 2nk. The optical constants »n and k are determined by

inverting the normal-incidence reflection and transmission

functions, R, and T, . [85]

Data analysis for plasmonic property of gold was done in terms
of the complex refractive index, n =n + ik. Then we’ve
evaluated €, and ¢, from n and kand plotted ¢, and &, with

respect to photon energy (eV). The graphs are given below:
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Chapter-4
GOLD NANOROD MONOMER BIOSENSOR

4.1) Proposed Biosensor

We have constructed our biosensor utilizing gold nanorod
monomer, bio-protein, biotin layer (to attach the nanorod with
protein molecule), and glass substrate. The proposed biosensor
diagram 1s shown below.
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Fig.2. Proposed biosensor diagram.

We varied the protein molecule to check sensitivity of different
biomolecules with the variation of size, shape, and refractive
index. Then we varied the substrate to check the LSPR shift with
the variation of physical environment. We used TFSF source as
incident light (E) to form localized surface plasmon resonance

with the variation of frequency of light.



Chapter-5
FDTD SIMULATION

5.1) Introduction

The finite difference time domain (FDTD) is an application of
Maxwell’s time dependent curl equation to solve the temporal
variation of Electromagnetic (EM) waves within a finite space
that contains a target of arbitrary shape and has recently become
the most effective method to solve Maxwell’s equations for
complex geometries. FDTD offers users an unique insight into
time and space solution. In addition, FDTD can also be used to

obtain the frequency solution by exploiting Fourier Transforms.

In the FDTD technique, Maxwell’s curl equations are
discretized by using finite difference approximation in both time
and and space that are easy to program and are accurate. To
achieve high accuracy to realize the spatial derivatives involved,

the algorithm positions the components of the electric field



about a unit cell of the lattice that constitutes the FDTD

computational domain.

5.2) Material Modeling

Material modeling is one of the most important parts of FDTD
simulation workflow. The geometry of a structure is constructed
by different materials. Each component material must be
properly modeled to account for their dispersive nature. In our
thesis, the material modeling is done via experimental values of
complex refractive index measured at sampled wavelength
values. For intermediate arbitrary wavelength, interpolated
values have been used. Gold (Au) exhibits the metal layers in
our proposed biosensor structure. Modeling of metals is very
critical in FDTD analysis as their parameters vary substantially
in different data sets. In our work, data obtained from Johnson
and Christy have been used to model Au. Chaotropic agents has
been considered as the buffer medium. For our simulation, the

refractive indices of chaotropic agents have been chosen as



1.3448, 1.3668, and 1.3848. To model the substrate we have
taken frequency dependent refractive index (RI) values which
also has been varied from hydrophilic SiO, to hydrophobic

Teflon-AF to show the substrate effect.

5.3) Biomolecule Modeling

Modeling of biomolecule is another important factor of FDTD
simulation. The biosensing performance of the proposed
structure largely depends on how the protein samples are
modeled. It is required to model the protein samples according
to their original sizes and shapes otherwise practical results can
not be predicted from FDTD simulations. In our study we have
taken protein samples with significant differences in their
tertiary sizes ranging from 14.3 kDa to 390 kDa. The adsorption
of chicken egg white lysozyme (Lys), human serum albumin
(HSA), human vy - immunoglobulin (IgG), adenomatous
polyposis coli (APC) and human fibrinogen (Fb) have been

modeled on glass substrate adjusted with the gold nanorod



monomer. Characteristic differences of these proteins have been

highlighted through shapes refractive indices (RI). The sizes,

shapes, and RI values of these modeled biosamples are shown in

the following table:

Protein Dimension Mass (kDa) |Refractive
(nm) Index

HSA 8x7 x4 66.4 1.45

Fb 12x3%x6 390 1.39

APC 4.8%x45x%x43|275 1.46

1lgG 4x3.6x%x3 148 1.42

Lys 1.9x1.9%x19(14.3 1.495

A 0.5 nm biotin layer has been added in the gap region between

the nanorod and the protein. The RI value of biotin layer has

been considered as 1.45 . With the proposed structure incident at

transverse magnetic (TM) and transverse electric (TE) polarized




light, the SPR Shifts for these bio-proteins have been calculated

to find out their molecular sensitivity.

5.4) Boundary Conditions

Depending on the purpose of optical simulation some kind of
boundary conditions must be applied. Boundary conditions are
nothing more than mathematical description that defines how
field quantities should behave as they reach the edge of the
simulation region. For simulation purpose, mainly two sets of
boundary conditions were used. One 1s perfectly matched layer

(PML) and the other is periodic boundary condition.

5.4.1) Perfectly Matched Layers

Perfectly matched layer (PML) defines the boundary condition
that ensure that outgoing radiations that reach the edge of the

simulation boundary will die out at the boundary without



reflecting back into the simulation region to interfere with the
field inside. An ideal PML boundary will absorb all of the
electromagnetic field incident on it. However, it does not happen
in real PML condition. Depending on the number of layers, a
real PML can only approximate an ideal PML boundary with
different accuracy. While the absorption is maximum in case of
normal incidence, oblique incidence can result insignificant
reflection back into the simulation region. So number of layers
must be chosen carefully in a direction of interest to simulate the
practical scenario as accurately as possible. In our simulation we
have taken 12 layers to provide consistency with the
experimental results. Also this boundary condition works best if
the structure is extended through the simulation boundary. PML
boundary is used to simulate and study the behavior of an
isolated structure. If a structure is surrounded by a simulation
region with PML boundary condition imposed on every side, it
can be assumed to be isolated. The only excitation source will be
the source placed within the boundary. The electromagnetic
field profile observed after simulating will be only due to the

perturbation of that structure alone.



5.4.2) Periodic

Periodic boundary condition 1s mainly used with broadband
wave source. Unlike PML, field does not exactly die out at the
edge of the simulation region. Rather it assumes that similar
structure continues in that direction. FDTD simulator then takes
into account of presence of similar structure in the direction and
calculates the field profile accordingly. It is possible to impose

different boundary conditions on different directions.

5.5) Optical Sources

Optical source is very important for proper optical simulation of
a given structure. In our thesis, we have utilized Total Field
Scattered Field (TFSF) source which is particularly used to
understand the behavior of scattering and absorption from small
particle. It is also convenient to properly evaluate the electric

field enhancement at the edges of nanorod structure. A TFSF



source 1s modeled in such a way that it splits the simulation
region in two different regions.
. Total field region: contains the total field,

. Scattered field region: only contains the scattered field.

Within the boundary of the source it is a plane wave that
propagates with a wave vector normal to its surface incidence.
At the edge of the boundary the absorbed field is subtracted
from the total field leaving only the scattering field to propagate
outside. When it acts as a plane wave it can be defined to have a
fixed polarization. Depending on the angle of polarization it will
give TF (for angle 90" ) or TM (for angle OO) wave propagation

in 3D simulation.

5.6) Power Absorption

Spatial power absorption in the structure was calculated using

the formula,



P, =3 xoxImag(e) * |E]
Where o= frequency of incident light,

€ = permittivity of the material at the point at which the
absorption is being calculated,

E = electric field intensity.

P ,.1s then integrated along spatial coordinates in order to find
the total absorption with respect to frequency in the structure.
The calculation of total absorption spectrum is very significant
as it provides the resonance shifts and hence the sensitivity

performance for different protein samples.



Chapter-6
SIMULATION AND RESULT ANALYSIS

6.1) Physical Parameter Variation

We know aspect ratio, R=L /W
Where L = length of the gold nanorod,
W = width of the gold nanorod.

From Gans Theory (equation 7), it 1s clear that absorption

coefficient, © abs increases with R. As O abs increases the

corresponding SPR Shift also increases with R. So, we evaluated
different values of SPR Shift with increasing L (for gold
nanorod) with respect to the frequency of light and investigated
this proportional relationship with Lumerical FDTD simulation.
Corresponding SPR Shift vs length of gold nanorod (L) Graph is

illustrated in figure-3.
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Fig.3. SPR Shift vs Length of Gold Nanorod.

In the same way, SPR Shift will decrease with increasing W. We
also investigated this inverse proportional relationship.
Corresponding SPR Shift vs width of gold nanorod (W) Graph is

illustrated in figure-4.



Fig.4. SPR Shift vs Width of Gold Nanorod.



6.2) Physical Environment Variation

6.2.1) Biomolecules’ size variation
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Fig.5. SPR Shift vs Refractive Index of Biomolecule with
Relative Density = 1.3448, 1.3668, and 1.3848 (different

chaotropic agents)



6.2.2) Substrate Variation

We investigated the SPR Shift by varying substrates via
Lumerical FDTD Simulation and observed that SPR Shift is
higher for Hydrophobic substrates rather than Hydrophilic

substrates.

For example, we got our SPR peak at 822.651 nm frequency for
SiO, (Hydrophilic substrate) without biomolecule and got our
2nd SPR peak at 823.562 nm frequency with biomolecule. So,
the SPR Shift is 0.911 nm. On the other hand, we got 1.109 nm
SPR Shift for Teflon (Hydrophobic substrate) in the same way.

6.3) Sensitivity of Different Biomolecule

We calculated the SPR Shifts of different protein

molecules of different dimensions and refractive indices.



Observed sizes, shapes, refractive indices, and SPR

Shifts are shown in the following table:

Protein Dimension |Refractive SPR Shift
inside mesh | Index (nm)
area (nm)

HSA 8 x 7 x4 1.45 0.607

Fb 12x3x%x6 1.39 0.405

APC 48x45x43(1.46 0.303

IgG 4x3.6x%x3 142 0.101

Lys 1.9x1.9%x1.9(1.495 0.303

From our investigation it is clear that SPR Shift increases

with the size inside the mesh area and also with refractive

index.

HSA has larger dimensions and refractive index than Fb
and so SPR Shift is higher for HSA than Fb. In case of

APC, though it has higher refractive index than Fb, its

dimensions are too low compared with Fb. That's why its

SPR Shift is lower than Fb. IgG has lower dimensions and




refractive index compared to APC and so its SPR Shift is
lower than APC. Then although Lys has lower dimensions
than APC, it has very high refractive index compared to

APC and so the SPR Shift is higher than APC.



Chapter-7
CONCLUSION AND FUTURE WORK

With a couple of mechanical upgrades, LSPR sensors could turn
into a biomolecular inquire about apparatus on a standard with
commercial SPR instruments. As a result of the more
noteworthy straightforwardness and lower cost of LSPR, one
could consider it "SPR in a cuvette". However sensitivity is
needed for LSPR sensors to become a viable benchtop
instrument. The single-particle, single-molecule measurements
are maximally sensitive and useful for studying the dynamics of
single molecules but they are not practical for SPR-like
applications. So, scientists must concentrate on enhancing the

sensitivity of robust, nanoparticle-ensemble-based substrates.

Another challenge that must be met before LSPR detection can
turn into a commercial instrument is to accomplish a more
noteworthy vigorousness of the LSPR substrates and
consistency among substrates, so that analyte discovery is 1s not

only specific and sensitive, but also reproducible in terms of



LSPR peak wavelength and shift magnitude from substrate to
substrate and experiment to experiment. Furthermore, LSPR
sensors should have the capacity to distinguish analytes in
complex arrangements, that is, biological samples such as blood,
serum, urine, and so forth. This is a challenge both in terms of
specificity of the sensor and a design that will allow for
solutions that are not optically transparent. Glass substrates
utilized as a part of a reflection geometry might be most

appropriate for this case.

There has been great interest in the potential of LSPR sensing as
a fast, simple, low cost medical diagnostic technology. Because
LSPR sensing is based on a simple optical extinction
measurement, it is conceivable that robust, portable devices for
point-of- care diagnostics could be developed and deployed in

global outreach programs.

Future difficulties in the improvement of low-cost LSPR-based
medical diagnostics may incorporate outlining substrates with

greater molecular detection sensitivity, making instruments that



can distinguish target molecules in complex fluids, further
miniaturizing the devices, and engineering user-friendly
interfaces, in terms of both hardware and software. The perfect
substrate would be reusable, simple to functionalize with the

recognition element, and simple to clean and replace.
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