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Abstract

Study on Optical Properties and Chiral Sensing
Mechanisms of Two-Dimensionally Aligned Chiral

Nanoparticles for Biomolecules
Ryeong Myeong Kim
Department of Materials Science and Engineering
The Graduate School

Seoul National University

Ultra-sensitive detection and precise characterization of molecular chirality
has been important issue in broad range of fields including biology, physics,
chemistry, and even pharmaceutics due to their ability to guide and control various
phenomena in nature'-®. Understanding on specific light-matter interactions of chiral
biomolecules with polarized have advanced spectroscopic techniques to analyze
such interactions by measuring chirality-dependent transmission, absorption, and

scattering’ "

. Representatively, circular dichroism (CD) which measures absorption
difference between left circularly polarized (LCP) and right circularly polarized
(RCP) light'*-'” and optical rotatory dispersion (ORD)”*!1:%0 which analyze rotation
of initial optical axis have been demonstrated as non-invasive and simple detection

techniques for molecular chirality. However, large scale mismatch between few-nm



sized molecules and hundreds-nm scale light which diminishes strength of light-

matter interactions decrease the limit-of-detection for molecular chirality?!-?.

Recent advances in nanophotonic chiral sensing systems which utilize
localized surface plasmon resonance (LSPR) of the chiral plasmonic materials have
been demonstrated as it can concentrate the chiral energy of light (i.e., optical
helicity density) to the molecular scale to boost up light-matter interactions and CD
response of molecules®*~>°, Even they successfully lowered the limit of detection
for molecular chirality, the lack of mechanistic understanding and low sensitivity
due to the weak and non-uniform enhancement of optical helicity density by chiral
plasmonic structures results in reproducibility issues and ultimately limits the

21,2256 - Therefore,

practical utilization of nanophotonic chiral sensing platforms
mechanistic investigation on nanophotonic chiral sensing and development of chiral
nanostructure which can uniformly amplify optical helicity density is important for
real application of nanophotonic systems for chirality detection. Through this study,
we propose that the utilization of collective resonance (CR)**® from two-
dimensionally (2D) aligned chiral plasmonic nanoparticles (helicoids*® ), 2D
helicoid crystal, and monitoring change in CD response of 2D aligned chiral
plasmonic nanostructures depending on molecular chirality can be a promising
strategy to solve above mentioned limitations. In this thesis, we present a new chiral
sensing platform that can greatly amplify chiral light-matter interactions to the level
of' naked-eye chirality detection using plasmonic coupling (i.e., CR) among helicoids
and chiral perturbation theory that can interpret principle of nanophotonic chiral
sensing through the understanding on chiral-light matter interactions in terms of

energy re-distribution®”-%%,

Recent development of strategy to colloidally synthesize helicoids with

tailored chiroptic properties using biomolecules paves the way to practically utilize

il



the chiral plasmonic nanostructures for various applications>*¢7-%-%_In addition, the
chiroptic property of a colloidal chiral plasmonic particle which came from LSPR of
nanoparticles can be amplified and tailored by using coupled resonance among

nanoparticleSS7,58,85,88,91—93

. As a representative method for amplified plasmon
resonance, 2D aligning plasmonic nanoparticles with a period of incident light
wavelengths can induce hybridization between LSPR and diffraction mode, which
can induce collective resonance of nanoparticles®”-*. To establish new strategies for
amplifying chiroptic response of existing helicoids, we have first developed
methodology for 2D aligning colloidal nanoparticles and studied collective
resonance feature of 2D helicoid crystal in Chapter 2. Importantly, study on the
hybridization tendency depending on the energy level of LSPR and diffraction mode
provide an important insight in achieving optimal chiroptic response in 2D helicoid
crystal. Chapter 3 describes the simulational and theoretical study on chiroptical
property of 2D helicoid crystal as a chiral sensing platform, Chapter 4 describes
molecular chirality sensing experiment using collective resonance of 2D helicoid
crystal, and Chapter 5 describes the 2D helicoid crystal for practical chiral sensing

platforms from the perspectives of universal analyte selection and integration in

commercialized optic system as a sensor chip.

Recent studies on 2D aligned plasmonic nanoparticles revealed new mode

of plasmonic resonance called collective resonance®”-

which originates from the
mode hybridization between diffraction and LSPR. Specifically, diffracted light by
periodic nanostructures is guided and induces collective excitation of plasmon of
periodically spaced plasmonic nanoparticles. The collective resonance exhibits
improved quality in plasmon resonance, enabling effective confinement of incident
light along 2D surface and thus is considered useful strategy to boost up light-matter

interactions and improve sensitivity of plasmonic sensors. However, the collective

resonance and resulting CD response in 2D aligned chiral plasmonic nanostructures
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is in realm of unknown due to the hardness in fabrication of 2D and periodically
aligned chiral plasmonic nanostructures. In this thesis, we have developed
methodology to 2D align colloidally synthesized helicoids and analyzed CD
response of the fabricated nanostructure for effective confinement of chiral field of
light (optical helicity density). The simple and easy control of collective resonance
feature which originates from mode hybridization between LSPR and diffraction
mode enabled generation of collective resonance mode which can induce strong
chiroptic response in 2D helicoid crystal. Specifically, 180-nm sized helicoids
aligned with 400 nm periodicity showed optimal chiroptic response at the 60-deg
slanted incidence of circularly polarized light (CPL). These results revealed that the
chiral counterpart of collective resonance can be induced and chiroptic response of
chiral nanoparticles can be improved through the mechanistic control of collective

resonance by tailoring mode hybridization between LSPR and diffraction mode.

Chiral plasmonic nanostructures as a chiral sensing platform has been
studied for decades ®2*3%%, Existing studies on the chiral plasmonics for chiral
sensor focus on the enhancement of molecular CD by improved optical helicity by
chiral plasmonic nanostructures. However, the mere enhancement of optical helicity
density by chiral plasmonic nanostructures and spectral mismatch between
molecular CD and plasmon resonance wavelengths yields reproducibility issues in
sensor properties??2, In this thesis, strong chiroptic response and resulting optical
helicity density of 2D helicoid crystal were explored for application of 2D helicoid
crystal as ultra-sensitive chiral sensing platform. The chiroptic properties of
helicoids, which have nearly isotropic (i.e., 432 rotational symmetry®’) chiral
morphology, are sustained even in 2D aligned geometry by inducing overlap of
transverse electric (TE) and transverse magnetic (TM) mode at the collective
resonance wavelengths. In addition, the circular polarized light (CPL)-like phase

difference of TE/TM mode was identified by electromagnetic (EM) simulation

v



which results in real-time spinning of optically induced electric dipole of each
helicoids in 2D helicoid crystal. Furthermore, these collective spinning of electric
dipole induced collective spinning of scattered electric field along the surface where
the helicoids are 2D aligned, demonstrating that the collective resonance of 2D
helicoid crystal generates uniform chiral scattered field (i.e., uniform and strong
optical helicity density). In order to practically apply uniform and strong optical
helicity density for chiral sensing, new theory of chiral perturbation which can
correlate molecular chirality and optical helicity density not in terms of molecular
CD enhancement but for the chiral molecular energy back-action on CD response of
chiral plasmonic nanostructures. These results robustly support that the uniform and
strong optical helicity of 2D helicoid crystal is key factor for sensitive chiral sensing
since they can enhance chiral light matter interaction, leading to increased chiral

back-action of molecules to plasmonic structures.

Current research on chiral sensing by chiral plasmonic nanostructures has
been theoretically demonstrating sensor characteristics due to issues in
reproducibility, rather than providing experimental evidence of these sensor
properties’!. When the molecular orientation, local concentration and position are
varies, the resulting optical responses differ. In this context, we experimentally
confirmed reliability of the newly developed theoretical interpretation on chiral
sensing based on 2D helicoid crystal. In this thesis, we demonstrated enantioselective
CD response of 2D helicoid crystal for amino-acids, proline molecules. In order to
induce collective resonance in 2D helicoid crystal, transmission-based optical
sensing set-up which can monitor real-time CD response of 2D helicoid crystal for
the introduction of L- and D-proline molecules was utilized. Through this, we
confirmed that the collective CD response including wavelengths and intensity
enantioselectively changes depending on the chirality of proline molecules. In

addition, the degree of change in CD response was maintained for various



concentration and volume of proline molecules, reaching the limit of detection to
few-mM and few-pL range. Furthermore, the enantioselective CD response results
in enantioselective change in polarization resolved color® of 2D helicoid crystal,

facilitating naked-eye determination of molecular chirality.

The strong and uniform optical helicity density of 2D helicoid crystal
enabled detection of chirality changes, accompanied in DNA-RNA hybridization
and protein conformation changes on 2D helicoid crystal. In this thesis, the
expandability and practical applicability of collective CD of 2D helicoid crystal for
the detection of various types of biomolecules such as microRNA (mRNA) and
protein complexes. In order to conduct chiral sensing experiment on mRNA and
protein complexes, each biomolecule were fixed on the 2D helicoid crystal using the
specific bio-molecular interactions and the change in collective CD was monitored
when the structure of each biomolecules is changed by attaching the binding
counterparts such as, DNA and protein structure change inducers. Through this, we
confirmed that the collective CD response including wavelengths and intensity
changes when the chirality of mRNA and protein complexes alter, confirming
enantiosensitivity of 2D helicoid crystal regardless of types of molecules.
Furthermore, the 2D helicoid crystal was integrated into commercialized surface
plasmon resonance (SPR) sensing systems, which uses reflection-type optic system,

showing collective CD response and their enantioselective CD changes.

In conclusion, fabrication of 2D helicoid crystal and characterization of
collective resonance and CD for the chiral sensing platform has been achieved in the
perspective of experiment, simulation, and theory. In addition, integration of newly
discovered structure, chiroptic responses, and theory for the detection of molecular
chirality including, amino-acid, nucleotide, and proteins has been demonstrated in

various sensing systems using micro volume of analyte, transmission, and reflection.
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We believe the development of new system of chiral plasmonic nanoparticles for the
detection of molecular chirality ultimately opens new paradigm of chiral plasmonic

structures for real and practical chiral sensing applications.
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Chapter 1. Introduction

1.1 Importance of Chirality

Chirality generally refers to the structural property of objects that are not
superimposable on their mirror image. Chirality exists in a wide range of domains
within the natural world, not only in biomolecules but also in many other areas.
Representative examples of chiral biomolecules include amino acids, DNA, and
proteins. Specifically, the chirality of a molecule arises from the arrangement of
three different molecules seen from an axis defined by a central carbon atom or a
molecular group that is tetrahedrally distributed (Figure. 1.1)°>. When this
arrangement exhibits a mirror-image configuration that cannot be superimposed
through simple rotations, translations, or transformations, it signifies the presence
of chirality. The chirality of molecules serves as an important indicator for inducing
unique interactions in the natural world. These distinctive interactions of chiral
molecules not only induce energetically preferred bindings based on the chiral
nature of the interacting substances in organic-organic interactions but can also
extend to organic-inorganic interactions. Chirality can influence interactions at
scales beyond the molecular level, including DNA, proteins, organisms, and even
the hands of living organisms (Figure 1.1)*. A notable example of the specific
chirality-mediated interactions in biological systems can be observed during the
developmental process of the shell in L. stagnalis®, where the chirality of the
formed inorganic structures is influenced by the chiral nature of the molecules
present during the cellular expression stage (Figure 1.2). While it may be
challenging to discern the impact of chirality in the early stages composed of a small
number of molecules, the manifestation of molecular chirality begins from the
eight-cell stage, leading to the twisted forms at the cellular level. Furthermore, this
cellular-level chirality ultimately results in the helical shape of the fully grown snail

shell, visually exhibiting both its own chirality and the initial molecular chirality.



In summary, chirality plays a significant role in various domains of the natural
world, influencing unique interactions and phenomena. Understanding and
studying the manifestations and effects of chirality contribute to advancing our

knowledge in fields such as chemistry, biology, materials science, and beyond.
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Figure 1. 1 Illustration of diverse biological molecules and substances in nature
demonstrating chirality. This unique property is ubiquitous across different scales,

ranging from nanoscale molecular structures up to macroscale entities.
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Figure 1. 2 Structural development of L. stagnalis as a case study, where the chirality

of the inorganically formed structures is directly impacted by the chiral nature of the

biomolecules present during the cellular expression stage.

M L) &t



In addition, it is worth noting that the development of chiral structures,
facilitated by the presence of molecular chirality, can give rise to intriguing optical
phenomena in the visible light range, particularly when these structures are
composed of highly optically active molecules. One illustrative example can be
found in certain species of butterflies, such as Heliconius cydno and H. melpomene
malleti®®, which exhibit intricate chiral patterns on their wings. These regular chiral
arrangements impart distinct polarization-dependent interactions with incident light,
leading to variations in the reflection and absorption properties depending on
whether the light is left-handed or right-handed circularly polarized (Figure 1.3).
Consequently, these butterflies exhibit vibrant colors that can be visually discerned
based on their chiral characteristics. Importantly, the structural chirality displayed
by these organisms is not confined to mere optical peculiarities, but it is also
believed to play a significant role in communication and object recognition within
their respective ecosystems. Thus, the impact of chirality in biological systems
extends beyond its fascinating optical attributes, as it is increasingly recognized as
a fundamental element influencing diverse aspects of living organisms' activities

and behaviors.



Figure 1. 3 Comparative display of the polarized iridescent patterning observed in
the butterfly species, Heliconius cydno (left-top), juxtaposed with its counterpart, H.
melpomene malleti (left-bottom), which distinctly lacks polarized iridescence in its
wing structure. Schematic illustrations and Scanning Electron Microscope (SEM)

image of chiral structures of exoskeletons in butterfly wings (right).



The understanding of chirality in living organisms has extended to the
comprehension of biological phenomena and behaviors, leading to advancements
in various fields encompassing optics, pharmacy, life sciences, and chemistry, with

3415 However, as

the aim of beneficially applying chirality for humanity
exemplified by the case of thalidomide in the late 1900s, the lack of accurate
analysis of chirality and a precise understanding of chiral interactions within
organisms resulted in tragic consequences’. Thalidomide was generally known as
a drug molecule used for the treatment of morning sickness and sleep disorders in
pregnant women. However, depending on its chirality, (R)-thalidomide served its
intended role as a therapeutic agent, while (S)-thalidomide caused unexpected birth
defects in babies (Figure 1.4)*. Thalidomide is not the only molecule in
pharmaceuticals that exhibits chirality; about 60 % of drug molecules possess
chirality (Figure 1.5)*. Through such cases, the significance of chirality in
pharmacy has been emphasized, and it has become increasingly important to

understand the precise chirality of molecules and their chiral interactions within

living organisms when utilizing them as drugs.

As evident from these examples, the understanding of chirality extends
beyond simple molecular chirality to the regulation of biological phenomena and
behaviors. Its importance continues to grow, leading to an increasing demand for
the accurate analysis of chirality and the development of techniques to synthesize
desired forms of chiral molecules that can be precisely tailored to control biological

phenomena and behaviors.



R-(+)-thalidomide
Relieve morning sickness
(intended)

S-(-)-thalidomide
Birth defect

(not-intended)

Figure 1. 4 A schematic illustration showcasing the profound influence of chirality
on the biological impact of Thalidomide. (R)-Thalidomide functions as an effective
remedy for morning sickness in pregnant women, while its mirror image, (S)-
Thalidomide, induces teratogenic effects leading to congenital malformations in

neonates.
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Figure 1. 5 A chart illustrating the proportion of currently prescribed drugs that

exhibit chirality. This graph underscores the significant role that chirality plays in

modern pharmaceuticals, with a high percentage of drugs demonstrating this

characteristic.



1.2 State of Art for Chirality Determination

As noted in Chapter 1.1, chiral materials exhibit unique interactions with
polarized light, displaying distinctive polarization colors or inducing changes in
absorption and optical signals. These characteristics depend on the size and type
of the structure, determining how they interact with different wavelengths of light
and the extent of their interaction, which can be used as an indicator for
determining the chirality of biomolecules. In the following section, we will discuss
the analysis of chiral biomolecules using the polarization-specific interactions of

chiral structures and recent research to enhance these interactions.

The analysis of chirality has commonly relied on their polarized-specific
interactions. Substances with chiral structures exhibit different interactions
depending on the arrangement of their structures, causing fluctuations in the flow
of electrons when incident circularly polarized light possesses a certain
directionality '8, This led to the development of circular dichroism (CD), which
analyzes the difference in absorption induced by left- and right-circularly
polarized light when investigating chiral molecules. Additionally, chiral
molecules exhibit optical activity, where they possess a rotatory power that can
rotate the polarization axis when illuminated with linearly polarized light
consisting of equal amounts of left- and right-circularly polarized components.
Based on this phenomenon, optical rotatory dispersion (ORD) has been used,
which analyzes the rotation induced by chiral molecules and determines the
magnitude of rotation to assess the chirality of molecules (Figure 1.6). Both
methods provide convenient and rapid detection of molecular chirality. However,
they require short wavelengths of light to be used, corresponding to the size of the
molecules, in order to enhance their interactions. This necessitates high

concentrations of molecular samples and long measurement times?2. Moreover, as
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the wavelength of light decreases, the energy of the light increases, potentially
causing damage to molecules that receive high-energy light over an extended
period. Therefore, CD and ORD-based analyses are nearly impossible for
molecules with limited quantities, such as important new drugs in actual drug
development projects, as these methods do not allow for the recovery of the
molecules after chirality analysis. Therefore, strategy that can enhance the
interaction between molecules and incident circularly polarized light can

overcome the limitations of existing chiral sensing techniques.
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Figure 1. 6 Schematic illustration showing the fundamental principles of circular

dichroism (CD) and optical rotatory dispersion (ORD).
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To achieve this, the physical description of the interaction between chiral
molecules and circularly polarized light was explored. The Cohen group re-
examined the physical equation (Eq 1. 1) originally known as a simple conservation
quantity of light, discovered by Lipkin in 1964°°, and revealed its significance as
optical helicity density (h) (also known as optical chirality (C)), which represents

how helical and intense the light is formed in the presence of molecules®.

h= _;—"Im(E *H*) « |E||[Hy/2||cosOg 2], (Eq 1. 1)

w

Specifically, for circularly polarized light rotating in a specific direction, an
electric field and a magnetic field with a phase difference of n/2 nearly exist in a
parallel state (Figure 1.7). The imaginary operator in Eq 1. 1 has an effect of
shifting the magnetic field term of the equation by m/2. Therefore, Eq 1.1,
discovered by Lipkin, can be considered a quantity indicating how closely the
polarization formed in a vacuum resembles circularly polarized light. Along with
the invention of the optical helicity concept, the induction of molecular dipole
moments was achieved to physically describe the chiral-specific interaction of
molecules under the irradiation of circularly polarized light. Most molecules can
form dipole moments due to the vibration of electrons under light irradiation as
shown in Eq 1. 2, p and a denotes electric dipole moment and electric

polarizability, respectively!'®.

p = aE, (Eq 1.2)

For chiral molecules, when illuminated with circularly polarized light, their
dipole moments can be expressed with the introduction of a chiral polarizability
(G) term (Eq 1. 3)'°01%2 and the light-dependent absorption of molecules based on
this dipole moment can be represented as shown in Eq 1. 4. Simplifying the
calculation of the actual measured CD signal of molecules based on Eq 1. 4 yields

Eql.5.
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p = «E + iGH, (Eq1.3)
Aiuce, rery = (7P +H'-m) = 2 {alEI2 + 2GIm(E + H*1)}, (Eq 1. 4)

AA(CD) = A, — A_ « G{Im(E, -H*,) — Im(E_-H*_)}

= -2 (h, —h), (Eq1.5)

£0
The Cohen group focused on the Im(E-H") term present in Eq 1. 5 and
demonstrated that the molecular CD (CDmolecule) and the dissymmetry factor (g-
factor), which describes absolute chiroptic response of chiral structures, can be
summarized in terms of optical helicity (Eq 1.6). Therefore, amplifying optical
helicity can enhance the CD signal of molecules and establish a physical basis for

lowering the detection limit of conventional chiral sensing techniques.

A—A_ 40G

Emolecule =2 A A = _? (h+ - h_):
8wG
_?hﬂ_ ("' h+ == h+ - h_ fOI' CPL), (Eq 1. 6)
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Figure 1. 7 Schematic illustration showing the electric and magnetic field

distribution in circularly polarized light (CPL).
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Based on the understanding of optical helicity, attempts have been made to
enhance the amplification of molecular CD by utilizing increased optical helicity.
One notable approach involves the use of plasmonic materials, which can
efficiently concentrate the energy of light within a localized region. Plasmonic
materials are based on the phenomenon of localized surface plasmon resonance
(LSPR), which arises from the resonance of free electrons under the illumination
of light, allowing for efficient energy concentration on the surface. This localized
energy concentration can increase the electric field present in the optical helicity
density, leading to the amplification of optical helicity. Based on this principle,
chiral sensing based on the amplification of optical helicity using achiral plasmonic
structures has been proposed (Figure 1.8)**. However, due to the dipolar nature
of the formed LSPR, not only the optical helicity of one sign but also the optical
helicity of the opposite handedness is simultaneously amplified. As a result, the
amplified CD signals of the molecules are cancelled out by the two-directional
optical helicity, making it impossible to achieve macroscopic CD enhancement.
Therefore, it was necessary to treat the molecules on specific positions of
plasmonic structures that exhibit a specific sign of optical helicity in order to realize
the amplification of molecular CD. To overcome this limitation, chiral plasmonic
materials that can generate significant differences in their own optical helicity have
gained attention. Chiral plasmonic structures can induce a strong interaction
difference with respect to linearly polarized light, allowing for the retention of
optical helicity without its loss even when multiple signs of optical helicity are
induced on the structure during spatial integration. By utilizing the optical helicity
of chiral plasmonic structures, the Kadodwala group successfully demonstrated the
effective enhancement of CD signals for single-layer proteins (Figure 1.9)*. They
proved that using chiral plasmonic nanostructures with high chiroptic response can

enhance chiral sensitivity.
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Figure 1. 8 Visualization of the spatial distribution of optical chirality in proximity

to a dipole under the influence of an external field in achiral plasmonic nanoparticles.
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Figure 1. 9 Demonstration of protein adsorption effects on the circular dichroism
(CD) spectra of a chiral metasurface (left panel). Changes in peak shifts, AAru and
AMln, are observed upon protein adsorption, revealing optical dissymmetry in
opposing nanostructures. Specific interactions with Haemoglobin (upper panel) and
B-lactoglobulin (lower panel) are illustrated, with these proteins adopting distinct,

arbitrary structures when oriented near a surface (right panel).
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1.3 Chiral Plasmonic Nanoparticles (Helicoids)

In order to achieve high sensitivity in the implementation and practical
application of chiral sensors, the development of plasmonic structures with high
chiroptic response is crucial. Our group has synthesized various-shaped
nanoparticles through the seed-mediated growth of plasmonic nanostructures®-
63.65.66.72.75.76.80.82-89.95,103-106  controlling the environment during the nanoparticle
growth process using cetyltrimethylammonium bromide (CTAB) as the surfactant,
L-ascorbic acid (AA) as the reducing agent, gold (Au) precursor ions, and organic
molecular additives (Figure 1.10). Particularly, by injecting chiral amino acids and
peptides during the synthesis process, we induced selective growth of the
nanoparticles based on the chirality expressed on high-index facets and the chiral

interactions between organic molecules®303%107-161 = Ag

a result, we developed a
synthetic approach where the chiral nature of the molecules can be implemented

within nanoparticles of sizes around 200 nm (Figure 1.11)%.
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Figure 1. 10 Schematic illustration showing seed-mediated synthesis of gold

nanoparticles with controlled morphology.
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Figure 1. 11 Schematic illustration showing synthesis of chiral plasmonic

nanoparticles by utilizing chiral amino acids and peptides as a shape modifier.
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The synthesized nanoparticles were named the 432-helicoid series,
characterized by their crystallographic structure in three dimensions'®?, exhibiting 4-
fold rotational symmetry along the <100> direction, 3-fold rotational symmetry
along the <111> direction, and 2-fold rotational symmetry along the <110> direction,
with helical morphologies (Figure 1.12)%%° By employing different seed
nanoparticle shapes'®® (cube, octahedron, rthombic dodecahedron, and plate) and
additives (amino-acid, peptide, nucleotides) during the helicoid fabrication process,
we were able to synthesize chiral plasmonic nanoparticles with diverse forms and
exhibit various chiroptic responses (Figure 1.13)%7% Among them, Helicoid III
(helicoids) showed a high chiroptic response with a g-factor of 0.2, demonstrating
an absorption difference of around 10% between left-handed circularly polarized
(LCP) and right-handed circularly polarized (RCP) light depending on the incident
polarization. The strong chiroptic response of these helicoids exhibits optimal optical
characteristics for their application as chiral sensors, and their synthesis based on
aqueous systems offers the significant advantage of easy and large-scale production

of sensor devices.
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Figure 1. 12 Illustration of 432 Helicoid 111, exhibiting 4-fold rotational symmetry
along the <100> direction, 3-fold rotational symmetry along the <111> direction,

and 2-fold rotational symmetry along the <110> direction, with helical morphologies.
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Figure 1. 13 Schematic illustration of 432 helicoid series, synthesized in various
growth conditions. Change in seed nanoparticles and chiral molecules induce

different chiral morphological evolution and chiroptic responses.
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However, there are two main limitations in applying most chiral plasmonic
materials, including helicoids, as chiral sensors®!. Firstly, the amplification of optical
helicity density based on localized surface plasmon resonance (LSPR) cannot
uniformly amplify only the desired handedness of optical helicity, resulting in the
loss of most optical helicity during spatial integration. Therefore, it is practically
challenging to achieve strong circular dichroism (CD) enhancement. Secondly,
while the conventional theory of molecular CD amplification is based on the
amplification of the molecular absorption signal, the amplification of optical helicity
by plasmonic materials is spectrally separated from the molecular absorption
wavelength in the visible range, making it impossible to achieve amplification. Thus,
in order to apply these helicoids as chiral sensors, the development of systems that
can achieve uniform amplification of optical helicity and the need for new concepts
in theoretical approaches to describe the enhanced sensitivity toward molecular

chirality using chiral plasmonic nanostructures.
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1.4 Collective Resonance (CR) and Perturbation Theory

As mentioned in Chapter 1.3, to utilize chiral plasmonic materials as
effective chiral sensors, there is a need for the development of systems capable of
inducing a uniform optical helicity density and new theories to explain the
enhancement of chiral sensitivity based on chiral plasmonic materials. In this chapter,

we will discuss recent research efforts aimed at addressing these challenges.

Firstly, as a solution to the formation of non-uniform optical helicity density
based on LSPR, there is an example that utilizes two-dimensionally (2D) aligned
plasmonic nanostructures®”!, Collective resonance is a new plasmonic mode that
arises from the hybridization of diffracted light by regularly arranged plasmonic
nanoparticles and the LSPR energy of the nanostructures®. Efficient delivery of
incident light to the 2D aligned plasmonic material is made possible through the
diffraction of light, allowing for simultaneous LSPR of the 2D aligned nanoparticles
and intense and uniform concentration of light energy on the surface. This collective
resonance, based on energy hybridization, can be modulated by adjusting the energy
levels of the hybridized diffraction and LSPR modes. Specifically, the energy level
of LSPR can be controlled by varying the size and shape of the assembled
nanoparticles, while the energy level of the diffraction mode can be adjusted by the
nanoparticle spacing and the angle of incident light®. This approach enables the
induction of collective resonance with diverse forms and offers the advantage of

identifying conditions for strong collective resonance.

The Vogel group has fabricated structures capable of inducing collective
resonance through the two-dimensional assembly of achiral plasmonic

164

nanoparticles'®*. These structures not only exhibited LSPR of the nanoparticles but

also induced collective resonance, resulting in the uniform amplification of the
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electric field when the nanoparticles were aligned in a 2D space. Furthermore, the
researchers aimed to induce the enhancement of molecular circular dichroism (CD)
by incorporating the chiral molecules into the system. The formation of collective
resonance facilitated the amplification of not only the strong electric field but also
the optical helicity density. Consequently, they achieved a greater amplification of
molecular CD signals compared to LSPR-based CD enhancement (Figure 1.15).
However, this methodology still fell short in achieving a uniform optical helicity
density due to the dipolar nature of the achiral structures themselves, which limited
the extension of collective resonance to a uniform optical helicity density. Thus, they
only achieved slightly higher chiral sensitivity compared to LSPR. Although
attempts were made to induce collective resonance in 2D-aligned chiral plasmonic
structures, the formation of collective resonance with strong chiroptic response has

not been reported in the literature.

In elucidating the second quandary, a perturbation theory has been
established, offering a physical explication for the phenomenon of energy
modulation in plasmonic materials, instigated by proximate molecules®.
Predominantly, molecules intrinsic to the natural environment exhibit the capacity
to engage in photon-molecular interactions within the resonance wavelength band of
plasmonic constituents. This photon-molecular interplay engenders a dipolar
configuration within the molecule. Utilizing Eq. 1.2 as the foundational framework,
it's possible to characterize this molecular dipole moment. Predicated upon this
comprehension of the dipolar molecule, one can physically derive the extent of
potential interaction between a molecule and photonic energy. As indicated by Eq.
1.7, the variation in photonic energy induced by a molecule is proportional to the
molecule's polarizability, denoted as a. Drawing upon this physical apprehension, a
perturbation theory has been promulgated which describes the energy modulation in
plasmonic substances in a system where plasmonic materials and molecules coexist.

According to this perturbation theory, the decrement in energy of plasmonic
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materials, instigated by molecules, incites a red shift in the resonance wavelength of
plasmonic substances. This concept adheres to the formula E=hc/A and has
precipitated the development of molecular detectors predicated upon plasmonic
materials. To elucidate further, photonic energy, when intensely concentrated
proximate to plasmonic materials, provokes an amplified photon-matter interaction
with substances adjacent to these plasmonic entities. This magnified interaction
permits molecules to deplete the energy of both light and plasmonic materials more
efficaciously, thus enabling the implementation of such a system. This perturbation
theory, coupled with Eq. 1.3, proposes that chiral polarizability G, which is
contingent upon circularly polarized light and emanates from chiral molecules, can
induce alterations in energy in plasmonic materials, in a manner analogous to electric
polarizability, which is subject to the molecule's chirality. However, our
comprehension of the chiral light-matter interaction between circularly polarized
light and chiral molecules currently lacks depth. This deficiency has impeded the
establishment of a precise correlation between the chirality of a molecule and energy
perturbation. Consequently, the formulation of a chiral perturbation theory, which
could potentially elucidate the properties of chiral sensors anchored on chiral-light

matter interaction and chiral plasmonic materials, remains a work in progress.
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1.5 Scope of Thesis

The overarching objective of this thesis is to engineer highly sensitive
chiral sensing platforms, deploying chiral plasmonic nanostructures characteriz
ed by intense and uniform optical helicity density. The work ambitiously str
addles the fabrication and optical characterization of two-dimensional (2D) al
igned chiral plasmonic nanoparticles, the development of theoretical underpin
nings for their precise deployment in chiral sensing, and the experimental pr

ogression towards functional chiral sensor platforms.

The thesis is meticulously structured into four main chapters. Chapter
2 is dedicated to the experimental fabrication and subsequent optical characte
rization of 2D aligned chiral plasmonic nanoparticles. Chapter 3 delves into
theoretical explorations pertaining to these nanostructures, specifically focusin
g on their prospective utility in chiral sensing applications. Chapters 4 and 5
encapsulate the practical validation and potential applicability of these 2D a
ligned chiral plasmonic nanoparticles across a spectrum of chiral biomolecula

r sensing and optical systems.

In Chapter 2, we propose to enhance the chiroptic response of pre-exi
sting chiral plasmonic nanostructures by incorporating helicoids, structures alr
eady known for their potent chiroptic responses. We endeavor to design an i
mproved system capable of inducing collective resonance, honing in on a 2
D aligned plasmonic nanoparticles system. The strategy includes developing
a novel methodology for the fabrication of a uniform 2D helicoid crystal an

d gaining insights into the optical properties inherent in such constructs.

In Chapter 3, we seek to decipher the theoretical foundations of the r
obust chiroptic property of the fabricated 2D helicoid crystal, prior to launch

ing into empirical exploration of its chiral sensor attributes. This involves un
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dertaking an electromagnetic simulation-based chiroptic property analysis, whi
ch conclusively identifies a strong and uniform optical helicity as a crucial
determinant of enhanced chiral sensitivity, underpinned by the development o

f chiral perturbation theory.

In Chapters 4 and 5, the experimental examination of the chiral sensiti
vity of the 2D helicoid crystal is documented. Chapter 4 entails the assessm
ent of chiral sensitivity using a proline molecule solution, a simple chiral a
mino acid. It convincingly demonstrates that shifts in the Circular Dichroism
(CD) signal of the 2D helicoid crystal are contingent on the molecule's chira

lity, thereby enabling highly sensitive detection.

Chapter 5, as a natural extension of the previous chapter, expands the
potential array of detectable chiral biomolecules to include nucleotides and p
roteins. The focus here is not only on detecting these biomolecules but also
on discerning chirality changes induced by structural alterations of nucleotide
s and proteins affixed to the 2D helicoid crystal. This ambitious endeavor c
ulminates in the real-time detection of chirality at a monolayer molecular lev
el. In the latter part of Chapter 5, the 2D helicoid crystal is integrated into
a commercialized Surface Plasmon Resonance (SPR) sensing system, bypassi
ng the limitations of a transmission-based custom optical system. This facilit
ates the use of the fabricated structure as a sensor chip, enabling detection
of previously elusive chiralities. The collective resonance and CD signal of t
he 2D helicoid crystal were observed to exhibit enantioselective shifts in res
ponse to molecular chirality. This empirical evidence reaffirms the versatility

and high chiral sensitivity of the 2D helicoid crystal.

We contend that our pioneering work in re-engineering and transformi
ng currently available chiral plasmonic nanoparticles into advanced detection
systems for molecular chirality is poised to revolutionize the field. By enhan

cing the existing technology and morphing it into a sophisticated and finely-
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tuned tool capable of distinguishing the minutiae of molecular chirality, we
are pioneering a new frontier in the study and application of chiral plasmoni
¢ structures. This is not a theoretical exercise but rather a practical undertak
ing with profound implications. Our work paves the way for superior chiral
sensing applications, not just in controlled laboratory conditions but extendin
g its reach into practical, real-world scenarios. This undertaking has the pote
ntial to significantly enhance the sensitivity and specificity of molecular chir
ality detection, leading to more precise results and greater scientific understa
nding. Ultimately, this advancement represents a paradigm shift that moves u
s closer to practical and effective chiral sensing applications, thereby making

a notable contribution to the field of chirality detection.
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Chapter 2. Fabrication of 2D Helicoid Crystal and
Its Optical Properties

2.1 Fabrication of 2D helicoid crystal using nano-patterned

poly(dimethylsiloxane)(PDMS)

In order to fabricate a two-dimensional (2D) helicoid crystal with optimal
lattice fidelity, we exploited an approach combining interfacial self-assembly and
mechanical rubbing. This innovative strategy facilitated the accurate positioning
of individual helicoid nanoparticles into each nanowell of a polydimethylsiloxane
(PDMS) template. PDMS was chosen as the material of choice due to its intrinsic
properties such as optical transparency, excellent biocompatibility, and the ability
to mimic inverse structures (Figure 2.1)'%,

Our process commenced with the creation of a PDMS template featuring a
nanostructured well array, specifically designed to encapsulate helicoid
nanoparticles. We engineered a hexagonal array of circular wells, each with a
diameter of 100 nm and situated at a pitch of 400 nm, on PDMS substrates. This
configuration was realized using a molding process that employed a silicon (Si)
master substrate in conjunction with hydrosilylation-curing PDMS (h-PDMS) and
Sylgard 184-PDMS. To prevent unwanted PDMS adhesion, the Si master substrate
underwent a passivation process using (tridecafluoro-1,1,2,2-
tetrahydrooctyl)trichlorosilane (SIT8174.0, Gelest) prior to molding. This was
followed by the preparation of the h-PDMS liquid prepolymer, a complex mixture
composed of vinylmethylsiloxane (VDT-731, Gelest), 1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane (SIT7900.0, Gelest), platinum
divinyltetramethyldisiloxane (SIP6831.2, Gelest), and methylhydrosiloxane
(HMS-301, Gelest). The prepared h-PDMS was then spin-coated onto the Si
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master substrate at a two-step speed of 500 rpm for 5 seconds, followed by 3000
rpm for 45 seconds. The coated substrate was cured at 60 °C for 30 minutes. This
was succeeded by the application of a degassed mixture of 184-PDMS (witha 10:1

ratio of curing base to agent), which was thermally treated at 60 °C for two hours.

The final product, a nanowell-patterned PDMS substrate, was meticulously
detached from the Si master substrate and cut to yield a 1 cm? sample, replete with
over 10® nanowells. As evidenced by the Figure 2.2, the fabricated PDMS
substrate exhibited a highly uniform well-structure, and the occurrence of

diffraction effects underscored the precise and regular architecture of the PDMS.
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Figure 2. 1 Schematic illustration showing inverse-patterning of nanopatterned

silicon substrate with PDMS.
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Nanopatterned PDMS

Figure 2. 2 Photograph of nano well patterned PDMS substrate (left). Scanning
electron microscope (SEM) image of nano well patterned PDMS substrate with

hexagonally patterned nano well sized 100 nm diameter.
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In the process outlined in Extended Data Figure 2. 3, the formation and
incorporation ~ of  as-synthesized helicoids into a  nanopatterned
Polydimethylsiloxane (PDMS) substrate is comprehensively detailed. The process
initiates with the creation of a helicoid suspension (1 mL) housed in a Teflon cell,
known for its chemical inertness. Subsequently, an interface between water and an
organic layer is meticulously produced by adding n-hexane (2 mL) to the top of
the suspension, facilitating phase separation. This interface then receives an
addition of 1-Dodecanethiol (5 pL), a well-known organic thiol, facilitating the
initiation of the self-assembly process. The following step employs an advanced
NE-300 syringe pump from New Era Pump Systems, which introduces absolute
ethanol (5 mL) at a controlled rate of 100 pL/s, leading to the gradual assembly of
the helicoids at the water-hexane interface. Strategic removal of the n-hexane layer
leads to a dense monolayer of helicoids existing at the water-air interface. This
layer exhibits a characteristic bulk gold color, reflecting the closely packed
formation of the nanoparticles (NPs). Utilizing a technique known as dip-coating,
this dense helicoid layer is methodically transferred onto the nanopatterned PDMS
substrate. Upon achieving a uniform coverage of helicoids over the PDMS
substrate, this resultant composite is positioned onto a glass slide, pre-coated with
a thick layer of PDMS (~5 mm). To facilitate selective insertion of helicoids into
the PDMS nanowells, mechanical shear stress is applied to the substrate through
oblique rubbing with a Teflon-coated stick. Post this embedding process, the
substrate — now metamorphosed into a 2D helicoid crystal — undergoes careful
washing with n-hexane and absolute ethanol in succession, to ensure the removal
of any residual NPs adhered to the flat surface of the PDMS. The final stage
involves a rinse with deionized water (DW) followed by storage at ambient

conditions (25 °C) for further characterization and application.
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Figure 2. 3 Schematic illustration (bottom) and scanning electron microscopy (SEM)
image showing the procedure of helicoid insertion and fabrication of 2D helicoid
crystal with high lattice fidelity. Pre-synthesized helicoids are densely assembled by
using water-organic phase assembly and inserted in nano well of PDMS by using

mechanical shearing of Teflon coated sticks.
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Scanning electron microscopy (SEM) and dark-field optical microscopy
(DFOM) analyses reveal the presence of uniformly assembled 2D helicoid crystals.
As shown in Figure 2. 4, we can clearly confirm the morphology of helicoid
nanoparticles is not destroyed after fabrication of 2D helicoid crystal. A low-
magnification DFOM image showcases distinct bright scattering spots, which
correspond to individual helicoids within the 2D superlattice (Figure 2.5). The
resulting fast Fourier transform (FFT) image further validates the long-range and
uniform ordering of the 2D helicoid crystals. The incorporation yield of helicoids
was quantified as approximately 98% based on meticulous evaluations conducted
on 13,480 wells. The notable advantage of this method lies in its ability to fabricate
large-area substrates with precisely aligned plasmonic nanoparticles. By achieving
a uniform assembly of 2D helicoid crystals, we can ensure a consistent and
predictable arrangement of the nanoparticles over the extensive substrate. This
controlled alignment enables enhanced control and manipulation of the optical
properties of the nanoparticles, facilitating the design and development of

advanced nanophotonic devices and applications.

In summary, this method offers the advantage of fabricating large-area
substrates with precisely aligned plasmonic nanoparticles. The uniform assembly
of 2D helicoid crystals enables enhanced control over the optical properties of the
nanoparticles, leading to promising advancements in nanophotonic devices and
applications. The scientific procedures of SEM, DFOM, and quantitative analysis
were employed to demonstrate the uniform arrangement and high incorporation

yield of the helicoids, validating the effectiveness of this fabrication method.

38



PEPRORLEIE UV &

an

G Py S @ © ¢ > *H.. & ‘.,,\Vo
WP L R PP TR

. ‘ » - £ t’v- ol . ¥
ptr B LD L WU @ G® K
Dy & a» b ¥ & S & v & &
b @ W COHPEDEISE
PHA SR GoHelh auy
QBRI e OON S
o7 «.aw h&. @ rmn B & P &

:
w

CSU R A T A
> L G D PUWRNDPDPELEOB™DE YLD
\ > DD YR

» 8o O & & 2 . )
N J VO

PO PYQOe

b, o

0y
- .\.\

5

Roptowpe¢e
A AR
& W 9.\

Figure 2. 4 Scanning electron microscope (SEM) image of 2D helicoid crystals.
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Figure 2. 5 Dark field optical microscope (DFOM) image

transformation (FFT) image of 2D helicoid crystal.
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2.2 Characterization of collective resonance and CD

response of 2D helicoid crystal

In two-dimensional (2D) assemblies of plasmonic nanoparticles, an
intriguing optical phenomenon known as collective resonance can be observed.
Collective resonance refers to a plasmonic mode that emerges from the hybridization
of diffractive effects originating from the assembled nanostructure and the localized
surface plasmon resonance (LSPR) intrinsic to the individual plasmonic
nanoparticles. This coupling results in an intense, highly localized energy field,
promoting a significant two-dimensional spatial confinement of light energy>®. The
manifestation of collective resonance within such assembled plasmonic
nanostructures is a dynamic process, with its characteristics being sensitive to the
energy levels of the nanoparticle's LSPR and the diffractive mode. By judiciously
altering the size and morphological features of the assembled nanoparticles, it is
possible to modulate the wavelength and intensity of the collective resonance,
providing a pathway towards its active control. Furthermore, the diffraction mode's
energy, and hence the resulting collective resonance, can be altered by varying the
periodicity of the assembled particles and adjusting the angle of incident light
(Figure 2. 6). This points towards the versatility of such structures in harnessing and
manipulating light at the nanoscale. Previously, the Voge! group has leveraged these
phenomena to manipulate the absorption signals by altering the periodicity of achiral
plasmonic nanoparticles in a 2D assembly (Figure 2. 7)'%*. This has demonstrated
the potential for controlling and tuning the collective resonance for diverse

applications.

Building upon the fundamental principles of collective resonance, we
initiated an extensive analysis of the Circular Dichroism (CD) signals produced by

the fabricated two-dimensional (2D) helicoid crystal structure. Our uniquely
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synthesized 2D helicoid crystal demonstrated a localized surface plasmon resonance
(LSPR) of the constituting nanoparticles at a wavelength of 600 nm. Concurrently,

a separate diffraction mode was discernible near a wavelength of 400 nm.

With these distinct energy levels at hand, our energy hybridization model
implied that the cooperative resonance signal originating from the 2D helicoid
crystal could manifest at wavelengths greater than 600 nm. This hypothesis was
validated during our rigorous CD analysis where we observed a redshift in the CD
signal. This shift, from 600 nm to 635 nm, was a clear consequence of the collective
resonance induced by the 2D helicoid crystal structure, indicating an augmented

response (Figure 2. 8).

Drawing upon these preliminary observations and our understanding of the
collective resonance phenomenon, we endeavored to design and fabricate a 2D
helicoid crystal system that could elicit a robust chiroptic response. Our approach
involved a meticulous analysis of the collective resonance and CD signals as
functions of variables such as the variations in the LSPR due to different helicoid
sizes, the periodicity of the 2D helicoid crystal, and the angle of incident light. Our
comprehensive investigation aims to deepen our understanding of the intricate
interrelationships between these parameters, enabling us to manipulate and control
these factors in a systematic manner. By achieving this, we strive to engineer 2D
helicoid crystal systems that offer customizable chiroptic responses, setting the stage

for a new era in the field of plasmonic nanostructures.
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Figure 2. 7 Calculated absorption spectra of 2D aligned achiral plasmonic lattices

with various periodicity (Dsqu) of nanoparticles.
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2.2.1 Controlling LSPR of helicoids

In our pursuit to induce robust chiroptic responses through collective
resonance in a two-dimensional (2D) helicoid crystal system, our initial step was to
devise a controlled synthesis approach to regulate the localized surface plasmon
resonance (LSPR) of the helicoids that constitute the 2D helicoid crystal. It is a
well-established fact that the resonant wavelength of the LSPR of plasmonic
nanoparticles is contingent upon the size and morphology of the synthesized
particles®!%, A prototypical example of this phenomenon can be seen in the seed-
mediated growth process, wherein subtle adjustments in the initial seed particles

yield nanoparticles of varying dimensions.

Exploiting this principle, we meticulously modulated the concentration of
the octahedron seed nanoparticles employed during the synthesis of the helicoids.
This allowed us to generate a suite of nanoparticles, each exhibiting a unique LSPR

energy profile.

Our rigorous analysis revealed that a decrement in the initial seed
concentration resulted in the synthesis of helicoids with progressively diminished
dimensions, as confirmed via Scanning Electron Microscopy (SEM)
characterization (Figure 2.9). An intriguing trend was noted in these aqueously
synthesized helicoid nanoparticles - as their size increased, the dip of the CD signal
exhibited a redshift, while maintaining a similar degree of chiroptic response across

all sizes (Figure 2.10).

Building upon these helicoids, we ventured into the assembly of the 2D
helicoid crystal structure. The ensuing CD analysis of this intricate structure

provided invaluable insights into how certain LSPR characteristics of the helicoids
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contribute towards the induction of a strong chiroptic response in the 2D helicoid
crystal via collective resonance. This intricate understanding paves the way for a
more strategic design of plasmonic nanostructures with tailor-made optical

properties.

xpanding upon the aforementioned results, we noticed that the two-
dimensional (2D) helicoid crystals assembled using these nanoparticles exhibited
an overall redshift in their response compared to the helicoids in solution. Despite
the individual helicoids sharing a similar CD signal profile, we observed a
considerable divergence in the CD signals from the 2D helicoid crystal. This
discrepancy was largely attributed to the disparate tendencies towards plasmon
hybridization exhibited by these structures, an observation corroborated by the data

represented in Figure 2.11.

Capitalizing on this compelling observation, we embarked on an analytical
study, quantitatively comparing the CD signals emanating from the solution-phase
helicoids and their 2D crystal counterparts across a range of helicoid sizes. Through
this rigorous comparison, we were able to deduce that the collective resonance
exhibited by helicoids measuring approximately 180 nm in size contributed
significantly towards enhancing the CD signal emanating from the 2D helicoid

crystal (Figure 2.12).

This finding, implicating the direct role of the helicoid size in determining
the chiroptic response, further underlines the potential of precise dimensional
control as a potent tool for tuning the optical properties of 2D helicoid crystal
structures. By controlling the size of the constituent helicoids, we can effectively
manipulate collective resonance, leading to the engineering of plasmonic

nanostructures with customized chiroptic responses. This in-depth understanding
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of the plasmonic behavior in helicoid crystal structures presents a pivotal
advancement in the field of plasmonics, enabling novel strategies for the design and

synthesis of plasmonic nanostructures.
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Figure 2. 9 Scanning electron microscope (SEM) image of helicoids synthesized

with various seed nanoparticle concentrations.
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Figure 2. 11 Circular dichroism (CD) response of 2D helicoid crystals with
differently sized helicoids.

51

1
T
| S—

TRalh e KT



|CDImax (deg)

170 nm 180 nm 190 nm 200 nm
Size (nm)

Figure 2. 12 Maximum absolute value of circular dichroism (CD) response in 2D
helicoid crystal comprised with differently sized helicoids. 180 nm-sized helicoids

induced strongest enhancements of chiroptic response in 2D helicoid crystal.
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2.2.2 Controlling diffraction mode of 2D helicoid crystal

In order to induce a shift in the position of the diffraction mode, we
proceeded to manipulate the angle of incidence of the incoming light. A plasmonic
crystal with a regular lattice structure can produce diffraction due to its periodic
configuration and altering the angle of the incoming light results in a change in the
momentum coupling between the diffracted light and the incident light. This results
in a shift in the momentum of the light incident on the plasmonic nanoparticles in
the 2D plane!®’. Leveraging this mechanism, the energy transferred to the
nanoparticles can be modulated with the incident light angle, inducing changes in
the collective resonance generated by coupling between the localized surface

plasmon resonance (LSPR) and diffraction mode (Figure 2.13).

Using this foundational knowledge, we analyzed the chiroptic response of
the 2D helicoid crystal across varying incident light angles. Using a simple
diffraction equation, we initially predicted the mathematical behavior of the
diffraction modes and their angular tendencies in the hexagonal lattice that we
utilized. As can be seen in Figure 2.14, a hexagonal lattice typically presents six
dominant diffraction modes. Each of these modes can couple with the LSPR,
generating different collective resonances at distinct wavelengths. By mapping
these patterns, we endeavored to understand the origins of modes in the 2D helicoid
crystal and identify the incident light conditions that could potentially maximize

the chiroptic response of the 2D helicoid crystal.

To facilitate our experiments, we fabricated a holder capable of adjusting
the angle between the 2D helicoid crystal and the incident light (Figure 2.15), and
proceeded with the CD analysis. As we increased the incident light angle from 0

degrees to 60 degrees in increments of 10 degrees, we observed an enhancement in
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the LSPR as the light-interacting region of the 2D helicoid crystal increased. This
corresponded to a strengthening and a redshift in the CD signal due to the formation

of collective resonance and changes in the hybridization pattern (Figure 2.16).

The heat map plot of the CD signals elucidated the trend of CD signal
changes in the 2D helicoid crystal with varying incident light angles, and facilitated
an intuitive visualization of this effect. The mode that induced the strongest
chiroptic response and experienced a shift towards longer wavelengths showed a
signal change pattern similar to the (-1, -2) mode derived from the diffraction
equation. This suggested that the observed CD response was primarily induced by
the collective resonance generated by the coupling of the (-1, -2) diffraction mode
with the LSPR (Figure 2.17). This conclusion underpins the utility of manipulating
the incident light angle as a viable strategy to tune the chiroptic response in 2D

helicoid crystals.
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Figure 2. 13 Schematic illustration showing the momentum change toward 2D plane

due to the diffraction by the periodic nanostructures.
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Figure 2. 15 Schematic illustration of the incident-angle adjustable holders.
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Figure 2. 16 Angle-resolved circular dichroism response of 2D helicoid crystal.

58

TR i



(-1, -2) mode

3
S

700 |

Wavelength (nm)

600

Experiment

500 .
0 10 20 30 40

Incidence angle (deg)

Figure 2. 17 Heat-map plot of angle-resolved CD response of 2D helicoid crystal.
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Following this, we sought to modulate the collective resonance by adjusting
the periodicity of the assembly of the 2D helicoid crystal’!. As seen in Figure 2.6,
altering the assembly period of the plasmonic crystal can provoke changes in the
diffraction mode, thereby inducing shifts in the resulting collective resonance. We
modified the periodicity of the original helicoid crystal from 400 nm to 600 nm,
which consequently shifted the position of the diffraction mode from 400 nm to 600
nm. By shifting the diffraction mode to longer wavelengths, we examined the

changing hybridization patterns of the collective resonance.

Consistent with predictions made through the hybridization diagram, when
the periodicity of the collective CD response was altered from 400 nm to 600 nm,
the occurrence of collective resonance was red-shifted towards longer wavelengths,

and the intensity of the corresponding signal was found to diminish (Figure 2.18).

Comparison of this CD signal with that from the original 2D helicoid crystal
with a periodicity of 400 nm allowed us to confirm that the 2D helicoid crystal with
a spacing of 400 nm we fabricated exhibited a collective mode that induced a more
potent chiroptic response. This systematic analysis underscores the role of
controlling the assembly periodicity in modulating the chiroptic response, providing

an effective strategy to tune collective resonances in 2D helicoid crystals.
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Chapter 3. Theoretical Investigation on 2D Helicoid
Crystal for Chiral Sensing Applications

3.1 Electromagnetic simulation on 2D helicoid

crystal

3.1.1 Collective CD response of 2D helicoid crystal

Before commencing a detailed analysis of the pronounced chiroptic
response of the 2D helicoid crystal using electromagnetic simulations, our first
objective was to achieve a qualitative understanding of the robust collective
resonance and circular dichroism (CD). The helicoid nanoparticles used in our
study exhibit a notable structural distinction from traditional 2D chiral structures.
Specifically, these particles showcase a unique 4, 3, 2-fold rotational symmetry
along the <100>, <111>, and <110> crystallographic axes, respectively - a property

referred to as 432 symmetry (Figure 1.12)%.

The 432 symmetry characteristic of these nanoparticles signifies one of the
most isotropic forms achievable by chiral entities in a three-dimensional lattice,
resulting in a unique structural advantage. This symmetry means that the particles
maintain a nearly consistent morphology irrespective of the observation angle. This
isotropy implies that helicoid nanoparticles can deliver a consistent chiral response,
largely unaltered by the direction of incident light. Consequently, this allows for a
simplification of the helicoid nanoparticle into a sphere model for ease of analysis.
By incorporating the physical chirality parameters of the helicoid into this model,
it is possible to observe a CD signal that bears significant resemblance to that of
the actual helicoid nanoparticles (Figure 3.1). All the numerical simulations have

been conducted using COMSOL Multiphysics.
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The inherent 432 symmetry of the helicoid nanoparticles predicts a
noteworthy behavior. Even when the orientation of helicoid constituents within the
experimentally fabricated 2D helicoid crystal is randomly distributed, the chirality
intrinsic to the nanoparticles does not diminish. Instead, it contributes to the
formation of a robust collective CD signal within the 2D surface where the
collective resonance occurs. To verify this prediction, we conducted a simulation
wherein the angle of incidence was fixed at 60 degrees and a 2D helicoid crystal
with a variety of helicoid orientations was synthesized. The resulting collective CD
response of the 2D helicoid crystal, consequent to variations in orientation, was

then closely observed.

The results revealed that the collective CD signal of the 2D helicoid crystal
exhibited substantial variance contingent on the orientation of the helicoid.
Interestingly, even when these collective CD signals were averaged, the resultant
CD signal did not vanish, contrary to expectation. Instead, the signal exhibited a
negative value, closely mirroring the CD signal observed experimentally (Figure
3.2). This critical observation enabled us to confirm that the distinct 432 chirality
of the helicoid is capable of preserving the circular dichroism-specific response

within the collective resonance.
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In an attempt to complement our qualitative understanding with a robust
physical comprehension of the strong CD response in the 2D helicoid crystal, we
undertook an analysis of the optical response of the 2D helicoid crystal under
circularly polarized light (CPL) incidence via simulation. Specifically, we aimed to
identify the optical modes that occur in the 2D helicoid crystal under CPL exposure,
and the corresponding amplification of the CD signal. CPL constitutes transverse
electric (TE) and transverse magnetic (TM) polarizations that propagate with a phase
difference of n/2. For a material to exhibit a pronounced response to CPL, it must
accommodate the concurrent excitation of TE and TM modes induced by the CPL.
On this premise, we induced a photonic band diagram to ascertain the TE and TM
modes in the 2D helicoid crystal under CPL incidence, utilizing electromagnetic

simulation.

As illustrated in Figure 3.3, we observed that the 2D helicoid crystal, when
exposed to CPL, enables the manifestation of a strong CD signal due to the
simultaneous excitation of TE and TM modes in the local surface plasmon resonance
(LSPR) wavelength region (~600 nm). Moreover, the TE and TM modes are induced
at nearly identical wavelengths in the area where the collective resonance occurs.
This observation was particularly significant at the location of collective resonance
induced by CPL inclined at an angle of 60 degrees, where we could observe the
concurrent incidence of both TE and TM modes. Based on these analyses, we
deduced that the robust CD signal emanating from the 2D helicoid crystal at the
LSPR, observed in Figure 2.16, can be attributed to the simultaneous excitation of
TE and TM modes facilitated by CPL. We further discerned that the amplification of
the collective CD signal with increasing incidence angle of light is a consequence of
the concurrent excitation of TE and TM modes resulting from the increasing
incidence angle. This finding illuminates the underlying mechanism of the strong
chiroptic response of the 2D helicoid crystal and its dynamic relationship with the

incident light angle.
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3.1.2 Collective CD response of 2D helicoid crystal

To wvalidate the efficacy of chiral plasmonic nanostructures in the
applications of chiral sensing, a rigorous analysis of their optical helicity density
(h) is indispensable. Consequently, we have conducted a comprehensive study
focusing on the manifestation of optical helicity density in a two-dimensional (2D)

helicoid crystal due to collective resonance.

Optical helicity density, as delineated in Chapter 2, functions as an indicator
expressing the degree to which light in a molecular space is both helically
organized and intensified. The simultaneous excitation of transverse electric (TE)
and transverse magnetic (TM) modes in the 2D helicoid crystal when subjected to
circularly polarized light (CPL) incidence was substantiated via our photonic band
diagram analysis in Chapter 3.1.1. This simultaneous excitation engendered a
potent Circular Dichroism (CD) signal. However, this interpretation, although
predicated on the photonic band diagram, is limited in its capacity to elucidate the
helicity of the generated modes. In extreme cases, if the formed TE and TM modes
under CPL incidence have a phase difference of 0 or &, the modes may resemble
characteristics of linearly polarized light tilted at 45 degrees. Conversely, if the
phase difference is £z, the modes may manifest attributes synonymous with CPL

(Figure 3. 4).

In response to these nuances, we undertook a meticulous phase analysis of
the TE and TM modes generated within the 2D helicoid crystal. To achieve this,
we derived the electric dipoles (p)'®*!7° of individual helicoid particles — the
underlying cause for the formation of each mode — through eclectromagnetic

simulation. The helicoid dipole p was induced following the equation,
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p=leo(ea—1)E(r)dV. Our aim was to discern the phase disparity between helicoid
dipoles induced in the TE and TM directions (Figure 3. 5).

Our investigation disclosed that the helicoid dipoles in the TE and TM
directions within the Localized Surface Plasmon Resonance (LSPR) spectral
region (~600 nm), demonstrated a phase difference of 0 or © under LCP and RCP
incidence. This revealed attributes akin to linearly polarized light. Contrastingly,
within the Near-Infrared (NIR) wavelength region, where collective resonance is
apparent, the phase difference between the two helicoid dipoles conveyed

characteristics akin to CPL, exhibiting a phase difference of =n (Figure 3. 6).

This insight led us to conclude that the helicoid dipoles, within the
wavelength region corresponding to collective resonance, display temporal spin
dynamics akin to CPL. As a consequence of this spin, the electric field (Ec.)
scattered from these dipoles also demonstrates rotational motion (Figure 3. 7). The
induction of such helically polarized light within the 2D helicoid crystal fosters the

generation of light with high optical helicity density'®'.

In a simulated analysis calculating the optical helicity density, we
substantiated that the LSPR band, presenting linearly polarized light features,
resulted in optical helicity with non-uniform signs. However, owing to the
rotational motion of the helicoid dipoles, collective resonance induced a two-
dimensional uniform and pronounced optical helicity density (Figure 3. 8). This
comprehensive study underscores the ability of the 2D helicoid crystal to
effectively induce and manipulate optical helicity density, indicating its promising

implications in the realm of chiral sensing.
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Figure 3. 4 Schematic illustration showing two different polarization states of field
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Figure 3. 5 Schematic illustration of helicoid dipoles along transverse electric (TE)

and transverse magnetic (TM) directions.
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Figure 3. 7 Simulated effective dipole of helicoids. The helicoid dipole (p) and
scattered electric field vector (Esc) spins like CPL.
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3.2 Chiral Perturbation Theory

In order to apply the significant optical helicity observed in our studies to

chiral sensing, we first conducted an investigation to elucidate the implications of

the optical helicity density of the 2D helicoid crystal in the context of chiral sensing.

According to prevailing theories on molecular Circular Dichroism (CD)
amplification, the uniform optical helicity of a 2D helicoid crystal could potentially
induce a powerful enhancement of molecular CD. This amplification could lead to
performance capabilities that transcend the limitations of conventional chiral
sensors. However, these theories regarding molecular CD amplification have
conspicuous limitations: not only do they fail to account for the resonance
separation between molecules and plasmonic materials, but they also neglect
factors that could modulate the energy of plasmonic materials, such as the
refractive index of the molecules®!¢.

In an attempt to more accurately define the characteristics of chiral sensors
induced by optical helicity density, we have endeavored to formulate a novel
theoretical framework. Rather than relying on theories of molecular CD
amplification, our proposed theory is premised on perturbation theory®®, which
describes the influence of a molecule's refractive index on the resonance of
plasmonic materials. This perspective allows us to precisely elucidate the impact

of a molecule's chirality on the resonance characteristics of plasmonic materials.

In our comprehensive approach, we aim to circumvent the limitations of
existing theories, providing a more holistic understanding of the complex interplay
between optical helicity, molecular chirality, and plasmonic resonance. By doing

so, we hope to shed light on the potential of 2D helicoid crystals in advancing the
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field of chiral sensing and significantly enhancing the sensitivity and performance

of chiral sensors.

In accordance with established perturbation theory, there is a strong
correlation between the resonance frequency wo of the electromagnetic mode {E, ﬁ}
and the amount of energy stored in the mode. When molecules are introduced in the
proximity of the optical resonator, a redistribution of energy between the resonant
mode and these molecules transpires. This leads to a shift in the mode (dwo) as well
as a perturbation in the strength of the mode (da). For the purpose of enantioselective
sensing, we present an analytical expression of the mode shift dwo and the perturbed

mode strength da in terms of the inherent characteristics of the mode.

We can represent the complete electromagnetic field of the cavity and its

dielectric surrounding with
1 d(Wecar) 512 1 ~12
U = Ueqy + Ueny = 5 Re fm% |E|"dV +_Re [, env|E["@V,  (Eq3.1)

where &cv and & denote the permittivity of the cavity and the environment,
respectively. We consider that the environment does not demonstrate temporal
dispersion, thus O(wéeen)/0w=€cn. The introduction of chiral molecules to the
environment for enantioselective sensing can be represented electromagnetically as
minute changes in &, and the introduction of the chirality parameter #.,,. Thus, the

environment can be described by the subsequent constitutive relations of the chiral

media,
D= genvE + iKeny goﬂoﬁa (Eq3.2)
B= :uenvﬁ — Kenp+/ SOﬂOE- (Eq3.3)
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By adding molecules, the environment changes and this triggers a corresponding
change in the total energy stored in the cavity and the environment; 6 U=0 Ucay+0 Ueny,
where ¢ symbolizes changes in the energy terms. As per the result of dielectric

perturbation theory®®, the first term dU.,y is given by

8Ucqy = S Re 22 (Eq 3. 4)

@O ly=w,

The derivation of the second term dU., is complex as the constitutive
relations of the environment transition into those of the chiral medium, Egs 3. 2 and

3. We propose a simplification of §U,,,, = dRe fenv(ﬁ ‘E*"+B- ﬁ*)dV /4 into

1 ~12 ~ =
SUeny =506 Syl REEeny |E|” + Kenpy/€otioIm(E - H*)}dV (Eq3.5)

using quasistatic identities'”",

[D-Edv+[ D-EdV=0, (Eq 3. 6)
[,,D -Edv+ [ D*-Edv =0, (Eq3.7)

which are applicable only when V X E =0 and E = -V .

When we combine the constitutive relations with two given equations (Eqs

3.2, 3 and 3. 6, 7), two additional equations are produced.

[ Ecar|E[AV + [ eonp|E[ AV + [ ikonpy/EottoE" - HdV =0,  (Eq3.8)

Loy e Bl AV + [ esno|E[dV = [, ikimpy/eotioE - A*dV =0 (Eq3.9)
Summation of these gives

Jour RE Ecav |E|2dV + 0 {Re Eonp |E~I|2 + Kem,\/%hn(ﬁ . ﬁ*)}dV =0,

(Eq 3. 10)
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assuming the chirality parameter of chiral molecules does not have an
imaginary part, i.e., Ken=Ken . Most chiral molecules meet this condition in the
visible and near-infrared frequencies because they show optical rotatory dispersion
(ORD) alone and not circular dichroism (CD). By taking derivatives, Eq 3. 10

transforms into

12 I
5J,, {Re Eenv |E|” + Kenp~/eotto Im(E - H )}dV = —8 Re .4y (Eq 3. 11)
, allowing us to express the changed energy in the environment ¢ Ueqy in

SUeny = —3Re 8 gy = — 28w Re 22222 (Eq 3. 12)

Consequently, we can express the total energy change in a simplified form.

O¢cav

8U = 8Ucqy + SUeny = 5 6wq Re (Eq 3. 13)

w w=w,

This change in the energy of cavity dU.v should be changed by the
additional molecule introductions. The energy captured by the chiral molecule ¢ Unor

can be represented by
1 ~ O * ~ I3 *
6Umor = _EZiRe(pi -Ef + 1, - HY), (Eq3.14)

where p and m are the electric and magnetic dipole moment, respectively.
The subscript i denotes the moments of the i-th molecule and the fields of the i-th
molecular position. Because of the molecular chirality, chiral molecules also have

constitutive relations,
p =a.E+iGH, (Eq 3. 15)
m = a,,H — iGE =~ —iGE, (Eq 3. 16)

where 0., am=0, and G are the electric polarizability, the magnetic polarizability, and

the chiral polarizability, respectively.
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allowing us to substitute them into our energy equation to obtain additional equations.

Substituting the Eq 3. 14 with Eqgs 3. 15 and 16 yields
1 = |2 S
SUmot(Fmor) = =3 Zi {e|Ei|* + 26, mm(E; - H)}. (Eq3.17)

Near the resonance frequency wo of the mode {E, ﬁ}, the scattered field can
be approximated and yields Eq.q(w = wg) = a(w = wy)E, Hgq(w = wy) =

a(w = wy)H and

@elEscal? _ 2GIm(Escq-Hsca)
2 2 5
SIEl dVl(u:wo 2f_,,El dvlw:wo

6Umol(rmol) = - 2] (Eq 3. 18)

since the strength of mode a intensified!”".

As discussed, the changes in the cavity energy (Eq 3. 13) and molecule

energy (Eq 3. 18) are the same. This equivalence allows us to derive an equation,

Yide,ilEscal® _ 2i2Gi Im(Escq Hsca)
fcav(agcav/aw) IEscalzdvlw:wO fcav(agcav/aw) IEscalzd‘/lw:aJ

Swy = — ,(Eq3.19)
0

and by replacing the summation with integration, @.|Egcq|? —

[ Ae|Egq(1)]?aV and 26 Im(Egcq - Hyeo) = [, 24K Im(Egeq -

env

H;.,) (r)dV/c, when de denotes the permittivity change of the environment, we

obtain the analytic expression for the mode shift by chiral molecule analytes

fse”sorAflEsca(r) |2av _ (2/¢) fsensor Ax Im(Escq-Hseq) (n)dV

= 0™ + s
Loan( 2220 [Egeq (1) [2aV Joan( 22 [Egeq () 20V 0 0

6(4)():_

(Eq 3. 20).

We can consider two factors in Eq 3. 20 as the frequency shifts induced by
dielectric (dwo™) and chirality (3wo™) changes in the environment, respectively. This
mode shift is related to the perturbation of the mode strength a(w). We can note the

general expression for the mode strength a(w) by the Lorentz reciprocity theory**
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fa”{(“:_go)'Esca'Z +2K Im(Esca'H;ca)/C}dV
fa”{a(w&')/aw}|Esca|2dV|w:w0 '

a(wy) = —iQ (Eq 3.21)

The integration range includes the volume of cavity (cav) and the environment (env).
We follow the Drude model for the permittivity of the metallic cavities, i.e.
eca=1—wp /w* (00e/0m=2(wy*/®?) and O(we)/dw=1+(wpH w*)=wy?/w*=(wdeldw)/2),
and assume most of the electromagnetic energy is stored inside the cavity. Therefore,
Eq 3. 21 becomes

1 fa”{(g_so)lEsca|2+24K1 (Esca'cha)/C}dV
> .
wWo (0e/0w)|Escql dvlw:mo

a(wy) = —2iQ (Eq3.22)

fcav

Also, we can write the perturbation in mode strength, da=8a""+8a", where change

in mode strength by dielectric and chirality parameter changes

(n)
. Q f”AelEscalde .~ 0w
Sa™ = —2i—~ e = 2iQ =2 Eq3.23
wWo fcav(a‘g/aw}mscﬂzdVlw:wo Q wo ( d )
1 2 [, 4r Im(EscqHseq)dV/c ngk)

sat) = —2iQ — = 2iQ

w00 [ (0630 Escal? dVlw:wO respectively. (Eq 3. 24)

0o’

According to the aforementioned chiral perturbation theory, Eq 3. 20 can
be written in terms of the optical helicity density (%) as it corresponds to Im(E-H*)
present in Eq 1.5. Furthermore, the shift in the plasmonic resonance frequency
induced by chiral molecules can also be represented as an energy variation in the
plasmonic material. Therefore, this complex phenomenon can be succinctly

encapsulated in the following mathematical formula,

e R (Eq 3.25)
AL fAu (agAu/aa’)|Ei,sca|2dV

W= +

where the subscripts + and - are for LCP and RCP, ¢ay corresponds to the Au

permittivity, x describes the chirality parameter of the molecules (the chirality
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parameter of x>0, k<0, and k=0 matches to L-, D-molecules, and their racemic

mixture), respectively.

The derived analytic formula yields two pivotal insights. Firstly, it
underscores the significance of both the magnitude and uniformity of the scattered
optical helicity density, A..(r). Secondly, the polarity of the chiral energy shift is
ascertained by the product of two pseudoscalars: the change in chirality, Ax, and the
integral of the scattered helicity over the volume, [A,..(r)dV. As delineated in Figure
3.9, hyo(r) inverts its sign in response to circularly polarized light (CPL) excitations
of opposing handedness. Further, the chiroptical response exhibited by our helicoids,
characterized by a preferential reaction to right-handed circularly polarized (RCP)
light, engenders an asymmetric distribution of /,.(r). Consequently, we observe four
distinct energy shifts in the collective resonances (CRs). These include: 1) a positive
energy shift for a positive change in chirality under RCP light, AE: (+4x)>0; ii) a
negative shift under the same light for a positive chirality change, AE. (+4x)<0; iii)
anegative shift for a negative change in chirality under RCP light, AE+ (—4x)<0; and
iv) a positive shift under RCP light for a negative chirality change, AE. (—4x)>0,
which yields sensitive shift in collective resonance for chiral molecules with negative
chirality parameter (D-molecules). These observations are the resultant interplay
between two opposing CPL excitations (indicated by the subscripts £) and the two

chiral variants (+Ax), as demonstrated in Figure 3.10.

We unveil an intriguing phenomenon in which, given a specific enantiomer
variation Ax, the chiral energy shifts invariably exhibit opposing tendencies for the
two circular polarizations. This is because the energy shifts under CPL of either

handedness, AE: (Ax), are directly proportional to the product of the change in

chirality and the integrated scattered helicity, i.e., AEx (Ak)o< Akl(hs.seq (r)dV).

Through the comprehensive investigations conducted in this Chapter, a

rigorous and profound understanding of the pronounced chiroptic response
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demonstrated by the two-dimensional (2D) helicoid crystal nanostructures,
fabricated and characterized through rigorous experimental procedures, has been
accomplished. The intrinsic chirality associated with the helicoid, emerging from its
unique 432 symmetry, was found to retain its chiral characteristics, undeterred by
the complexities induced by the coupling interactions among 2D nanostructures,

even when subjected to collective resonances.

Our investigation further uncovered the roots of the robust chiroptic response
elicited under the influence of incident plane-polarized light, inclined at an angle of
60 degrees, manifesting during the collective resonance conditions. Our analysis
highlighted that this phenomenon is attributable to the concurrent excitation of both
transverse electric (TE) and transverse magnetic (TM) modes within the spatial
confines of the 2D helicoid crystal structure, thereby intensifying the interactive

response with the incident CPL.

The resulting amplification of this interaction incites a collective spinning
motion in the helicoid dipoles at the collective resonant wavelength, a cascading
effect of which is the induced rotational dynamism in the surrounding scattered
electric field vectors. This intricate chain of events culminates in the emanation of
light characterized by an optical helicity density that is both uniform and potent in

its spatial distribution.

Not content with just this groundbreaking discovery, we further augmented
our theoretical breakthroughs by developing the chiral perturbation theory aimed at
exploiting the inherently strong and uniform optical helicity density exhibited by the
2D helicoid crystal structure for tangible chirality sensing applications. Through this
theoretical paradigm, we've validated that the implementation of the robust and
uniform optical helicity properties inherent to the 2D helicoid crystal structure could
significantly enhance chiral sensitivity. Moreover, this theoretical construct has

endowed us with the capability to predict, with scientific precision, variations in
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collective resonance and circular dichroism (CD) contingent upon the molecular

chirality.

Considering these pivotal findings and armed with this advanced theoretical
understanding, we anticipate dedicating the forthcoming Chapter to a thorough
experimental exploration with a focus on potential applications of the 2D helicoid

crystals in the domain of chirality sensing.
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Figure 3. 9 Optical helicity density (#) of 2D helicoid crystal with Left and right

circularly polarized light illumination.
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Figure 3. 10 Change in energy of 2D helicoid crystal for the combination of two

parameters, handedness of light and chirality parameters (Ax).
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Chapter 4. Molecular Chirality Sensing Using
Collective CD of 2D Helicoid Crystal

4.1 Enantioselective collective CD response for

proline molecules

The practical application of our fabricated chiral plasmonic structures for the
purpose of chiral sensing represents an imperative stride forward in this field, one
that elevates the value of chiral plasmonic sensors beyond merely theoretical
conjectures or academic postulations. Notably, prior advancements in this area,
based on chiral plasmonic structures, have largely remained confined within the
theoretical realm or have restricted their experimental validations to only
demonstrating chiral sensing capabilities under specific conditions. More often than
not, these validations involved the measurement of molecules at relatively high
concentrations, coated or deposited on plasmonic structures?**°. This approach was
primarily taken to boost the signal of the molecules themselves, rather than
showcasing the versatility of the sensor performance across a broad spectrum of
chiral molecule concentrations. In contrast to this, we has extended beyond merely
ratifying the chiral sensor performance of the 2D helicoid crystal, which is based on
the relatively simple parameter of optical helicity density, on a theoretical level.
Rather, we have undertaken an ambitious pursuit to experimentally validate whether
this chiral sensor can indeed deliver effective performance across various molecular

concentrations within practical, real-world scenarios.

As outlined in this Chapter, we has been geared towards ascertaining if our
2D helicoid crystal can indeed fulfill its role as a reliable chiral sensor across diverse
molecular concentrations. We view this step as an integral part of our quest to cement

the foundation for the practical application of 2D helicoid crystal as a truly functional
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chiral sensor. In essence, this robust experimental validation seeks to bridge the
chasm that often exists between theoretical expectations and practical
implementations. By systematically analyzing the performance of our chiral sensor
across a multitude of molecular concentrations, we offer a promising pathway to
enhance the functionality and widen the applicability of chiral plasmonic sensing
technology. This undertaking can pave the way towards comprehensive chiral
analysis in numerous scientific and industrial applications. This expansion into
practical applications will not only bolster the utilization of chiral plasmonic sensors

but also inspire further innovations and advancements in this dynamic field.

4.1.1 Collective CD response of 2D helicoid crystal for proline

This Chapter discusses the experimental setup and subsequent findings
relating to enantioselective sensing ability of 2D helicoid crystal. For this study, a
2D helicoid crystal was set up inside a cuvette with an 8.9 mm path length. Within
this cuvette, solutions of either L- or D-proline were introduced (Figure 4. 1).
Specifically, we started the experiment by loading the 2D helicoid crystal onto a
quartz slide, a robust and transparent material ideal for optical applications. The
dimensions of this slide were 1 cm?, which provided an adequate surface area for the
crystal to be loaded on. Once the helicoid crystal was securely positioned on the
quartz slide, the slide was then placed in a specially fabricated sample holder. The
sample holder was designed with a tilt of 60 degrees and was created using a 3D
printer (uPrint SE, Stratasys). This specialized holder is crucial to position the slide
in the intended orientation and maintain the desired position throughout the
experiment. Next, the holder, along with the loaded slide, was carefully installed into
a quartz cuvette for subsequent measurements. The cuvette was specifically chosen
from Hellma Analytics (HE.101. QS10), well-regarded for its precision and quality.

The cuvette had a size of 10 mm by 10 mm, which was a fitting size to accommodate
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the slide and its holder. The final part of the setup involved aligning the optical path
of light that would pass through the molecules. We precisely fixed this optical path
to be approximately 8.9 mm. This optical path length is vital as it dictates the volume
of sample the light will interact with, thus affecting the intensity and quality of the

results obtained from the experiment.

In the CD measurement conducted in this set-up'!, we discerned that with
the increasing concentration of either L- or D-proline, there was a significant redshift
in the spectral positions of the collective CD peak and dip (as graphically represented
in Figure 4. 2). The term "redshift" in this context refers to the spectral shift towards
longer wavelengths or lower frequencies within the electromagnetic spectrum.
Interestingly, the localized surface plasmon resonance (LSPR) CD dip position
remained virtually static, notwithstanding the increasing proline concentration. We
noted an intriguing phenomenon: the spectral position and intensity of the collective
CD exhibited asymmetric shifts correlating with the chirality (handedness) of the
proline molecules. Particularly, we observed that the presence of D-proline induced

larger redshifts and intensity changes as opposed to when L-proline was utilized.

The aforementioned findings can primarily be elucidated through the chiral
perturbation theory which is delineated in Chapter 3, which is fundamentally derived
from the inherent mode splitting and enantioselective response in collective
resonance of 2D helicoid crystal. In addition, we discovered that these shifts in both
spectral position and intensity led to the modulation of the CD, signified as ACD in
our study. ACD is defined as the difference in CD spectra between the proline
molecule under investigation and the baseline CD in deionized water

(CDMolecule_CDDW) .
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To quantify the comprehensive spectral changes of the collective CD, we
calculated the modulation range of ACDp.pr, and ACDy.pr,. This was achieved by
determining the difference between the ACD value at the peak and that at the dip as
shown in Figure 4. 3 (ACDp-propeak—ACDp.progip). The result of this calculation
revealed that the modulation range was approximately 1.6 times greater than that of
ACDypro. This finding underscores a more pronounced effect of D-proline on the CD
spectra in contrast to L-proline. Therefore, based on the aforementioned
experimental setup and methodology, we have empirically validated the feasibility
of analyzing molecular chirality through the evaluation of enantioselective circular

dichroism (CD) responses that correspond to the chirality of proline molecules.
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Figure 4. 1 Schematic illustration of 3D-printed holders for enantioselective sensing

experiments.
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Figure 4. 2 CD spectra of 2D helicoid crystal for different medium (DI water, L-
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4.1.2 Enantiomeric ratio and concentration determination by

collective CD response

One of the remarkable attributes of our study, and indeed one that holds
significant implications for the field of chiral analysis, is the unique capacity to
employ the collective circular dichroism (CD) as a reliable analytical tool. This tool
facilitates the simultaneous investigation of both the L/D ratio and concentration of
an enantiomeric solution. It's noteworthy that the collective CD spectra showcase
two disparate regions - Region I and Region II, indicated by red and blue circles
respectively in our illustrations - each carrying its own distinct characteristics and

responses to shifts in L- and D-proline concentrations (Figure 4. 4).

To elaborate, Region I, characterized by a negative slope in the collective
CD spectra (marked by a red circle), reacts specifically to changes in the
concentration of L-proline. In our study, an escalation in the L-proline concentration
was seen to exclusively affect Region I, as signified by a red arrow in Figure 4. 4.
On the other hand, Region II, marked by a positive slope in the collective CD spectra
(highlighted by a blue circle), responds solely to changes in the concentration of D-
proline. An increase in D-proline concentration was found to uniquely impact

Region II, as shown by a blue arrow in the same figure.

This distinctive enantioselective spectral change observed in the CD spectra
is a significant finding of our study, as it paves the way to precisely quantify the
enantiomeric ratio (L/D ratio) in a racemic solution. This becomes especially evident
in Fig. 3b, which presents a comprehensive suite of CD spectra corresponding to a
wide range of molar ratios of L- to D-proline (extending from a ratio of 10:0 to 0:10).

Here, the total proline concentration was held constant at 1 Molar (M).
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An illustrative example can be seen in the case of a 1 M racemic solution
with an equimolar ratio of 5:5 (represented by a purple line in the Figure 4. 5). We
found that the CD spectrum for this solution was equivalent to the arithmetic mean
of the CD spectra obtained from 1 M solutions of pure L-proline (denoted by a red

line) and D-proline (indicated by a blue line).

From these experimental observations, we were able to derive empirical
relationships linking the D-proline concentration (x), total concentration (y), and the
shifted wavelength as shown by the red or blue circles in Fig. 3b (z). The
relationships, in this specific instance, were —16.2x+15.9y—z=0 for Region I and
7.8x+8.5y—z=7.8 for Region II (Figure 4. 6). These equations, borne out of empirical
data, enable us to ascertain the molecular chirality and concentration with significant

precision.

It's worth noting that these empirical relationships are not confined to
proline molecules alone. Different equations might indeed be formulated for other
chiral molecules, as we demonstrated in the case of L- and D-glucose (Figure 4. 7).
This hints at the potential universality of our methodology, suggesting that our
approach could potentially be extended to a broad spectrum of chiral molecules. This,
in turn, augments the versatility and applicability of our study, reinforcing its

standing in the realm of chiral analysis.
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Figure 4. 4 Collective CD spectra for different concentration of L- and D-proline.
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Figure 4. 6 Plane equations and corresponding plane graph showing the shift trend

of Region I and II for different concentration and ratio of proline molecules.
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4.2 Colorimetric determination of molecular

chirality

Harnessing the remarkable shift in the spectral characteristics of the
collective CD, we have put forth a demonstration of a colorimetric chirality sensor.
This particular sensor is capable of visually quantifying molecular chirality,
essentially bringing the world of chiral molecules to the realm of observable
phenomena. This approach rests on the principles of simple polarization colorimetry
(Figure 4. 8), where wavelength-dependent rotation of linearly polarized light®
occurs after it interacts with the 2D helicoid crystals containing chiral molecules.
Chiral substances, by virtue of their unique properties, possess the capacity to rotate
the axis of incident linearly polarized light, contingent upon their resonant
wavelengths. Consequently, these substances can manifest unique polarization color
distributions, depending upon the angle of the polarizer present at the analyzer stage.
We observed that 2D helicoid crystals immersed in Deionized Water (DW) generated
polarization colors such as light violet, purple, and red corresponding to analyzer
angles of —2°, 0° and 2° respectively. In contrast, the Polydimethylsiloxane (PDMS)
well did not yield any color (Figure 4.9).

As already corroborated through the CD spectra, the 2D helicoid crystals
immersed in 1 M L-proline, racemic, and D-proline solutions exhibited distinct CD
spectra. Therefore, the specific chiral molecular solvent in which the 2D helicoid
crystal is placed dictates the resultant color distributions. In fact, during our
measurements of polarization color distribution using L-, D-, and racemic proline
(while changing the angle of the polarizer from —5° to 5°), we observed asymmetric
trends in color generation in the 1 M L- and D-proline compared to the racemic
solution (Figure 4. 10). These asymmetric color distribution trends can be vividly
displayed on a chromaticity diagram (CIE 1931 color space). We can present the

trajectory of the polarization color, as it changes with the rotation angle, as an
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elliptical path on the chromaticity diagram (Figure 4. 11). Intriguingly, D-proline
generates a trajectory that is shorter and more linear compared to L-proline, making
the enantioselective optical response clearly discernible in the polarization

colorimetry results.

In this Chapter, we have fundamentally showcased the potential of 2D
helicoid crystals as the comerstone of practical chiral sensing. Notably, our work
stands as a testament to the fact that chiral sensing using 2D helicoid crystals is not
only theoretically possible, but also demonstrably practical and versatile, thereby
underlining the transformative potential of this approach to the broader landscape of
chirality analysis. Through a systematic and iterative process of research and
experimentation, we've been able to leverage the unique properties of 2D helicoid
crystals to advance the domain of chiral sensing. We've shown that these remarkable
structures can not only sense the presence of chiral molecules but also visually
quantify the chirality of these molecules, making the intricate realm of molecular
chirality more accessible and decipherable. This achievement substantially enhances
the value proposition of chiral sensing based on 2D helicoid crystals. Moreover, our
work has practical implications, offering a new lens to explore and analyze chiral
molecules. Given the importance of chiral molecules in numerous scientific and
industrial fields — from the development of new pharmaceuticals to the production
of agricultural chemicals — this technology has the potential to revolutionize these
fields. It could pave the way for more efficient processes in drug discovery and
manufacturing, and it could facilitate new methods for identifying and analyzing
chiral pollutants in the environment. On the path forward, our work is paving the
way for advancements in the development of enantioselective sensors for the
characterization of a wide range of chiral molecules, not just proline. Our

experimental setup could be adapted to other chiral molecules, paving the way for

broader applications of chiral sensing in various scientific and technological domains.
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In conclusion, our experimental results, anchored in rigorous scientific
inquiry, underscore the feasibility of practical chiral sensing using 2D helicoid
crystals. This not only substantiates the value proposition of chiral sensing based on
2D helicoid crystals, but it also opens promising avenues for the real-world
application of this technology, further underpinning its transformative potential for

the field of chirality analysis.
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Figure 4. 8 Schematic illustration showing the optical set-up for observing

polarization-resolved color distribution of chiral materials.
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Figure 4. 10 Polarization-resolved color distribution of 2D helicoid crystal in 1 M
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Figure 4. 11 CIE 1931 chromaticity diagram showing the change in polarization

color of 2D helicoid crystal in 1 M L-, D-, and racemic proline solutions.
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4.3 Application of collective CD for chiral sensing

of micro-volume analyte

In Chapter 4.2, we demonstrated the successful execution of chiral sensing
experiments on a 1.5 mL sample using 2D helicoid crystals. To extend the practical
application of this technique to the sensing of diverse molecules, it is crucial to
determine the detection limit. In fact, detection limit serves as a critical parameter
for assessing the utility and efficacy of any chiral analysis technique and is
particularly essential when the analysis technology is intended for industrial
applications, such as in the pharmaceutical sector where extremely minute quantities
of new drug molecules require precise chiral analysis. Taking advantage of the
unique property of the optical helicity density of the collective resonance (CR) —
which is spatially extended and confined within two dimensions — we can reduce the
height of the channel while maintaining the chiral renormalization of the mode
energy of the 2D helicoid crystal by the analyte. In this Chapter, we built upon the
experiments and optical helicity density considerations outlined in Chapter 4.2, with
the aim to discern the minimal effective concentration of proline molecules that can
trigger a discernible enantiosensitive response, thereby gauging the detection

capabilities of the 2D helicoid crystal.

We devised a microfluidic chamber that was 150 pm thick and could hold
a volume of 15 uL, enclosing a 2D helicoid crystal within it. The fabrication process
of the microfluidic chamber is visually demonstrated in Figure 4.12. Utilizing a 3D-
printed mold, we developed a microfluidic chamber featuring an optical path of 150
um thickness and a total volume of 15 pL. In this chamber, the intrinsic optical
responses of proline in bulk solution are mitigated due to the reduced analyte volume.

This allows the collective circular dichroism (CD) of the 2D helicoid crystal and its
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robust coupling with the analyte to govern the enantioselective response, as
illustrated in Figure 4.13. For quantifying the variation in mode strength induced by
chiral molecules, we calculated ACD (defined as the difference between the CD of
the molecule and that of deionized water), and evaluated the absolute value of ACD
at the minima (JACDnin|) as shown in Figure 4. 14 and 15. Examining the ACD for
L- and D-proline at concentrations of 10 and 100 mM, we noted that the sensitivity
to D-proline exceeded that to L-proline, consistent with the observations made for
the bulk solution. In experiments involving a broad concentration range spanning
from 10~ mM to 10> mM, |ACDuin| progressively escalated from 0 mdeg to 57 mdeg
for L-proline and 98 mdeg for D-proline, as captured in Figure 4.15.

Our efforts culminated in the achievement of a detection limit for D-proline
of ~10" mM in a volume of 15 uL, which is equivalent to a bulk refractive index
unit (RIU) of 2x10°. This detection limit and sensitivity are comparable to those
demonstrated by other cutting-edge nanophotonic sensors, such as localized surface
plasmon resonance (LSPR)'%, surface plasmon resonance (SPR)!'%, and
metamaterial sensors®, as summarized in Table 4.1. We confirmed this
enantioselective response for numerical simulations. In our numerical simulation,
we conceptualized the chiral molecule solution as a homogeneous medium with a
refractive index (n) and a chirality parameter (k). This enabled us to quantitatively
represent the molecular concentration by leveraging the chiral Maxwell-Garnett
formula'”. As seen in Figure 4.16, the bisignate feature of ACD displayed more
substantial changes for x<0 (representing D-proline) compared to x>0 (representing
L-proline). Additionally, analogous trends in ACD were observed for a range of (n,
K) from (1.331, £1.2x10-7) to (1.373, £2.4x10-3), with higher |ACDmis| recorded for
k <0, as depicted in Figure 4.17.
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Spin-coated 3D printed mold

PDMS Outlet mold

Inlet mold
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. Spin-coated
Bottom layer Top layer PDMS Mold & Cure

Outlet Inlet p=0 2D helicoid crystal

Load S i . PDMS masking
Detach Crystal SPACETLIO0; LY Assemble v

Figure 4. 12 Schematic illustration of fabrication of analyte chamber with micro-
volume analyte. Two distinct triangular prism molds were crafted: the bottom layer
(i, left), void of any inlet or outlet, and the top layer (i, right), equipped with both an
inlet and an outlet, were formed by casting a 3D-printed mold in PDMS (ii). Upon
removal from the mold, the fabricated structure displayed a 60° inclined angle for
incident light (6=60°) (iii). A 2D helicoid crystal with [-M (¢=0°) symmetry was
then positioned on the bottom layer, followed by the placement of a 150 um-thick
spacer atop the 2D helicoid crystal (iv). Finally, all the components were assembled

together, with PDMS used to seal the open space of the integrated structure (v).
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Figure 4. 13 Collective CD response of 2D helicoid crystal in micro-volume analyte

chamber.
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Figure 4. 14 ACD response of 2D helicoid crystal in micro-volume chamber for L-

and D-proline.
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Figure 4. 15 |ACDmin| response of 2D helicoid crystal in micro-volume chamber for
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Detection range

Enantio-

range
Method Structure Target Refractive Concentration o .
Index (M) JLimit (M)
1.333 - 1.459
Au nanosphere Bulk glycerol (10* resolution) 0-10.858
Localized Surface
1.333 - 1.459
Au nanocube Bulk glycerol 10° uti 0-10.858
Plasmon Resonance (LSPR) ( resolution)
1.333-1.42
Au nanorod Bulk glycerol (10° resolution) 0- 8.6864
Prism coupled Au/Cr thin fi Y — 1.3328 -1 3.728 0-08
Im (10¢ resolution)
Surface Plasmon Resonance 1.3330 - 1.3357 %
Prism coupled Ag thin film Bulk glycerol (‘iU A resolﬁticm) 0-0.2
(SPR)
DNA functionalized Au film RNA 18-mers o 108 -5 x107
i 0
DNA functionalized MicroRNA-122 % 2 x 10
Au grating 5= 10°¢
. ) Multilayered Bovine Serum Albumin N 1 -
Hyporbolic:metamaterial metal-insulator (BSA) adsorbate 162510
. . Anti-l lobulin G 3% 107 -
Plasmonic exceptional point Layered Au nanorod array &ng‘g:zﬂ;;;e i 1‘5’( « 1015
Au cross array Eaviijmononioleotide * 22 x10* 2.2 x 103/*
adsorbate
Bulk tryptophan 1.3333 5% 10% 5x 103/~
Au gammadion array
Concanavalin A o 377 x 105 377 x 105/ *
adsorbate
Meahgnoflunab\e Concanavalin A = 377 « 105 377 % 1051 *
Au colloidal assembly adsorbate
13.142 (P
Bulk propanediol 1.440 {Fue 13.142 1"
propanediol)
(Chiraly Metamaterials Au twisted nanorod array
Concanavalin A . 377 « 10° 377 % 105/ *
adsorbate
1.333 - 1.352,
Bulk proline, glucose 1.333 - 1.360 10el 10810010
g H . " 5x 10 - 10° 5x 101-10°0/"
(10% resolution)
s 5x 107 -
2D helicoid crystal 5x 1011
MicroRNA-21 " S 3 x 109/
1.14 = 1010
sVAMP2 (SNARE = 2% 107 2w 107/

protein complex)

Table 4. 1 Sensor properties of various nanophotonic sensors
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Figure 4. 16 Numerically calculated enantioselective collective CD (ACD) response

of 2D helicoid crystal for various chirality parameters and refractive indices.
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Figure 4. 17 Numerically calculated enantioselective collective CD (JACDnmin|)

response of 2D helicoid crystal for various chirality parameters and refractive indices.

Modeled concentrations are as follows, (n, k)= (1; 1.331, £1.2x107), (2; 1.332,
£1.2x10%), (3; 1.333, £1.2x10%), (4; 1.339,£1.2x10%), (5; 1.352, £1.2x10°?), and (6;
1.373, £2.4x107).
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The results presented herein bear significant relevance, offering a
meticulous validation of the potential of applying the distinctively high and uniform
optical helicity density inherent to two-dimensional (2D) helicoid crystals. Such
application is envisioned as a practical and efficacious chiral sensor, transforming
the theoretical underpinnings into real-world applications. The implications of these
findings are profound, suggesting a possibility that a chirality sensor underpinned
using 2D helicoid crystals can move beyond the realms of large-scale molecular
analysis, extending its utility to the assessment of chirality in minute samples that
are vital for practical applications. The prospective applications encompass the
analysis of the chirality of innovative drug molecules, Deoxyribonucleic Acid
(DNA), proteins, and an array of other biologically relevant substances. Looking
ahead to the subsequent chapter, the scope of investigation is set to broaden, moving
beyond the confines of sensing molecular chirality. The investigative effort will
involve conducting sensing experiments on a diverse spectrum of biomolecules.
Moreover, the validation effort will include exploring whether the 2D helicoid
crystals developed during this study can be utilized not only in the context of our

customized setup but also incorporated into commercially available setups.
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Chapter 5. 2D Helicoid Crystal for Practical

Chiral sensing

In the previous chapters, it has been robustly established that 2D helicoid
crystals carry profound implications for the practical and real-world sensing of
biomolecular chirality, even in scenarios where the volume of the analyte is
extremely limited, reaching microscale dimensions. The ramifications of these
findings are multi-fold, indicating that the utility of these 2D helicoid crystals isn't
confined to the analysis of molecular chirality alone. Rather, these crystal structures
might possess broader applications, demonstrating an adeptness in the sensing of
chirality within a diverse array of biomolecules. These biomolecules not only
inherently possess chirality, but their chirality can also dynamically vary as part of
their biological mechanisms, presenting a wide-ranging landscape for potential
chirality sensing applications. Furthermore, the research has underscored the
uniquely advantageous properties of the 2D helicoid crystals. Their robust and
uniformly distributed optical helicity density facilitates the analysis of chirality even
in the context of trace amounts of molecules. This proves advantageous in
applications where the detection of minute chirality variations is crucial. Another
distinctive feature is the sensitivity of performance. Unlike conventional
technologies that primarily rely on localized surface plasmon resonance (LSPR) and
require direct attachment to plasmonic structures for sensing, the 2D helicoid crystals
demonstrate a consistent and sensitive performance, regardless of the position of

target analyte (See the positions in Figure 5. 1).

As the focus transitions to the following Chapter, the research intends to
explore the application of 2D helicoid crystals in the context of DNA and protein
molecules. Initial part of this Chapter involves attaching DNA and protein molecules
to the 2D helicoid crystals, subsequently inducing their biological mechanisms to

observe any associated changes in chirality. A key objective during this process will
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be to investigate the potential applicability of collective circular dichroism (CD) as
a tool to analyze the evolving chirality of DNA and proteins during these induced
biological mechanisms. Moreover, in the concluding sections of this Chapter, the
research aims to investigate if the 2D helicoid crystals can retain their characteristic
properties and enantiosensitivity even when integrated into commercially available
equipment, without necessitating the use of intricate and complex optical systems.
This is an essential step towards understanding whether these crystals can function

as a viable platform for tangible device applications.

By attempting to validate these ideas, the research hopes to demonstrate that
the collective CD response of 2D helicoid crystals can sensitively detect the chirality
of a wide variety of trace molecules. Furthermore, it also aims to show that this
detection is possible within commercial equipment, requiring only straightforward
processing steps. Through these investigations, the research expects to gain deeper
insights into the real-world applications and potential commercialization of 2D

helicoid crystals in the realm of chiral sensing.
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Figure 5. 1 Schematic illustration showing the capabilities of uniform and strong

optical helicity for analyte position-independent sensing.
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5.1 Sensing DNA-RNA hybridization by collective
CD

To start the experiment, we aimed to probe the variation in chirality induced
during the hybridization of a DNA strand that shared a complementary sequence
with microRNA-21 (miRNA-21), a significant biomarker for lung cancer studies.
This examination was designed to transpire atop the helicoid nanoparticles, integral
to the 2D helicoid crystal, enclosed within a Polydimethylsiloxane (PDMS) matrix

positioned over the nanoparticles (Position (B) in Figure 5. 1).

The methodology commenced with the immobilization of the thiolated
DNA onto the helicoid, which was succeeded by the introduction of miRNA-21.
MiRNA-21, being equipped with a sequence complementary to the affixed DNA,
instigated the hybridization process (Figure 5. 2). During this transformation, we
aimed to meticulously monitor the alterations in the collective CD signal radiating
from the 2D helicoid crystal. The DNA and RNA entities used for the process,
namely Thiolated ssDNA (5-
TCAACATCAGTCTGATAAGCTAAAAAAAAAAA/3DTPA/-3%) and
microRNA-21 (5’-tUAGCrUrUArUCAGACrUGArUGrUrUGA-3%) were
commercially procured from Integrated DNA Technologies (IDT). For the
successful functionalization of the thiolated ssDNA onto the helicoid nanoparticles,
we employed a low pH-assisted DNA functionalization technique'”, taking
inspiration from the protocols delineated in previous literature. A thorough
preparation of the 2D helicoid crystal was deemed necessary for the seamless
functionalization of DNA, beginning with the surface cleaning of the helicoids
using an ice-cold Sodium Borohydride (NaBH4) solution. This process was

performed under a temperature of 20 mM for a duration of 10 minutes. Following
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the cleaning procedure, the crystal was washed with Deionized Water (DW) thrice
and later bathed in a citrate- HCl buffer (10 mM) at 25 °C for 30 minutes.

Subsequently, we ensured complete coverage of the 2D helicoid crystal with the
DNA solution (5 uM, 15 uL) by injecting it into the analyte chamber (15 uL). The
addition of the pH 3 sodium citrate buffer (500 mM, 0.63 pL) to the DNA solution
instigated the functionalization reaction, which was allowed to proceed at a
temperature of 25 °C for 30 minutes. An estimate of the DNA coverage on the 2D
helicoid crystal, assessed to be roughly 1000 equivalents of DNA per nanoparticle,
was obtained by comparing the UV-VIS response of the reacted and unreacted
DNA solutions at a wavelength of 260 nm (Figure 5. 3). Following
functionalization, the DNA-bound 2D helicoid crystal was washed with a flow of
10 mM Phosphate Buffered Saline (PBS) buffer (pH=7.4) for a span of 1 minute,
aiming to eradicate any residual unreacted DNA strands within the analyte chamber.
Post this cleaning process, miR-21 was hybridized to the DNA strands adhered to
the 2D helicoid crystal. The miR-21 solution was created by diluting 100 umol of
RNA to the desired concentration using a 10 mM PBS buffer (pH=7.4). The actual
process of hybridization entailed the rapid addition of a pre-heated RNA solution
(60 °C for 30 minutes, 15 pL) to the analyte chamber, which was subsequently
allowed to naturally cool down to 25 °C, ensuring complete hybridization.
Following the hybridization, another round of cleaning with a flow of 10 mM PBS
buffer (pH=7.4) for 1 minute was performed to clear out unreacted RNA strands

present in the chamber.

The changes induced by the hybridization were quantified by calculating
the difference in CD signals (ACD=CDpna+rna-CDpna) before and after RNA
binding, along with the absolute value of the minimum change (JACDmis|). As the

concentration of miR-21 escalated, a corresponding increase in |[ACDmin| was
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observed (Figures 5.4 and 5.5). The detection limit was determined to be 146 pM,
indicating a high-performance level compared to existing RNA sensors (Table

4.1y,

Through the in-depth results presented above, we have been successful in
elucidating a robust method to sensitively capture the changes in chirality occurring
during the intricate process of DNA and RNA hybridization using a 2D helicoid
crystal. The significance of these findings cannot be overstated, as they represent a
substantial step forward in our understanding of molecular chirality sensing. It has
been observed that the sensing mechanism, which is anchored by the 2D helicoid
crystal's unique attribute of high and consistent optical helicity density, is not
merely limited to analysis of samples suspended in solution. Instead, its potential
extends far beyond, providing the capability to scrutinize the chirality of molecules

like DNA, which demonstrates a specific affinity for nanoparticle binding.
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Figure 5. 2 Schematic illustration showing the process of attaching the thiolated

DNA on the helicoids of 2D helicoid crystal.
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Figure 5. 3 UV-VIS spectra of thiolated DNA solution before and after the binding

reaction on 2D helicoid crystal.
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Figure 5. 4 ACD response of 2D helicoid crystal for various concentrations of

miRNA-21 which hybridized on the 2D helicoid crystal.
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5.2 Sensing protein complex conformation change

by collective CD

Next, in order to detect the chirality arising from the structural changes of
proteins, researchers aimed to sense it through the PDMS section of the 2D helicoid
crystal (Position (C) in Figure 5.1). We selected the SNARE complex!®81-18 which
forms a helical structure upon complex formation and is expressed in the process

of neurotransmitter transmission in vivo, as the target substance.

Typically, the SNARE complex consists of an acceptor complex made up
of syntaxin-1A without the N-terminal Habc domain (183-288), a synaptobrevin-
2/VAMP2 fragment (49-96), and cysteine-free SNAP-25 isoform A, which are
found in the bio-membrane within the body. It also includes the soluble part of
VAMP2 lacking a transmembrane domain (1-96, A82C), distributed on the
neurotransmitter-carrying vesicle (Figure 5. 6). The formation of a helical complex
occurs through the binding of the acceptor complex and soluble VAMP2, thereby

transmitting neurotransmitters into the membrane (Figure 5. 7).

For the purpose of experimentation, we first manufactured the SNARE
proteins and the vesicles capable of carrying SNARE proteins in the following

manner:
Protein Preparation:

All SNARE complexes were derived from rats and expressed in the Rosetta
(DE3) pLysS strain. The acceptor complex consisted of a truncated syntaxin-1A
without the N-terminal Habc domain (183-288), a synaptobrevin-2/VAMP2
fragment (49-96), and a cysteine-free SNAP-25 isoform A. The soluble part of
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VAMP2 lacking a transmembrane domain (1-96, A82C) was cloned into pGEX-
KG with an N-terminal GST-tag and a thrombin cleavage site. For expression of
the acceptor complex, syntaxin-1A (183-288) and a VAMP2 fragment (49-96)
without any affinity tags were cloned into pETDuet-1, and full-length SNAP-25A
with an N-terminal 6His-tag was cloned into pET28a. These two plasmids were
co-transformed into E. coli to assemble the acceptor complex. All proteins were
grown in 1 L of standard LB medium at 37 °C until the OD600 reached
approximately 0.7 and expressed for 3 hours post-0.5 mM IPTG induction. The
cells were gathered via centrifugation and suspended in A buffer (50 mM pH 7.4
HEPES, 300 mM NaCl, 20 mM imidazole, 0.5 mM TCEP). For suspension cells
expressing soluble VAMP2, 0.5% Tx100 and 1x protease inhibitor cocktail
(genDEPOT) were added, and the same chemical and 0.5% sarcosine were added
to cells expressing the acceptor complex. The suspended cells were lysed by
sonication, and the cell lysate-expressing acceptor complex was nutated for 1 hour
at 4 °C to solubilize the membrane proteins. After centrifugation (17,000xg, 30
minutes), the supernatant was loaded onto Ni-NTA agarose resin (QIAGEN) or
glutathione-Sepharose 4B (GE healthcare) for 1 hour at 4 °C. In the case of the
acceptor complex, the resin was sequentially washed with A buffer containing 0.1%
Triton X-100 and A buffer containing 1 wt% OG, and the proteins were eluted with
elution buffer (50 mM pH 8.0 Tris-HCI, 20 mM NaCl, 400 mM imidazole, 1 wt%
OG, and 1 mM DTT). Thrombin was added for His-tag cleavage, and the elute was
loaded onto a HiTrap Q (GE Healthcare) for anion exchange chromatography with
a linearly increasing NaCl concentration of 20 mM to 1 M in 50 mM pH 8.0 Tris-
HCI, 10% glycerol, and 1 mM DTT. The soluble part of VAMP?2 in glutathione
resin was washed with A buffer containing 0.1% Triton X-100 and eluted by
thrombin cleavage for 1 hour at room temperature. The eluate was concentrated

and loaded into a size exclusion chromatography (SEC) column (GE healthcare)
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with SEC buffer (50 mM pH 7.4 HEPES, 150 mM NaCl, and 0.5 mM TCEP).
Purified VAMP2 with cysteine mutation (A82C) was labeled with 10 times excess
Cy3-maleimide (Lumiprobe) overnight at 4 °C (for VAMP2 labeled with Cy3).
Unlabeled free dyes were separated on a PD MiniTrap G25 column (GE healthcare)
with SEC buffer containing 10% glycerol. All purified proteins were confirmed by
SDS-PAGE, and their concentration and labeling efficiency were measured with
UV-VIS spectroscopy. Purified proteins whose purity and concentration were

confirmed were stored at —80 °C until use.

Vesicle reconstitution:

All lipids utilized in the experiment were procured from Avanti. A lipid
composition consisting of approximately 47 mol% 1-palmitoyl-2-oleoyl-glycero-
3-phosphocholine (POPC), 25 mol% cholesterol, 12 mol% 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine  (DOPS), 15 mol% 1,2-dioleoyl-sn-glycero-3-
phosphoethanoleamine (DOPE), and 0.7 mol% 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(cap biotinyl) (biotinyl CapDPPE) was assembled in a
glass vial and subjected to vacuum drying overnight at 25 °C. The solubilization of
the dried lipids was initiated by introducing a solubilization buffer (50 mM pH 7.4
HEPES, 150 mM NaCl, and 3 wt% OG) to the vial, ensuring careful resuspension
to preclude the formation of air bubbles. The lipid mixture was then sonicated for
a minute in the vial to conclude the solubilization process. Subsequently, this
mixture was moved to an e-tube and gently mixed using an Intelli-Mixer for a
period of 30 minutes. Following solubilization, the lipid mixture was combined
with the acceptor complex at a predetermined protein-to-lipid ratio of 1:1000. The
solution was then diluted threefold using a buffer (50 mM pH 7.4 HEPES, 150 mM
NaCl), effectively reducing the OG concentration below the critical micelle

concentration (CMC). This diluted solution was transferred to a pre-equilibrated
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Midi GeBaFlex tube (GeBa) with dialysis buffer (50 mM pH 7.4 HEPES and 150
mM NaCl) for more than 30 minutes at 4 °C. Subsequently, SM2 Bio-Beads (Bio-
Rad) were introduced into a beaker filled with the dialysis buffer. The tube was
placed in a floating rack within the beaker and left to incubate overnight at 4 °C,
allowing the detergent to be removed from the mixture. After dialysis, the vesicle

reconstitution process was considered complete.
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Figure 5. 6 Proteins which constructs the SNARE complex.
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Figure 5. 7 Schematic illustration showing the membrane fusion process by

constructing SNARE complex.
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The protein previously prepared was utilized in carrying out an in vitro
analysis of SNARE complex assembly with helicoids (Figure 5. 8). Given the two-
dimensional extension of the optical helicity of the CR rather than it being localized,
even minor disturbances in the 2D helicoid crystal could lead to a substantial

renormalization of the resonance mode.

In order to commence the experiment, we manufactured 2D helicoid
crystals and imparted functionality with BSA-biotin to hinder nonspecific binding.
Subsequently, neutravidin (NTV) and biotinylated vesicles (Ves) were
consecutively linked to the 2D helicoid crystals through specific molecular
interactions. A PDMS substrate with nanopatterns was subjected to a solution of
20 pg/ml BSA-biotin in distilled water for a period of 12 hours at 25 °C in order to
establish attachment of BSA-biotin to PDMS through hydrophobic interactions.
The procedure was carried out inside a moisture-retaining chamber to prevent the
solution from drying and evaporating. Once helicoids were implanted into the
BSA-biotin-enhanced PDMS substrate, a 2D helicoid crystal was situated within
the solution compartment (15 uL) and neutralized with reaction buffer (50 mM pH
7.4 HEPES, 150 mM NacCl, and 0.1% v/v Triton X-100) for a period of 10 minutes
at 25 °C preceding the in vitro reconstitution analysis of SNARE complex assembly.
In the process of NTV binding, NTV (0.1 mg/ml, 15 puL) from Thermo Fisher
Scientific in the reaction buffer was directed onto the 2D helicoid crystal and
subjected to incubation for 10 minutes at 25 °C. Post NTV binding, the 2D helicoid
crystal was thoroughly rinsed with buffer (50 mM pH 7.4 HEPES and 150 mM
NaCl) three times in order to exclude unbound NTV from the substrate. During
vesicle binding, vesicles (10 nM (100 uM [lipid conc.]), 15 pL), with and without
the inclusion of the acceptor complex (frans-form), were guided onto the 2D

helicoid crystal and subjected to incubation for 10 minutes at 25 °C, which was
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then followed by a rinsing phase. Post vesicle binding, soluble VAMP2 (200 nM,
15 pL) in buffer (50 mM pH 7.4 HEPES and 150 mM NaCl) with 1 wt% BSA to
deter nonspecific binding was infused into the chamber and subjected to incubation
for 10 minutes at 25 °C. The rinsing phase was repeated after sVAMP2 infusion.
The addition of sVAMP?2 leads to the substitution of the C-terminal VAMP?2 in the
acceptor complex and the formation of a complete four-helix bundle, symbolic of
the structure of the SNARE complex (cis-form). The validation of SNARE
complex formation upon the addition of VAMP2 was conducted through a
fluorescence test employing soluble VAMP2 marked with Cy3 in place of the
unlabeled form (Figure 5. 9, 10, and 11). The surface coverage of SNARE
complexes on 2D helicoid crystal was calculated to be 1 complex/10° nm? (i.e.,
monolayer). After completion of the in vitro analysis of SNARE complex assembly,
the 2D helicoid crystal was removed from the solution compartment, placed on a
coverslip (VWR), and immobilized using 5 Minute® Epoxy (Devcon). After
securing the position, the coverslip was affixed onto the sample stage of a custom

objective-style microscope.

Spectral data for the 2D helicoid crystal was procured for each step of the
reaction in 50 mM HEPES buffer (pH 7.4, 150 mM NacCl). The addition of NTV
and Ves shifted the ACDproteins=CDafter conjugation—CDinitial Of the 2D helicoid crystal
irrespective of the presence of acceptor complexes. However, the addition of
sVAMP?2 could only escalate the ACD of the 2D helicoid crystal with acceptor
complexes (Figure 5.12 and 13).

Alterations in SNARE complex conformations was captured with high
selectivity and sensitivity. Specifically, the structural transition of SNARE
complexes from trans- to cis-form was sequentially emulated by stepwise addition

of Ves-integrated acceptor complexes and sVAMP2 to the biotin-NTV system.
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Significantly, Ves, which is similar to cellular membranes, was efficiently
constructed on 2D helicoid crystals. Moreover, this combination, in concert with
sequential reproduction, successfully emulated the Ves-membrane fusion process.
In contrast to traditional methodologies such as fluorescence resonance energy
transfer (FRET), our sensor can operate unlabeled. This finding indicates that our
platform can be deployed to monitor time-dependent structural alterations of

biomolecules that occur even in a localized region, such as on membranes.

This groundbreaking revelation paves the way for the application of 2D
helicoid crystals in broad-ranging scenarios, including those demanding a deeper
understanding of the chirality dynamics in complex molecular structures and
interactions. Furthermore, the versatility of this sensing mechanism, as
demonstrated by its capacity to accommodate different types of analytes, adds a
substantial layer of utility and applicability, thereby raising the bar for future
advancements in the field of chiral sensing. It should be highlighted that these
insights have potentially transformative implications for the development of novel
chirality sensing platforms, offering a platform that promises a significantly
improved sensitivity and applicability spectrum. This, coupled with the 2D helicoid
crystal's potential to identify and analyse chiral phenomena even in molecules
demonstrating specific binding affinities to nanoparticles, could potentially lead to
breakthroughs in various scientific and technological domains that rely on

molecular chirality analysis.
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Figure 5. 8 Schematic illustration showing the SNARE complexation on the 2D
helicoid crystal.
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Figure 5. 9 Schematic illustration showing the fluorescence-based confirmation of

BSA binding on the 2D helicoid crystal (i) and corresponding fluorescence data (ii).
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Figure 5. 10 Schematic illustration showing the fluorescence based confirmation of

Vesicle binding on the 2D helicoid crystal (i) and corresponding fluorescence data
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5.3 Integration of 2D helicoid crystal in SPR

sensing system

In this Chapter, our primary objective was to authenticate the generic
adaptability of 2D helicoid crystals. More specifically, our ambition was to
scrutinize whether the enantioselective response, a prominent characteristic that we
had previously demonstrated with these crystals, is operational not solely in
specially designed optical measurement systems, but also in traditional
commercially available optical frameworks. We envisioned that such a capability
would unequivocally underline their potential as a sensor platform. Therefore, we
carried out an experimental approach where we integrated the 2D helicoid crystals
into a Surface Plasmon Resonance (SPR) sensing apparatus, to observe and

evaluate their enantioselective response.

An intriguing phenomenon that we observed was that the enantioselective
CD, a signature feature of our 2D helicoid crystals, was also profoundly visible in
the reflection mode. This was a significant observation since it indicated that any
changes or deviations in this feature could be precisely detected under Total
Internal Reflection (TIR) conditions. As part of our experimental protocol, we
incorporated a 2D helicoid crystal into a Circularly Polarized Light (CPL)-based
SPR sensing system and were able to observe enantioselective optical responses of
the collective CD under these TIR conditions, a feature we've denoted as CDk.
Specifically, we utilized a custom-designed reflection-CD apparatus that could
gauge the circular dichroism of light reflected off the test samples. We assembled
an optical table with several components: a tungsten halogen lamp that served as
the light source, a mirror to direct the light, a collimating lens for beam shaping, a

linear polarizer to generate plane-polarized light, a quarter-wave plate from
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Thorlabs to alter the polarization state of light, and an objective lens to focus the

beam down to a spot size of 200 pum (Figure 5. 14).

For our experiment, we mounted the 2D helicoid crystal - that was prepared
onto a quartz substrate, which was subsequently positioned on a hemicylindrical
prism. This prism was placed on a motorized rotation stage from Thorlabs that
allowed us to precisely control the angle of incidence of the light. Utilizing a
spectrophotometer, specifically the Flame spectrometer from Ocean Optics, we
were able to measure the reflectivity of the sample (averaged over 10 acquisitions)
for Left Circularly Polarized (LCP) and Right Circularly Polarized (RCP) light.
This reflectivity data served as a basis for calculating the reflection circular
dichroism by subtracting the reflectivity for RCP light from the reflectivity for LCP
light. Our data acquisition strategy involved repeated measurements, conducted
four times for each experiment, which ensured consistency in the obtained

reflection CD spectra.

Our experiments revealed that the reflection-based setup is not just a viable,
but also an effective method for generating a CR mode and collective CD that
respond enantioselectively (Figure 5. 15 and 16). We also confirmed the formation
of such modes by comparing the reflection CD data from drop-coated (i.e.,
randomly distributed helicoids). This was a remarkable finding as it underscored
the versatility of our 2D helicoid crystal system. Furthermore, we were able to
quantify the variations in the collective CD that were induced by different chirality

prolines, L- and D-proline. For this, we extracted the difference in reflection CD,

denoted ACDg, and calculated the absolute value of ACDr at the minima

(JACDg min|). Our observations indicated a higher sensitivity to D-proline compared

to L-proline, which was in agreement with theoretical predictions and previous
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transmission-based measurements. The measured changes in the reflection CD
(JACDg, min|) exhibited a gradual increase over a wide concentration range from 10-
6 M to 100 M, specifically from 0 mdeg to 69 mdeg for L-proline and up to 76
mdeg for D-proline (Figure 5. 17). We compiled and compared the sensing
performance of our technique with that of other prevalent methods, emphasizing

the distinct advantages of our approach (Table 4. 1 and Figure 5. 18).

In conclusion, the successful integration of the 2D helicoid crystals into the
commercially available SPR sensing system and the consequent observations of an
enantioselective optical response underline the potential of these uniquely
structured crystals as a versatile sensor platform. The ability of the 2D helicoid
crystal to demonstrate enantioselective responses in both specially designed and
traditional optical systems indicates its potential for diverse applications.
Furthermore, the sensitivity to changes in chiral molecules, as exemplified by the
L- and D-proline, and the ability to precisely monitor these changes under total
internal reflection conditions, provide strong evidence for the robustness and
sensitivity of this sensing approach. The distinct advantages, including its label-
free nature, versatility, and high sensitivity, when compared with other prevalent
methods, make the 2D helicoid crystal a promising candidate for chiral sensing
applications. The results from this work open up a new path for the application of
2D helicoid crystals and similar structures in the field of chiral molecule detection,
and potentially broaden the horizon of biomolecular sensing, by offering a
promising platform that could be effectively customized for diverse sensing

applications.
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Figure 5. 14 Photograph of light source at the sample position.
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Chapter 6. Concluding Remarks

In this thesis, we embarked on a journey to create an advanced platform for
ultra-sensitive chiral sensing, relying on the power of chiral plasmonic
nanostructures known for their robust and uniform optical helicity density. This
complex task spanned the realms of fabricating and optically characterizing two-
dimensional (2D) aligned chiral plasmonic nanoparticles, unraveling the theoretical
constructs for their precise deployment in chiral sensing, and progressing towards
creating functional chiral sensor platforms. As a part of this, first, we engineered a
system of two-dimensional (2D) aligned helicoid nanoparticles. We thoroughly
studied the collective resonance and resulting collective CD generated from this
structure. Our investigation examined the interdependencies among the size of the
nanoparticles, the angle of the incident light, and the periodicity of the structures.
Secondly, we applied the fabricated 2D helicoid crystal for chiral sensing. To do this
effectively, we had to gain a comprehensive understanding of the physical properties
of these structures and develop a chiral perturbation theory. This theory allowed us
to elucidate the mechanisms of chiral sensing. Lastly, we empirically demonstrated
the applicability of the 2D helicoid crystal as a chiral sensor by conducting chirality
sensing experiments on various molecules, including amino acids, DNA, and
proteins. Through techniques like micro-volume and colorimetric chirality detection,
we were able to showcase the practicality of our system. Furthermore, we
demonstrated the universality of the 2D helicoid crystal. Our theoretical mechanisms
and experimental realizations can be integrated not only into custom optic systems
but also into commercialized platforms. This finding underscores the broad

applicability and versatility of the 2D helicoid crystal.
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The conventional chiral plasmonic structure, which is based on the local
surface plasmon resonance (LSPR) for chiral sensing, has primarily focused on
amplifying the CD of the molecules themselves through the local enhancement of
optical helicity density, which describes how helical and strong the incident light is
in the space where the molecules exist. While these methods have succeeded in
amplifying the CD signal of high-concentration samples on the plasmonic structures,
most of the techniques could not be used as a platform for practical chiral sensing
applications due to the impact of the molecule's location, orientation, etc., owing to
the local characteristics of the LSPR. In this thesis, we fabricated a chiral plasmonic
nanostructure that can induce a broader and stronger optical helicity density
characteristic, and demonstrated a practical, versatile chirality sensor based on this

structure.

Firstly, we aimed to induce a collective resonance phenomenon, which can
concentrate the energy of incident light strongly and uniformly on a 2D plane, in a
3D structure that has the most isotropic chirality, the 432 helicoid III. For the
fabrication of a 2D helicoid crystal with a regular assembly structure, we
manufactured a PDMS substrate with a regular nano-well structure through PDMS
patterning. We developed a methodology to assemble helicoids into the nano-well
structure through assembly, thereby fabricating a 2D helicoid crystal. We found that
the collective resonance mode occurs through the hybridization of the LSPR of the
nanoparticles constituting the 2D helicoid crystal and the diffraction mode due to the
regular structure, and aimed to produce a 2D helicoid crystal that can exhibit the
largest chiroptic response in this structure. For this purpose, we used a helicoid with
a size of 180 nm, fixed the angle of the incident light at 60 degrees, and set the
periodicity of the assembled helicoid nanoparticles to 400 nm. The fabricated 2D
helicoid crystal showed a strong chiroptic response of about 4000 mdeg, and it was

confirmed that the CD signal generated by the collective resonance showed an
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amplified chiroptic response from 0 to 3000 mdeg. Through this, we were able to
produce a 2D helicoid crystal with a strong collective CD signal based on the

collective resonance phenomenon and understand its optical properties.

Furthermore, we conducted research to physically understand the strong
chiroptic response of the 2D helicoid crystal based on electromagnetic simulation.
As aresult, we found that a collective mode, where the TE/TM mode overlaps, thus
strongly interacting with the circularly polarized light, is generated when a circularly
polarized light tilted at 60 degrees is irradiated on the 2D helicoid crystal, and we
were able to physically explain the strong chiroptic response of the 2D helicoid
crystal. Also, to apply the actual fabricated 2D helicoid crystal for chiral sensing
applications, we first physically grasped the optical helicity density of the 2D
helicoid crystal. For this purpose, we conducted a phase analysis of the formed
TE/TM mode to understand how helical and strong the formed mode is in the 2D
helicoid crystal and confirmed that an electromagnetic field mode rotating like a
circularly polarized light is formed in the 2D helicoid crystal when the formed
TE/TM mode has a phase difference of half a pi. As a result, we found that a strong
optical helicity density could be induced in the 2D helicoid crystal and aimed to

apply it to chirality sensing.

To apply the strong optical helicity density of the 2D helicoid crystal to
practical chiral sensing in a substantive manner, we developed a Chiral Perturbation
Theory. This theory, similar to traditional molecular CD augmentation theories,
posits that structures with high optical helicity density are advantageous for chiral
sensing. However, it differs from traditional theories by focusing on the back-action
of the molecule's chirality on the energy of the chiral plasmonic nanostructure, rather
than amplifying the CD of the molecule itself. This robust theory can explain the

spectral resonance difference between the molecule and the plasmonic material,
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which has been a chronic issue in traditional molecular CD amplification. It also
implies that a sensor with a strong and uniform optical helicity density, such as a 2D
helicoid crystal, can demonstrate strong enantiosensitivity and consistent
performance regardless of the molecule's position or orientation. We did not stop at
this theoretical discovery. We carried out experimental applications of chiral sensing
using the 2D helicoid crystal. According to the Chiral Perturbation Theory, we
detected different degrees of shift in the collective CD variation due to the chirality
of 1.5 mL of chiral molecules. This resulted in CD changes that were more sensitive
to D-molecules than L-molecules, indicating that the chirality of molecules dispersed
in a solution can be differentiated using a 2D helicoid crystal. Furthermore, we
developed a platform capable of predicting the ratio and total concentration of chiral
molecules in a solution by identifying anomalies in the slope changes of the

collective CD variation.

Additionally, we linked the sensitive chiral response of the 2D helicoid
crystal in collective CD to the unique characteristic of chiral plasmonic structures,
which is the distribution of polarized colors. We then demonstrated a platform that
can distinguish the chirality of molecules with the naked eye by tracing back the
color change of the polarized light in the 2D helicoid crystal caused by the chiral
molecules. This provides proof of the practical chiral sensing applicability of the 2D

helicoid crystal.

For real-world applications of molecular chirality sensing with the 2D
helicoid crystal, we conducted chiral sensing experiments on minuscule amounts of
molecules, such as DNA and protein. By introducing a micro-volume chamber into
the 2D helicoid crystal, we were able to sensitively detect the chirality of molecules
with only 15 uL of sample, achieving sensitivity down to the few-mM range. We

also verified the location-independent sensing capability of the 2D helicoid crystal,
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thanks to its strong and uniform optical helicity density in 2D. Specifically, we
detected the chirality changes that occur when the structure of miRNA-21 attached
to the helicoid and SNARE protein complex attached to PDMS changes in real time,

through the collective CD response changes of the 2D helicoid crystal.

Finally, through the introduction of an SPR sensor system into the 2D
helicoid crystal, we demonstrated that chiral sensing based on collective CD is
possible even without a specially constructed optical measurement method used in
this thesis, thus proving the versatile applicability of the 2D helicoid crystal as a
platform. By simply adjusting the linearly polarized light source of the existing SPR
system to circularly polarized light to induce CD signals, we could clearly confirm

the enantioselective response of their collective CD signals in this system.

From this study, we conclude that the novel nanophotonic approach
utilizing the collective CD of 2D helicoid crystals holds substantial promise in
revolutionizing enantioselective sensing. Central to our approach is the idea of
uniformly amplifying chiral light-matter interactions across a 2D plane through the
collective activation of a rotating electric dipole, leading to the generation of
collective CD. This introduces two important enhancements to nanophotonic chiral
sensing. The first is the remarkable robustness against molecular randomness,
demonstrated by consistently high sensitivity even in liquid samples. The second is
the occurrence of reverse spectral shift of the resonance contingent on molecular
handedness. Looking ahead, this methodology opens doors for transformative
applications of chiral sensing, such as real-time surveillance of conformational
transitions at the molecular scale. Given the compatibility of our approach with other
optical sensing systems like SPR, it paves the way for large-scale, rapid
implementation of chiral sensing, thereby offering a significant contribution to this
field of research. The principles of collective CD, as explored in our study, hence

stand at the forefront of future advancements in enantioselective sensing. For more
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practical application of the 2D helicoid crystal in the aspect of commercialization,
the optimization of fabrication process such as, improvement in nanopatterning and
helicoid assembly should be accompanied. Also, the selection of specific target
which can draw attention from real-industry. By doing so, we expect that we can
expand the realm of our principles of 2D helicoid crystal which delineated in this

thesis into the real-industrial application.
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