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General Introduction 
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1.1 Chirality 

1.1.1 Molecular Chirality 

Chirality, the property whereby an object's geometric orientation cannot be superimposed 

onto its mirror image, exists from individual molecules to supramolecular systems in nature.1  

For the chiral molecules, the typical conformation is that its tetrahedral carbon centers are 

attached to four different atoms or groups, resulting in non-superimposable mirror images.2, as 

shown in Figure 1.1. A chiral molecule is one that contains an asymmetric carbon atom, 

resulting in two non-superimposable mirror-image isomers known as enantiomers. Although 

these enantiomers have the same chemical composition and bonding, their spatial arrangement 

differs, leading to distinct biological activities when interacting with other chiral environments, 

such as enzymes or receptors. So far, it is known that the basic substances that make up living 

organisms all have chirality. For example, amino acids in living organisms are almost 

exclusively L-enantiomers, while sugars are typically D-enantiomers.3 This selectivity is a 

fundamental aspect of the complexity of biological systems.4 

 

Figure 1.1 (A) Mirror structures of chiral molecules (left- and right-handed). (B) Chirality in 

biomolecules of DNA.D-deoxyribose and right-handed helix of DNA.3 

 

The importance of chiral molecules extends beyond fundamental research to industrial 

applications, such as in pharmaceuticals, agrochemicals, and flavors. In biological systems, 

many molecules are chiral, and macromolecules like enzymes and receptors are often chiral as 

well. The interactions between chiral molecules and these biological macromolecules are 

typically stereoselective, meaning that only one enantiomer binds effectively and triggers a 

specific biological response.5  Furthermore, many drugs are chiral, and different enantiomers 

can have different effects in the body.6 For instance, one enantiomer might be therapeutically 

 

(A) (B)
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effective, while the other could be ineffective or cause adverse side effects. Therefore, 

pharmaceutical companies aim to develop drugs with high enantiomeric purity.7 

Circular Dichroism (CD) is a valuable spectroscopic technique used to study the chiral 

properties of molecules, particularly in the analysis of the secondary structure and 

conformational changes of biomolecules such as proteins and nucleic acids.8 CD refers to the 

phenomenon where chiral molecules absorb left- and right-handed circularly polarized light to 

different extents. This differential absorption leads to a distinct signal in the absorption 

spectrum at certain wavelengths, known as the CD spectrum (Figure 1.2).9 The origin of this 

effect lies in the chiral structure of the molecule, and it provides insights into the conformation, 

secondary structure, and other properties of the molecule across different wavelength ranges. 

However, a major obstacle in practical applications is the weak chiral response of natural chiral 

molecules.10 For most chiral molecules, their CD bands are located in the ultraviolet spectral 

region, and the corresponding asymmetry factor used to characterize the optical chirality signal 

is very small. Even concentrated solutions can only rotate the light polarization by a few 

millidegrees, making sensitive detection and analysis of small numbers of chiral molecules 

difficult to achieve.11 

 

Figure 1.2 Right- and left-handed circularly polarized light (R-CPL and L-CPL) transmitted through a 

chiral object can differ in speed as well as their wavelength and the extent to which they are absorbed. 

Circular dichroism is the difference (CD = AR-CPL – AL-CPL).12 

  

1.1.2 Plasmonic Chirality 

Plasmonic CD, arising from complexes of molecules and nanoparticles complex, is one 

of the important directions in chiral materials research in recent years. Through the design and 
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regulation of nanostructures, significant chiral optical responses can be achieved in the visible 

(Vis-) and near-infrared (NIR-) light regions. The emergence of plasmonic CD has greatly 

expanded the limitations of traditional molecular CD in the UV region, providing a powerful 

tool for analyzing chiral molecules, designing new chiral optical materials, and detecting 

biological chiral molecules.13 

1.1.2.1 Localized Surface Plasmon Resonance  

Gold is one of the most chemically stable elements in nature, but nanoscale gold particles 

have special physical and chemical properties.14 This is because when the size of gold 

nanoparticles (AuNPs) is small enough, it causes the gold nanoparticles to transform into 

insulators and form standing electron waves of different energy levels. When electromagnetic 

waves radiate to spherical metal nanoparticles whose particle size is much smaller than the 

excitation wavelength, their free electrons will collectively oscillate in local areas on the 

surface of the metal nanoparticles. If the frequency of the incident light is equivalent to the 

collective oscillation frequency of free electrons, resonance will occur, which is called 

localized surface plasmon resonance (LSPR) (Figure 1.3B, D).15  

Among a variety of AuNPs, gold nanorods (AuNRs) offers several key advantages to 

assemble chiro-plasmonic nanostructures, particularly in the fields of plasmonics and chiral 

nanotechnology.16 One of the most significant advantages of AuNRs is their highly tunable 

LSPR. Unlike spherical nanoparticles, AuNRs exhibit two distinct plasmon resonance modes, 

transverse mode corresponding to oscillations across the short axis of the nanorod (T-LSPR) 

and longitudinal mode, corresponding to oscillations along the long axis (L-LSPR). The L- 

LSPR of AuNRs can be easily tuned across the visible to NIR regions by simply varying the 

aspect ratio (length-to-width ratio). This tunability allows for the optimization of plasmonic 

responses for specific chiral applications, enabling stronger and more controllable optical 

activity in the chiro-plasmonic nanostructures (Figure 1.3B, D).17 The second one is the 

efficient assembly into complex chiral architectures. At least four AuNPs are required to 

construct chiral structures, while only two tilted AuNRs can form asymmetric nanostructures 

with chiroptical activity.18 They can be assembled into helical, twisted, or other chiral 
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arrangements through various strategies. The third is the enhanced and the tunable of chiral 

optical activity. The anisotropic nature of AuNRs enables them to produce stronger 

electromagnetic field enhancements at their tips when excited by light. When assembled into 

chiral geometries, this local field enhancement amplifies the interaction between light and 

chiral molecules, leading to stronger CD signals compared to isotropic particles like spheres.19 

And it is difficult to tune the chiroptical responses in pyramidal or helical NP structures, 

because it is limited to control the interparticle distances. Conversely, the chiroptical activity 

of two NRs can be regulated simply by controlling their tilting. For example, Meng et al. 

achieved dynamic chiral regulation of NR assemblies by changing the temperature or pH.20 

This enhanced chiral optical activity is beneficial for sensitive detection of chirality, which is 

critical in applications like biosensing and enantioselective catalysis. 

 
Figure 1.3 Schematic illustration of LSPR excitation for AuNPs (A) and AuNRs (C). A typical LSPR 

absorption band of AuNPs (B) and AuNRs (D).21  
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1.1.2.2 Mechanism of Plasmonic CD 

In the study of plasmonic CD, three different mechanisms may lead to the generation of 

chiroptical signals.16, 22 The first mechanism is the coupling of NPs with chiral molecules (Fig. 

1.4A). When a chiral molecule is placed between two NPs, the enhanced electromagnetic field 

(hot spot) can significantly enhance the Coulomb interaction between the chiral molecule 

dipole and the NPs, thereby transferring the chirality of the molecule to the NPs. This coupling 

effect induces a chiroptical response in the surface plasmon resonance absorption region of 

NPs and further amplifies the chiral signal due to the enhancement of the hot spot.23, 24 The 

second mechanism is the chiral arrangement of NPs (Fig. 1.4B). Structural chirality can be 

achieved by arranging NPs in a chiral manner. Such as, NPs are modified on the surface of 

polymers to form a tetrahedral structure or helical structure, and AuNRs are used as assembly 

units to construct twisted structure. These arranged structures can effectively induce and 

enhance the chiroptical response of plasmon25, 26 The third mechanism is the formation of chiral 

shapes in single NPs (Fig. 1.4C). Chiral molecules are introduced into the growth process to 

control the growth path of the seeds, thereby preparing large-sized chiral helical NPs. The 

presence of high Miller-index surfaces and functional groups in the chiral molecules creates 

enantioselective interactions at the interfaces, driving asymmetric growth and resulting in 

helical morphologies composed of chiral elements.27-30 
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Figure 1.4 Mechanism of Plasmonic CD. (A) The new plasmonic CD was induced by a complex 

composed of NPs and chiral molecules when they coupled via Coulombic interaction.31 (B) Helical NP 

structures show the strongest plasmonic CD signals and its sign was changed with the number of NPs.32 

(C) Chirality evolution in a single NP caused by an interaction between molecular enantioselectivity 

and asymmetric growth on a high-Miller-index surface.30 

 

  



 

 

7 

 

1.1.3 Fabrication of Chiral Plasmonic 

There are three main ways to construct chiral plasmonic nanomaterials at the nanoscale. 

First, the top-down physical approach is a straightforward way to construct chiral metal 

nanostructures. Researchers have used techniques such as focused ion beam,33 electron beam 

lithography (Figure 1.5A)34 and multi-photon laser direct writing35 to try to construct chiral 

shaped nanostructures. Using these methods, photonic metamaterials, broadband circularly 

polarizing devices, optically active achiral structures can be obtained, and trace detection of 

chiral biomolecules can be achieved.36 However, there are still drawbacks such as poor crystal 

quality, limited material selection, and high-cost method.37 The second method is a lower-cost 

bottom-up chemical synthesis. This approach enables the fabrication of chiroptical 

nanostructures with excellent tunability, precise nanoscale control and scalable production. So 

far, optically active nanoparticles can be synthesized using different chiral molecules. For 

example, Nam et al. successfully synthesis single AuNPs with chiral helices by adding amino 

acids, peptides, or adenine-based ssDNA molecules during the growth of NPs (Figure 1.5B).30, 

38, 39 Although some progress has been made in this field recently, the unclear mechanism of 

the method and the limited availability of molecules capable of synthesizing such chiral NPs 

have hindered further development in this area.37 The third approach involves utilizing 

templates such as DNA,40, 41 peptides, 42, 43 liquid crystals44, 45 and organic soft materials46, 47 to 

assemble achiral NPs into chiral structures. The complexes formed by mental NPs and 

molecules show a strong plasmonic CD response due to the stronger Coulomb and 

electromagnetic interactions Furthermore, the plasmonic CD in NPs-molecules complexes can 

be easily tuned through changing the types or size of NPs.48 This assembly method usually 

includes the following two ways: (1) modifying NPs with molecules to induce optical 

activity(Figure 1.5C);40 (2) arranging metal NPs into chiral structures, like helix using 

template molecules, for example DNA origami (Figure 1.5D).41 
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Figure 1.5 Fabrication methods of chiral plasmonic. (A) 3D chiral metamaterials fabricated by electron-

beam lithography.34 (B) 3D chiral metamaterials fabricated by bottom-up chemical synthesis.30 (C) 

PCR-based chiral AuNRs assemblies.40 (D) DNA-nanocrystal pyramids.41 

 

1.2 Applications of Chiral Plasmonic 

In contrast to small biomolecules that normally exhibit weak CD signal in UV regions, 

NPs can be easily synthesized with tunable optical activity, offering the possibility to extend 

CD from UV to visible and NIR regions, and the CD signal is significantly enhanced. Therefore, 

this unique optical activity of chiral nanomaterials has been providing many new application 

opportunities (Figure 1.6). 

1.2.1 Biomolecule Identification and Drug Screening 

Many biologically significant molecules, such as amino acids, proteins, and DNA, are 

inherently chiral. Chiral plasmonic materials, through their enhanced CD signals, can be 

employed to detect and identify these molecules with high sensitivity.40 For example, in protein 

structure analysis, chiral plasmonics can be used to detect conformational changes in proteins 

by interacting with their chiral nature. When proteins bind to the surface of plasmonic 

nanoparticles, the optical response changes, allowing researchers to infer structural information 

about the proteins.44 Unlike traditional methods, which often rely on chemical labeling, chiral 

plasmonics offers label-free detection, eliminating the need for complex chemical 
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modifications of biomolecules. This greatly simplifies the workflow and reduces interference 

in biomolecule analysis. For example, Kadodwala and co-workers reported chiral plasmonic 

nanostructures can be used to distinguish proteins, because different amino acid compositions 

in proteins can induce changes in the chiral surface charge distribution.49 In addition, drug 

molecules often exist as chiral isomers, and these isomers can have vastly different biological 

activities and toxicities. By detecting the interactions between chiral drug molecules and chiral 

plasmonic nanostructures, researchers can quickly assess the chiral behavior and activity of 

drugs in biological environments. For example, the chiral plasmonic shurikens with SERS 

active silver nanoclusters for enantio-selective sensing (Figure 1.6A).50 On the other hand, Lu 

et al. designed a drug screening technology using NRs with long-range order under the 

illumination of light. NRs can sense the pancreatic cancer biomarker, peptide hIAPP, at a 

critical concentration of 3.0 μM, and form helical assemblies with hIAPP, showing chiral 

spectra in the NIR region.43 

1.2.2 Chemical and Biochemical Nano-sensors 

The emergence of chiral plasmonic nanostructures has greatly promoted the development 

of chemical and biochemical sensing fields. Since chiral plasmonic sensors are able to amplify 

optical signals and selectively interact with chiral molecules, they provide a powerful platform 

for the detection and analysis of various chemical and biochemical species with high sensitivity 

and specificity. For instance, Kotov et al. prepared side-by-side AuNRs assemblies, which were 

used for detecting oligonucleotides at the attomolar level.40 Via T-Hg2+-T interactions, Zhu et 

al. reported the application of gold nanorods ladder assemblies as chiroptical sensors for 

detecting Hg2+ (Figure 1.6B).51 Zhang et al. also demonstrated the detection concentration of 

Hg2+ ranging from 1 to 500pg/ml using pyramidal gold nanoparticle/DNA framework.52 Xu et 

al. demonstrated the sensing capability of special DNA-modified AuNRs toward microRNA-

21 by self-assembling into dimers with chiroptical activity in living cells.53 Zhu et al. 

demonstrated the enantioselective analysis of Cysteine and Glutathione based on the strong CD 

signals caused by Cysteine and Glutathione-induced end-to-end self-assembly of AuNRs.54  
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1.2.3 Bioimaging and Disease Diagnosis 

With the rapid progress in fabricating chiral plasmonic nanostructures, chiral plasmonic 

nanomaterials have emerged as a groundbreaking tool in bioimaging and disease diagnosis due 

to their unique optical properties. Traditional imaging methods, such as fluorescence and 

magnetic resonance imaging (MRI), often require labels or contrast agents that can alter the 

behavior of the biological system. Chiral plasmonic nanostructures offer a label-free approach 

to bioimaging, allowing for real-time and non-invasive imaging of chiral biomolecules. In 

addition, many diseases, including cancer, neurodegenerative disorders, and infectious diseases, 

are associated with changes in the structure or expression of chiral biomolecules, such as 

proteins or nucleic acids. By detecting these changes, chiral plasmonic sensors can provide 

early diagnostic information and monitor disease progression. Xu et al. prepared chiroptical 

shell-satellite nanostructures with the ability to generate reactive oxygen species under CPL 

irradiation, which has a very high phototherapy effect on cancer cells especially in the 

irradiation of R-CPL irradiation. So, it can be performed simultaneously in tumors by X-ray 

computed tomography and photoacoustic imaging.55 Furthermore, this group also reported that 

DNA-bridged chiroptical assemblies of AuNPs can intertwine with the cytoskeletal fibers of 

cells, significantly accelerating the differentiation of neural stem cells under CPL (Figure 

1.6C). When they were transplanted into the hippocampus of an Alzheimer’s disease mouse 

model and exposed to CPL, amyloid plaque formation was reduced by over 70%.56 

1.2.4 Catalysis 

While chiral plasmonic structures have found applications in sensing, bioimaging, and 

diagnostics, their use in catalysis represents a particularly exciting frontier. The combination 

of chirality with plasmon-enhanced catalysis opens new avenues for designing highly efficient 

and selective catalytic processes, particularly in the field of asymmetric catalysis. It has been 

reported that plasmonic nanomaterials can be used for chiral catalysis. For example, Xu et al. 

prepared chiroptical nano-gapped Au–Ag nanostructures, which showed higher catalytic 

activity than AuNPs and Au@Ag core-shell NPs under CPL irradiation the greater numbers of 

hot electrons.57 In addition, Ding et al. demonstrated that DNA-covered AuNPs can selectively 
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catalyze glucose as a glucose oxidase mimic due to the environmentally responsive chiral 

ligand of DNA (Figure 1.6D). AuNPs were covered with random curling of DNA and structural 

DNA showed higher activity towards L-glucose and D-glucose, respectively.58 
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Figure 1.6 (A) The enantio-selective discrimination for L/D cysteine using SERS-substrates formed by 

chiroptical shurikens and silver nanoclusters.50 (B) AuNRs assembly-based chirality sensors for 

detection of Hg2+.51 (C) CPL transduced by DNA-bridged chiroptical assemblies of AuNPssignificantly 

accelerates the differentiation of neural stem cells.56 (D) DNA-covered AuNPs as a glucose oxidase 

mimic for selective catalysis of glucose.58 
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1.3 Chiral Templates Mediated Chiral Plasmonic  

1.3.1 DNA-Mediated Chiral Plasmonic 

DNA, as a chiral biopolymer, naturally forms a right-handed double-helix with well-

defined molecular geometry and possesses unique flexibility, designability, and 

programmability. These properties of DNA can be harnessed to guide the assembly of metallic 

nanoparticles into chiral structures. In recent works, many chiral plasmonic nanostructures 

have been constructed using DNA to mediate the assembly. Among these works, four main 

approaches have been developed for DNA-mediated chiral plasmonic. First, DNA can be a  

template for NPs attaching at specific locations along the DNA helix.28 By arranging multiple 

nanoparticles along the DNA backbone, a helical or twisted configuration is formed. The 

plasmonic coupling between adjacent nanoparticles generates strong chiral optical responses. 

The second one is the hybridization-mediated assembly. In this method, complementary DNA 

strands attached to plasmonic nanoparticles can be designed to hybridize, bringing the 

nanoparticles into a well-defined, chiral arrangement. The hybridization process occurs 

spontaneously due to the sequence-specific binding of the complementary DNA strands, 

forming nanostructures such as dimers, trimers, and higher-order assemblies with chiral 

geometry.40 The resulting structure exhibits plasmonic coupling between the nanoparticles, 

leading to enhanced CD signals.41 For example, Wang et al. reported that individual NRs didn’t 

show any CD signals, but the dimer structure of NPs existed bisignate CD signals.59 The third 

approach is the DNA origami-based assembly. DNA origami is a technique where DNA strands 

are folded into complex 2D and 3D structures with nanometer precision. Using this method, 

DNA can be folded into intricate geometries that serve as scaffolds for precisely positioning 

plasmonic nanoparticles. DNA origami allows for the creation of highly customizable and well-

ordered chiral plasmonic arrays, such as helices or other chiral motifs.26 So far, many plasmonic 

chiral structures have been acquired, uch as Au nanoparticle tetramers60, bipyramids61, toroids62, 

helices63, 64, AuNR dimers18, 65 helices66, 67 and so on. This approach provides programmable 

control over the distance and orientation of the nanoparticles, which directly influences their 
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optical properties. The last approach is DNA-mediated chemical synthesis of chiral 

nanoparticles. For example, Nam’s group introduced adenine oligomers to interact with high-

Miller-index surfaces during the growth process to synthesize single NPs with chiroptical 

activity.39 Although experiments had shown that plasmonic chirality was affected by oligomer 

length and CTAB concentration, the exact mechanism of plasmonic chirality induced by the 

interaction between molecules and Au still needs further exploration. 

1.3.2 Amino Acids, Peptides and Proteins Mediated Chiral Plasmonic 

Amino acids, peptides, and proteins are naturally chiral molecules. Most amino acids 

(except glycine) have asymmetric carbon centers, leading to the existence of left-handed (L) 

and right-handed (D) enantiomers. In the case of peptides and proteins, chirality stems from 

their sequence of amino acids and the formation of secondary structures like alpha-helices and 

beta-sheets, which also exhibit chirality. When these chiral biomolecules interact with 

plasmonic nanoparticles, they induce chiral arrangements or modify the local environment of 

the nanoparticles, leading to chiroptical properties in the plasmonic structures. Among many 

recent works, two main approaches have been developed for amino acids, peptides and proteins 

mediated chiral plasmonic. On the one hand, peptides and proteins can be employed to 

construct assemblies. Tang’s group reported the end-to-end AuNR assemblies combined by 

cysteine, which not only displayed plasmonic CD signals in the visible-NIR light region, but 

also tuned the intensity and wavelength of the plasmonic CD by changing the aspect ratio of 

AuNRs.68 Amino acids, peptides, or proteins can also directly adsorb onto the surface of 

plasmonic nanoparticles via electrostatic interaction. For example, Shinmori et al. prepared 

chiroptical complex formed by AuNRs and proteins though electrostatic interactions.42 And the 

AuNPs helices could also be prepared via the accurate distribution of Au nanoparticles on the 

twisted peptide or protein self-assemblies. Song et al. prepared Au nanoparticles double helices 

via the accurate distribution of Au nanoparticles on the twisted peptide self-assemblies.69 

Kumar et al. reported that AuNRs can generate strong chiroptical activity after being adsorbed 

on helical protein fibrils to form a helical arrangement and can be applied to the treatment of 

Parkinson's disease.70 The chiral molecular structures of these biomolecules influence the 
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orientation and assembly of the nanoparticles. This adsorption often leads to a chirality transfer, 

where the chiral biomolecule imparts its chiral signature to the plasmonic nanostructure, 

resulting in chiral optical properties. On the other hand, On the other hand, amino acids, 

peptides, and proteins also play an important role in the chemical preparation of chiroptical 

NPs. In seed-mediated growth process, achiral NPs are used as seeds to achieve chiral guidance 

through the adsorption of amino acids, peptides, and proteins. For example, Wu's group used 

cysteine to regulate the overgrowth of Au and prepared starfruit-shaped AuNPs. These 

carambola-like AuNPs exhibit significant chiroptical activity, demonstrating the potential of 

amino acids in inducing chirality in NPs.71 In addition, the research of Nam's group further 

expanded the application of amino acids, peptides and proteins in the synthesis of chiral NPs. 

They successfully prepared AuNPs with three-dimensional chiral morphology, opening up a 

new way for the chirality control of nanomaterials.30, 38 

1.3.3 Other Templates Mediated Chiral Plasmonic 

Except DNA, amino acids, peptides and proteins, other templates such as polymers, 

cellulose nanocrystals (CNCs) and silica helices also served as soft templates to construct the 

chiral plasmonic. For example, Manuel et al. reported that they successfully combined AgNPs 

with polymers through the interaction between amide groups and AgNPs and prepared chiral 

dynamic nanomaterials based on the tunability of helical polymers.72 Jung et al. fabricated NP 

superstructures with chiroptical activities by controlling the growth of AuNPs on the helical 

nanofiber template of hydrogel. And the tunability of the diameter of the AuNPs and the length 

of AuNPs in the helical fibers increased the flexibility of the plasmonic CD wavelength.73 Xie 

et al. used chiral mesoporous silica as scaffolds for the growth of anisotropic Ag nanowires. 

These Ag nanowires inherited the helical morphology of the silica templates and exhibited 

strong chiral optical responses.74  
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1.4 π–π Stacking Interaction in DNA 

As a biomolecule, DNA not only plays a crucial role in biological heredity but is also 

widely used in nanotechnology, materials science and biomedicine due to its unique structural 

and functional properties. As shown in Figure 1.7, the basic unit of DNA is the nucleotide, 

each consisting of a phosphate group, deoxyribose, and a nitrogenous base nucleobase. DNA 

typically shows a right-handed double-helix structure, which is formed by two antiparallel 

polynucleotide chains connected by hydrogen bonds between the bases. Adenine (A) pairs with 

thymine (T) through two hydrogen bonds, while guanine (G) pairs with cytosine (C) through 

three hydrogen bonds, ensuring the stability of the double helix and recognition of target 

sequences. Furthermore, the helical structure of DNA has inherent chirality and can interact 

with molecules or nanomaterials to produce unique optical properties.75 

In addition to hydrogen bonds, π–π stacking interactions between aromatic nitrogenous 

bases are another important force for stabilizing the DNA double helix.76 π–π stacking refers 

to the attractive forces that occur between planar aromatic rings, which have delocalized π-

electrons. In DNA, the nitrogenous bases possess aromatic rings, allowing them to interact 

through their π-electron clouds when stacked on top of one another, causing them to bind more 

tightly together and thereby enhancing the overall stability of DNA. For instance, in G-

quadruplex structures, planar arrangements formed by guanine stacks are further stabilized by 

π-π interactions and the coordination of ions with guanine oxygens, which is critical in 

telomeres and gene regulatory regions.77 The stacking interactions are sequence-dependent, 

and different base pair combinations exhibit different stacking strengths. Guanine (G) and 

adenine (A) are known to stack more strongly compared to cytosine (C) and thymine (T), due 

to the larger π-system in the purine rings. In particular, G-C stacks tend to stabilize the DNA 

helix more than A-T stacks. 
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Figure 1.7 (A) Structure of DNA double helix and base pairing. The dotted lines between adenine and 

thymine and between guanine and cytosine indicate hydrogen bonds. (B) π-π stacking interactions 

between A-T and G-C base pair shown as green dotted lines.78 

  



 

 

18 

 

1.5 Purpose of the Present Study 

Chirality, the lack of mirror symmetry, exists from individual molecules to supramolecular 

systems. Despite the similar chemical and physical properties for a pair of chiral molecules 

known as enantiomers, they exhibit distinct physiological effects, making the analysis and 

control of molecular chirality critical, especially in pharmacology. Circular dichroism (CD), 

the difference in absorption of left- and right-handed circularly polarized light, is often used to 

characterize molecular chirality. Recently, plasmonic CD, arising from the interaction between 

chiral molecules and metal nanoparticles, has attracted significant attention as a principle for 

highly sensitive detection of biomolecules. However, it remains unclear which structural 

features of the molecule induce the plasmonic CD. DNA forms a right-handed double helix 

when double-stranded, but even when single-stranded, it can have a variety of secondary 

structures depending on its base sequence. Examples include the G-quartet of guanine-rich 

DNA, the i-motif of cytosine-rich DNA, and the single-stranded helical structure of adenine-

rich DNA. Due to this programable structural diversity of DNA, DNA-noble metal nanoparticle 

complexes become an ideal model for discussing the origin of plasmonic CD. Thus, in this 

study, the author focused on the plasmonic CD of Au nanorods (AuNRs) and DNA polyion 

complexes. 

Chapter 2, the author investigated the plasmonic CD of AuNR–DNA polyion complexes. 

In particular, the author investigated the effects of AuNR–DNA mixing ratio, base sequence, 

the presence or absence of duplex formation and mixture of noncomplementary DNA on the 

plasmonic CD and discussed the structural features of the adsorbate required to induce the 

plasmonic CD. In addition, the author also showed by cryo-TEM that AuNRs are assembled 

into twisted ribbons via DNA. 

Chapter 3, the author explores the potential of AuNR–DNA polyion complexes in 

enhancing the chirality of metal-mediated DNA. Specifically, in the absence of metal ions 

(Hg²⁺/Ag⁺), the polyion complexes formed between ssDNA (dT₂₂/dC₂₂) and AuNR did not 

exhibit any plasmonic CD response. However, in the presence of metal ions (Hg²⁺/Ag⁺), the 
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interactions between T-Hg²⁺-T or C-Ag⁺-C base pairs mediate the conversion of ssDNA 

(dT₂₂/dC₂₂) into dsDNA. This transformation results in significant plasmonic CD when forming 

polyion complexes with AuNR. Specially, polyion complexes formed by AuNRs and Ag+-

mediated DNA exhibited plasmonic circular dichroism (CD) that are up to ~400 times stronger 

than the molecular CD signal of DNA. 

Chapter 4, the author summarized the thesis and discussed the prospective use of this 

chiroptical AuNR–DNA polyion complexes.  
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Figure 1.8 Schematic illustration of this doctoral thesis. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 

 

Plasmonic Circular Dichroism of Nanorod–DNA Polyion 

Complexes: What DNA Makes Nanorods Chiroptically Active? 

 

 



 

23 

 

2.1 Abstract 

Chiral nanostructures have gained significant interest due to their unique optical properties, 

which are promising for applications in sensing and catalysis. However, understanding the 

chiroptical mechanisms of nanoparticles and molecules remains a challenge. This study aims 

to investigate the optical chirality of AuNR–DNA polyion complexes and to correlate DNA 

structural characteristics with their optical activity. I employed a combination of circular 

dichroism (CD) spectroscopy and cryo-TEM tomography to analyze the chirality of AuNR–

DNA complexes. The CD spectra of AuNR–DNA complex showed characteristic chiral optical 

activity, which was dependent on the structure of DNA. The 3D reconstructions revealed a 

highly ordered chiral assembly of AuNRs with dihedral angles of 0-10°. This study provides a 

comprehensive understanding of the chiral assembly of AuNR–DNA complexes, highlighting 

their potential for applications in chiral sensing. This also provides an understanding of 

interactions between nanoparticles and molecules on the generation of chirality, though further 

studies are needed to gain a deeper understanding the mechanisms of chirality induced by 

AuNR and DNA. 
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2.2 Introduction 

Chirality is a structural property of molecules and materials that is closely related to 

biological and optical properties. For example, although mirror images of chiral molecules 

(enantiomers) have the similar chemical and physical properties, they exhibit different 

physiological effects since most of the biomolecules in living organisms are homochiral (amino 

acids are L-form and sugars are D-form).79 Therefore, the analysis and control of molecular 

chirality is an extremely important issue, especially in the pharmaceutical industry.80 Chiral 

molecules also exhibit the difference in absorption of left and right circularly polarized light, 

i.e., circular dichroism (CD).81 Since CD reflects the structure of chiral molecules, the CD 

spectrometer is a powerful tool for structural analysis of biomolecules and macromolecules. 

The ability to follow changes in two states, such as DNA duplex formation and transition to a 

higher order conformation, is one of the advantages of CD spectrometry.82 

 Noble metal nanoparticles such as gold and silver are intriguing materials that exhibit 

localized surface plasmon resonance (LSPR).83 Recently, methods to make achiral plasmonic 

nanoparticles chiral optically active have been reported in the context of biosensors and 

metamaterials. For example, chiral optically active plasmonic nanostructures can be fabricated 

by simply adsorbing chiral molecules onto the particles.42 When chiral molecules are present 

in the electromagnetic field generated near the plasmonic nanoparticle surface, dipole-dipole 

interactions occur between the particle and the molecule, inducing a plasmonic CD.31 The use 

of stronger electromagnetic fields generated between particles in the vicinity, so-called "hot 

spots", also falls into this category. It is also effective to utilize DNA origami,13 helical fibers 

formed by small molecules,73 peptides,84 viruses and proteins,85 and chiral mesoporous silica86 

as a template to assemble particles in a chiral arrangement. In addition, plasmonic nanoparticles 

bridged by chiral molecules can become optically active. This method has attracted particular 

attention because it enables highly sensitive detection of biomolecules.87 However, the origin 

of the plasmon chirality is still controversial because the particles form chiral aggregates at the 

same time that the chiral molecules are located at the hot spots. In addition, many questions 
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remain as to what kind of chiral molecules can induce plasmonic chirality. 

 Chiral molecular bridging has been achieved by electrostatic interactions with 

proteins,42, 85 amino acids,88 and synthetic polymers,46 as well as by DNA hybridization.40 On 

the other hand, electrostatic interaction with DNA has rarely been exploited.89-92 However, the 

polyion complexes of plasmonic nanoparticles and DNA can be an ideal system to discuss the 

origin of plasmonic chirality, because the structure of DNA has been the subject of intense 

research due to its biological importance, and much knowledge has already been established. 

For example, it is well known that π-π stacking interactions between bases stabilize the DNA 

double helix structure.75 In addition, the secondary structure adopted by single-stranded 

(ss)DNA can be programmed by designing the base sequence. Therefore, DNA is suitable for 

discussing the origin of plasmonic CD in relation to the structure of adsorbates. Another 

advantage is the availability of L-DNA,93 a mirror-image isomer of the natural form of D-DNA, 

thanks to the expansion of DNA synthesis technology. The biorthogonal properties of L-DNA 

(i.e., the inability to form a duplex with D-DNA) also help to discuss the effect of adsorbate 

structure on plasmonic CD. More importantly, the detection of specific DNA is an important 

technique in medical research and diagnostics,94 the food and pharmaceutical industries,95, 96 

and environmental monitoring.97 It would be of great benefit if structural information about 

DNA could be obtained from CD spectra even with small sample volumes. 

 In this study, I have investigated the plasmonic CD of gold nanorods (AuNRs) and 

DNA polyion complexes. The preparation of AuNR–DNA polyion complexes is shown in 

Scheme 2-1. In particular, I investigated the effects of AuNR–DNA mixing ratio, base sequence, 

and the presence or absence of duplex formation on the plasmonic CD, and discussed the 

structural features of the adsorbate required to induce the plasmonic CD. In addition, I showed 

by cryo-TEM that AuNRs are assembled into twisted ribbons via DNA. I believe that this study 

not only proposes a new DNA detection method, but also provides insight into the origin of 

induced plasmonic CD. 
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2.3 Experimental Section 

2.3.1 Materials and Instruments 

20-(11-Mercaptoundecanyloxy)-3, 6, 9, 12, 15, 18-hexaoxaeicosane-1-amine (cationic 

ligand) was purchased from Dojindo Laboratories (Japan).  The single strand(ss) DNA of 22 

base were purchased from Thermo Fisher Scientific Inc. (USA). Extinction spectra were 

measured with a V-770 UV-vis spectrometer (JASCO Corp., Japan). Dynamic light scattering 

(DLS) profiles were obtained with a Zetasizer Nano ZS (Malvern Panalytical, UK). Circular 

Dichroism (CD) measurements were conducted with a J-820 spectrometer (JASCO Corp., 

Japan). The Cryo-Electron Microscopy (Cryo-EM) images were collected using a CRYO 

ARM™ 300 II (JEM-3300) system (JEOL Corp., Japan). Base sequences of the DNA strands 

used in the present study as shown below: 

Code Base number Base sequence (5′ → 3′) 

ssDNA-1 GTACGAACGCCATCGACTTACG 

ssDNA-2 CGTAAGTCGATGGCGTTCGTAC 

dA22 AAAAAAAAAAAAAAAAAAAAAA 

dT22 TTTTTTTTTTTTTTTTTTTTTT 

dG22 GGGGGGGGGGGGGGGGGGGGGG 

dC22 CCCCCCCCCCCCCCCCCCCCCC 

A6C16 ACCCCCCCCACCACCAAACCCC 

G16T6 GGGGTTTGGTGGTGGGGGGGGT 

A11C11 ACCAACCCAACCCCCAAAACAA 

G11T11 TTGTTTTGGGGGTTGGGTTGGT 

A16C6 AAAAAACACCCCAAAAAACAAA 

G6T16 TTTGTTTTTTGGGGTGTTTTTT 

A6G16 AGGGAGAGGAGGAGGGGAGGGG 

T6C6 CCCCTCCCCTCCTCCTCTCCCT 

A11G11 GAGAGAAAGGGAGGGGAAAAAG 
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T11C11 CTTTTTCCCCTCCCTTTCTCTC 

A16G6 GAGAGAAGAGAAAAAGAAAAAA 

T16C6 TTTTTTCTTTTTCTCTTCTCTC 

 

2.3.2 Synthesis of gold nanorods (AuNRs) 

AuNRs with a diameter of ∼10 nm and a length of ∼40 nm were synthesized according 

to the seed growth method.98 (1) Preparation of seed solution: a gold seed solution was prepared 

in a 50 mL plastic tube by adding an ice-cold NaBH4 solution (600 µL, 0.01 M) to a mixture 

of a HAuCl4·3H2O solution (250 µL, 0.01 M) and a CTAB solution (7.5 mL, 0.1 M) under 

gentle shaking. The seed solution was then kept in an incubator (30°C) for at least 2 h. (2) 

Growth reaction: growth solutions were prepared in 100 mL plastic tubes by sequentially 

adding HAuCl4·3H2O solution (400 μL, 0.01 M), AgNO3 solution (240 μL, 0.01 M) and an 

ascorbic solution (64 μL, 0.1 M) to a CTAB solution (40 mL, 0.1 M). The gold seed solutions 

(96 μL) were injected into the growth solutions (40 mL) while the growth solution was shaken 

gently. The growth solutions were then left undisturbed in an incubator (30°C) for at least 3 h. 

(3) Purification: the prepared AuNRs solutions were transferred to 1.5 mL plastic tubes and 

divided into 1000 mL portions. The AuNRs were sedimented by centrifugation (18,000 g, 20 

min, 30°C), and the supernatant (900 µL) was removed. The plastic tubes were then filled with 

Milli-Q water (900 µL) and vortexed. This centrifugal purification procedure was repeated 

twice so that all chemicals except for the AuNRs were diluted 100-fold. 

2.1.3 Surface modification of AuNRs with cationic ligands 

Methanol solutions of the cationic ligand(20-(11-Mercaptoundecanyloxy)-3, 6, 9, 12, 15, 

18- hexaoxaeicosane-1-amine, hydrochloride) (10 mM) were prepared. The ligand solution (10 

mM, 35 µL) was added to the purified AuNRs solution (1000 µL) in a 1.5 mL plastic tube. The 

AuNRs solution containing the ligands was vortexed and kept undisturbed at 42°C for at least 

12 h. Then, the solution was centrifuged (18 000 g, 20 min, 30°C), the supernatant (900 µL) 

was removed, and Milli-Q water (900 µL) was added to the residue solution. This centrifugal 

purification was performed twice to remove free ligands from the AuNRs solution. Finally, the 
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concentration of the ligand modified AuNRs was adjusted to the desired concentration by 

centrifugal concentration. 

2.3.4 AuNR–DNA Assembly Formation 

To facilitate AuNR–ssDNA assembly formation, the AuNRs(16 nM) and ssDNA with a 

length of 22nt were mixed in 10 mM Tris-HCl (pH 7.7) buffer. To facilitate AuNRs-dsDNA 

assembly formation, the dsDNA with a length of 22bp was carried out with ssDNA and 

complementary DNA in 10 mM Tris-HCl (pH 7.7) buffer for 20 min first before mixing 

AuNRs(16 nM). All experiments were performed at room temperature. 

2.3.5 Measurement of Circular Dichroism (CD) Spectroscopy 

Each of the samples was transferred to a quartz cuvette with an optical path length of 1 

mm. The quartz cuvettes were set in a CD spectrometer, and the CD spectra were collected. 

The measurement conditions were as follow, scan speed: 200 nm/min, response: 1 msec, 

bandwidth: 15 nm, and scans: 2. All of the CD spectra were smoothed using a 50-point 

Savitzky-Golay algorithm. 
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2.4 Results and Discussion 

2.4.1 The formation of AuNR–DNA polyion complexes 

First, I investigated the formation of DNA complexes with AuNRs via electrostatic 

interactions. I prepared cationic AuNRs (Figure 2-1) (size: ~40 nm × ~10 nm, zeta potential: 

+13.8 mV) by the surface exchange of cetyltrimethylammonium bromide (CTAB)-covered 

AuNRs with primary amine-terminated hexaethylene glycol thiol ligands, to make them both 

more stable and controllable. Then, the cationic AuNRs were added into the Tris-HCl buffer 

solution containing DNA to form AuNR–DNA complexes. Dynamic light scattering (DLS) was 

used to characterize the complexes. The final concentrations of AuNR and Tris-HCl were set 

at 16 nM and 10 mM, respectively, while the DNA concentration was varied. Unless otherwise 

noted, the DNA sequences used are 5'-GTACGAACGCCATCGACTTACG-3' (22 nt D-form 

ssDNA1) and its complementary strand, 5'-CGTAAGTCGATGGCGTTCGTAC-3' (22 nt D-

form ssDNA2). Note that ssDNA1 was used in the ssDNA experiments below. 

 

Figure 2-1 AuNRs with length of 40 nm and diameter of 10 nm. 

 

It has already been reported by Link et al that polyion complexes of plasmonic 

nanoparticles and chiral biomolecules exhibit plasmonic CD signals that depend on 

conformation of biomolecules.85 Therefore, I started our work by investigating the aggregation 

state of AuNR–DNA polyion complexes by dynamic light scattering (DLS) and UV-Vis-NIR 

spectroscopy (Figure 2-2 and Table 2-1). At relatively low DNA concentrations (≤0.6 μM for 

ssDNA and ≤0.3 μM for dsDNA), the sizes of the AuNR–DNA polyion complexes were 
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estimated to be ≈106 nm from the DLS profiles (Figure 2-2A, G and Table 2-1), but DLS 

peaks were also observed in regions much smaller than the size of the NR used. These 

correspond to the peaks resulting from the rotational motion of individual NRs, suggesting the 

presence of NRs that are not assembled with each other. This was also supported by their 

extinction spectra. As shown in Figure 1D, J, a shoulder peak, which is associated with the L-

LSPR peak, appeared at ≈776 nm. With the increasing DNA concentration, the shoulder peak 

increased in intensity while the main peak, located at ≈700 nm, decreased in intensity. The 

former peak corresponds to aggregated AuNRs and the latter to one non-aggregated AuNRs, 

indicating that the two states coexist in these DNA concentration ranges. In addition, it was 

also suggested that side-by-side (SBS) AuNR aggregates mainly occurred, because SBS AuNR 

aggregates exhibit L-LSPR peak at a shorter wavelength than AuNRs alone. 

 In the medium DNA concentration ranges (0.6–0.8 μM for ssDNA and 0.3–0.4 μM for 

dsDNA), the AuNR–DNA polyion complexes with sizes larger than 2300 nm were formed 

(Figure 2-2B, H and Table 2-1) and immediately sedimented at the bottom of a cuvette 

(Figure 2-3). Therefore, some of the AuNR–DNA polyion complexes fell out of the optical 

path during the measurement, resulting in an overall decrease in extinction intensity compared 

to the other conditions (Figure 2-2E, K). In addition, the L-LSPR peak was apparently 

broadened, indicating the random aggregation of AuNRs. 

 When the DNA concentration was further increased (≥2 μM for ssDNA and ≥1 μM 

for dsDNA), the AuNRs were initially covered by the excess DNA and thus did not form large 

aggregates (estimated sizes were less than ≈91.3 nm, Table 2-1), thus maintaining a stable 

dispersed state in solution (Figure 2-3). At even higher DNA concentrations (≥20 μM for 

ssDNA and ≥20 μM for dsDNA), the sizes of AuNR–DNA polyion complexes (≈43.8 nm) are 

almost the same as those of the AuNRs alone (≈37.8 nm) (Figure 2-2C, I and Table 2-1), 

indicating that AuNRs do not aggregate with each other. This is also supported by the fact that 

the extinction spectra of the AuNR–DNA polyion complexes are almost identical to those of 

the AuNRs alone (Figure 2-2F, L).  
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Figure 2-2 Characterization of the aggregation state of AuNR–DNA polyion complexes. (A–C and G–

I) Typical DLS profiles of AuNR–ssDNA or AuNR–dsDNA polyion complexes prepared at low (0.4 
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μM for ssDNA (A) and 0.2 μM for dsDNA (G)), medium (0.8 μM for ssDNA (B) and 0.4 μM for dsDNA 

(H)) and high (20 μM for ssDNA (C) and 20 μM for dsDNA (I)) DNA concentrations. Arrows indicate 

the peaks resulting from the rotation motion of individual NRs. (D–F and J–L) Extinction spectra of 

AuNR–ssDNA or AuNR–dsDNA polyion complexes prepared at low (≤0.4 μM for ssDNA (D) and ≤0.2 

μM for dsDNA (J)), medium (0.6–0.8 μM for ssDNA (E) and 0.3–0.4 μM for dsDNA (K)) and high 

(≤20 μM for ssDNA (F) and 20 μM for dsDNA (L)) DNA concentrations. For comparison, data for 

AuNRs alone are shown as dotted gray lines in all the figures. 

 

Table 2-1 The size of AuNR–DNA polyion complexes measured by DLS 

Type DNA conc. (μM) Size (nm) 

AuNRs alone  37.8 

AuNR–ssDNA 

0.1 106 

0.2 106 

0.4 106 

0.6 164 

0.8 712 

2 91.3 

8 58.8 

20 50.7 

AuNR–dsDNA 

0.05 106 

0.1 106 

0.2 106 

0.3 825 

0.4 2300 

1 91.3 

4 68.1 

10 68.1 

20 43.8 
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Figure 2-3 The images of AuNRs solution with different DNA concentration. From left to right: no 

DNA (dispersed), low amount of DNA (assembled), medium amount of DNA (aggregated) and high 

amount of DNA (dispersed).  
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2.4.2 Plasmonic CD of AuNR–DNA polyion complexes 

As described above, I have correlated the relative abundance of AuNRs and DNA with 

the aggregation state of their polyion complexes (Figure 2-4A). Next, I measured the CD 

spectra of AuNR–DNA polyion complexes in the wavelength range from 400 nm to 1000 nm 

(Figure 2-4B–G). Figures 2-4B and E show the CD spectra at the low ssDNA or dsDNA 

concentrations (≤0.4 μM for ssDNA and ≤0.2 μM for dsDNA). AuNRs alone are naturally 

optically silent, but when mixed with DNA, plasmonic CD signals were generated. For ssDNA, 

a peak at the longer wavelength (≈820 nm) and a dip at the shorter wavelength (≈660 nm) were 

observed (positive couplet). The peak/dip intensities increased/decreased to 104 mdeg/125 

mdeg with increasing ssDNA concentration. Interestingly, AuNR–dsDNA polyion complexes 

exhibited CD signals with opposite sign, i.e., a dip at the longer wavelength (≈800 nm) and a 

peak at the shorter wavelength (≈650 nm) (negative couplet) with zero-crossing and peak/dip 

position almost unchanged. As in the case of AuNR–dsDNA polyion complexes, the dip/peak 

intensities decreased/increased to -49 mdeg/58 mdeg with increasing DNA concentration, 

respectively. Smaller inter-particle distance increased the strength of LSPR and its coupling 

significantly, leading to an enhanced CD response.19 This suggests that the increased proportion 

of SBS aggregate is responsible for the increased plasmonic CD intensity. 

 

At intermediate DNA concentrations (0.6–0.8 μM for ssDNA and 0.3–0.4 μM for dsDNA), 

the CD bands broadened and decreased in intensity compared to those at lower DNA 

concentrations (Figure 2-4C and F). In addition, the offset between the L-LSPR peak position 

and the zero crossing became larger (Δλ≈20 nm). These were probably due to the 

inhomogeneous degree of optical activity among randomly aggregated AuNRs, in addition to 

the sedimentation of giant aggregates. 

 At high DNA concentrations (>0.8 μM M for ssDNA, >0.4 μM for dsDNA), the 

plasmonic CD of the AuNR–DNA polyion complex became weaker (Figure 2-4D and G). In 

particular, no plasmonic CD could be detected for the AuNR–ssDNA polyion complex (Figure 

2-4D). This is agreed with the results reported by Link et al.85 However, AuNR–dsDNA polyion 
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complexes exhibited bisignate plasmonic CD signals with a negative couplet even at higher 

DNA concentrations (>20 μM), and the CD band gradually red shifted with increasing dsDNA 

concentration (Figure 2-4G). As mentioned above, when the dsDNA concentration is above 

20 μM, excess dsDNA prevents AuNRs from aggregating with each other and enhances 

coupling effects between AuNRs, lowering the resonance energy and leading to a red shift. 

 

It is also worth noting that when mixed dsDNA hybridized by ssDNA and its 

complementary DNA at room temperature and AuNRs to form poyion complexes, it showed 

different results. As shown in Figure 2-5A, with small amount of dsDNA, the CD intensity 

also increased with increasing dsDNA concentration, but the CD peak blue shifted. It is 

possible that the simultaneous presence of dsDNA and ssDNA to induce disordered AuNR 

assemblies, which leads to an increase in the surface plasmon frequency, thereby resulting in a 

blue-shift of the CD band.99 With large amount of dsDNA, the CD also red shifted, but the CD 

intensity decreased with dsDNA concentration increasing (Figure 2-5C). Based on the results 

of Figure 2-4D, it shows that no CD signal occurred. So, in this case, the simultaneous presence 

of dsDNA and ssDNA, the CD intensity was decreased also due to the remain ssDNA. Although 

the order and disorder AuNR–dsDNA polyion complexes show different CD intensity, the sign 

of CD are same, both negative CD. So, to keep the same buffer concentration (10 mM Tris-

HCl), the dsDNA for all subsequent experiments were formed by hybridization at room 

temperature. 
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Figure 2-4 (A) Schematic illustration of AuNR assembly states at different DNA conditions. AuNRs 

form SBS aggregates at low DNA concentrations, random and giant aggregates at intermediate DNA 

concentrations, and almost no aggregates at high DNA concentrations. (B–G) CD spectra of AuNR–
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ssDNA or AuNR–dsDNA polyion complexes prepared without DNA or at low (≤0.4 μM for ssDNA (B) 

and ≤0.2 μM for dsDNA (E)), medium (0.6–0.8 μM for ssDNA (C) and 0.3–0.4 μM for dsDNA (F)) 

and high (≤20 μM for ssDNA (D) and 20 μM for dsDNA (G)) DNA concentrations. (H, I) Plots of the 

CD peak intensities of the AuNR–ssDNA polyion complex (H) and the CD dip intensities of AuNR–

dsDNA polyion complex (I) as a function of the DNA concentration. To facilitate dsDNA formation, 

the ssDNA and complementary DNA in buffer were denatured at 95°C for 5 min, hybridized at 65°C 

for 30 min, equilibrated to 37°C for 15 min and cooled down to room temperature for 30 min. Finally, 

the stock solution was used to form polyion complexes with AuNRs in 10 mM Tris-HCl buffer (pH 7.6) 

solution. 

 

 
Figure 2-5 (A-C) The CD spectra of AuNR–dsDNA polyion complexes prepared without DNA or at 

low (≤0.2 μM), medium (0.3–0.4 μM) and high (≤20 μM) DNA concentrations. (D) Plots of the CD dip 

intensities of the AuNR–dsDNA polyion complex as a function of the DNA concentration. The dsDNA 

was hybridized by ssDNA and its complementary ssDNA first in 10 mM Tris-HCl buffer (pH 7.6) for 

20 min frist. Then, it was mixed with AuNRs to form polyion complexes. 
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2.4.3 Base sequence dependencies of plasmonic CD in AuNR–DNA polyion 

complexes 

I have shown that AuNRs become optically active when forming polyion complexes with 

DNA, but I point out here that the intensity and sign of their plasmonic CD were highly 

dependent on the DNA sequence used. In fact, the AuNR–ssDNA polyion complexes consisting 

of ssDNA2 (complementary strand of ssDNA1 used so far) showed plasmonic CD signals with 

much weaker intensity than those for ssDNA1, but a positive couplet (Figure 2-6). 

 

Figure 2-6 The CD spectra of AuNR–ssDNA2 polyion complexes. 

 

 To gain insight into the base sequence dependencies, I first measured the CD spectra 

of AuNR–DNA polyion complexes composed of 22 nt DNA homopolymers (that is, dA22, 

dC22, dG22, dT22, dA22·dT22, and dG22·dC22), and then plotted either of the peak or the dip, 

which is located at a longer wavelength, against DNA concentrations (Figure 2-7 and 2-8). In 

other words, the plots show positive values for the case of positive couplet CD and negative 

values for the case of negative couplet CD. Note that the value was set to 0 when no plasmonic 

CD was detected. As shown in Figure 2-7 and 2-8, the AuNR–dT22 polyion complexes were 

not optically active regardless of DNA concentration. The AuNR–dA22 and AuNR–dC22 

polyion complexes exhibited positive couplet CD, but the AuNR–dG22, AuNR–dG22·dC22 and 

AuNR–dA22·dT22 polyion complexes exhibited negative couplet CD. In terms of CD intensity, 
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AuNR–dA22, AuNR–dG22 and AuNR–dG22·dC22 polyion complexes reached maximum at low 

DNA concentrations (0.2 µM for dA22, 0.6 µM for dG22 and 0.4 µM for dG22·dC22, whereas 

the AuNR–dC22 and AuNR–dG22·dC22 polyion complexes showed the strongest signal 

intensity at relatively high DNA concentrations (2 µM for dC22 and 1 µM for dA22·dT22. It is 

also noteworthy that AuNR–dC22 polyion complexes were not optically active at low DNA 

concentrations (0.1–0.8 µM), but showed the strongest optical activity (≈350 mdeg at 828 nm) 

at a relatively high DNA concentration (2 µM) even compared to the other polyion complexes. 

From this value, the g-factor was calculated to be 0.02 which was as high as that of the AuNR–

protein polyion complex system (Figure 2-9).42 

 

 

Figure 2-7 Changes in plasmonic CD peak or dip intensity of AuNR–DNA polyion complexes 

composed of homopolymer DNA at different DNA concentrations. (A) AuNR–dA22 polyion complexes, 

(B) AuNR–dT22 polyion complexes, (C) AuNR–dA22·dT22 polyion complexes, (D) AuNR–dG22 polyion 

complexes, (E) AuNR–dC22 polyion complexes, (F) AuNR–dG22·dC22 polyion complexes. The peak is 

plotted when the AuNR–DNA polyion complexes exhibit a positive couplet CD and the dip is plotted 

when they exhibit a negative couplet CD. 
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Figure 2-8 The CD spectra of AuNR–DNA polyion complexes composed of homopolymer DNA at 

different DNA concentrations. (A) AuNR–dA22 polyion complexes, (B) AuNR–dT22 polyion complexes, 

(C) AuNR–dA22·dT22 polyion complexes, (D) AuNR–dG22 polyion complexes, (E) AuNR–dC22 polyion 

complexes, (F) AuNR–dG22·dC22 polyion complexes. 

 

 

Figure 2-9 The g-factor of AuNR–dC22 polyion complexes (dC22: 2 μM). If absorption and CD spectra 

are measured in the same optical cell and concentration, the g-factor was calculated as, 

g-factor = 
𝛥𝜀

𝜀
=

𝛥𝐴

𝐴
≈  

𝐶𝐷(𝑚𝑑𝑒𝑔)

32980∙𝐴
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Δɛ was molar circular dichroism, ɛ was molar absorption coefficient, ΔA was difference of 

absorbance of left and right circularly polarized lights and A was absorbance of sample. As CD 

measurements provide theta (mdeg) and the CD can be converted to the appropriate absorbance “units” 

(32980 mdeg = 1 absorbance “unit” for an optical path length of 1 mm which was employed in this 

experiment).85 

 

ssDNA homopolymers other than dT22 have been reported to adopt unique chiral 

structures. For example, dG22 and dC22 fold into secondary structures such as G-quadruplex 

and i-motif by intra- and intermolecular base pairing of Hoogsteen-type. In addition, dA22 

adopts a single-stranded helical structure due to strong base stacking interactions (base stacking 

interaction strength follows the order purine-purine > purine-pyrimidine > pyrimidine-

pyrimidine). dT22, on the other hand, is considered to have a random coil conformation because 

it does not form intra- and intermolecular base pairs and the stacking interaction is weak. 

Taking this into account, I hypothesized that such secondary structures of ssDNA may act as a 

plasmon chirality inducing motif similar to the helical structure of dsDNA. 

 If this hypothesis is correct, the plasmonic CD of AuNR–ssDNA polyion complexes 

should disappear due to reduced intramolecular base pairing and stacking interactions. To 

validate this, I prepared AuNR–DNA polyion complexes consisting of 22 nt ssDNA (AXC22-X, 

TXG22-X, AXG22-X, TXC22-X) of 12 different sequences (the subscript indicates the number of 

bases) (DNA sequences are listed in Table 2-2) and 22 bp dsDNA (AXC22-X·TXG22-X, AXG22-

X·TXC22-X) formed by ssDNA. In this experiment, the X was 6, 11 or 16, and the DNA 

concentration was set to 0.2 μM. As shown in Figure 2-10A–C, the AuNR–dAXC22-X polyion 

complexes showed no plasmonic CD regardless of X. On the other hand, the AuNR–dTXG22-X 

polyion complexes showed plasmonic CD at X=6, but no plasmonic CD when X was 11 or 16. 

Similarly, as shown in Figure 4D–F, the AuNR–dAXG22-X polyion complexes showed 

plasmonic CD and the AuNR–dTXC22-X polyion complexes showed no plasmonic CD 

regardless of X. These results support our hypothesis. 

 It is also important to note here that all the AuNR–dsDNA polyion complexes prepared 

with these ssDNA showed plasmonic CD (Figure 2-10). Therefore, even if none of the 

mutually complementary ssDNAs induced plasmonic CD (i.e., even in the combinations of 
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C11A11 and T11G11, C16A6 and T16G6, the dsDNA formed by their hybridization was able to 

render AuNRs optically active. This also supports our notion that the polymer conformation is 

important for the generation of plasmon CD. 

 

Table 2-2 List of DNA copolymer sequences used to prepare AuNR–DNA polyion complexes. 

No. Type Sequence (5’→3’) 

1 A6C16 ACCCCCCCCACCACCAAACCCC 

2 A11C11 ACCAACCCAACCCCCAAAACAA 

3 A16C6 AAAAAACACCCCAAAAAACAAA 

4 G16T6 GGGGTTTGGTGGTGGGGGGGGT 

5 G11T11 TTGTTTTGGGGGTTGGGTTGGT 

6 G6T16 TTTGTTTTTTGGGGTGTTTTTT 

7 A6G16 AGGGAGAGGAGGAGGGGAGGGG 

8 A11TG11 GAGAGAAAGGGAGGGGAAAAAG 

9 A16G6 GAGAGAAGAGAAAAAGAAAAAA 

10 T6C16 CCCCTCCCCTCCTCCTCTCCCT 
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Figure 2-10 CD spectra of AuNR–ssDNA or AuNR–dsDNA polyion complexes prepared at a DNA 

concentration of 200 nM: (A) AuNR–A6C16, AuNR–G16T6 and AuNR–A6C16·G16T6, (B) AuNR–A11C11, 

AuNR–G11T11 and AuNR–A11C11·G11T11, (C) AuNR–A16C6, AuNR–G6T16 and AuNR–A16C6·G6T16, (D) 

AuNR–A6G16, AuNR–C16T6 and AuNR–A6G16·C16T6, (B) AuNR–A11G11, AuNR–C11T11 and AuNR–

A11G11·C11T11, (C) AuNR–A16G6, AuNR–C6T16 and AuNR–A16G6·C6T16 polyion cpmplxes.   
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2.4.4 Plasmonic CD of AuNR–L- or L-/D-DNA polyion complexes 

To gain more insight into the plasmonic CD of AuNR–DNA polyion complexes, I used L-

form (unnatural form) DNA. As expected from previous studies, the AuNR–L-DNA polyion 

complexes exhibited a CD spectrum with mirror-image symmetry with respect to the case using 

D-DNA (Figure 2-11A). Almost no plasmonic CD was observed when the racemic mixtures 

were used (Figure 2-11A), indicating that AuNR–L-DNA and AuNR–D-DNA may show the 

twists in opposite directions. To investigate the effect of duplex formation, I prepared AuNR–

DNA polyion complexes using an equal mixture of L-form ssDNA-1 (L1) and L-form ssDNA-

2 (L2). As shown in (Figure 2-11B), the AuNR–DNA polyion complexes exhibited a positive 

couplet plasmonic CD, in contrast to the case using both D-form ssDNA (D-form ssDNA-1 

(D1) and D-form ssDNA-2 (D2)). I further prepared AuNR–D-/L-DNA polyion complexes 

using enantiomeric combinations of ssDNA. Because D-DNA and L-DNA are chiral 

enantiomers, their sequences cannot complement each other to form a double-stranded 

structure. As shown in Figure 2-11C, the AuNR–D1/L2 polyion complexes exhibit plasmonic 

CD which is almost same as AuNR–D1 polyion complexes (Figure 2-11D). The slight 

enhancement of the CD signal may be caused by the electrostatic interaction between L2 and 

AuNRs promoting side-by-side aggregation of AuNRs. Similarly, the AuNR–L1/D2 polyion 

complexes exhibit plasmonic CD which is almost same as AuNR–L1 polyion complexes. These 

results confirm that the chiral geometry in AuNR–DNA polyion complexes is the origin of the 

plasmonic chirality.. 
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Figure 2-11 The CD spectra of AuNR–DNA polyion complexes. (A) the AuNR–D1 (D-ssDNA1: 400 

nM), the AuNR–L1 (L-ssDNA1: 400 nM) and the AuNR–D1+L1 (mixture: 200 nM D-ssDNA1 and 

200nM L-ssDNA1); (B) AuNR–D1+D2 (mixture: 200 nM D-ssDNA1and 200nM D-ssDNA2) and 

AuNR–L1+L2 (mixture: 200 nM L-ssDNA1and 200nM L-ssDNA2); (C) AuNR–D1+L2 (mixture: 200 

nM D-ssDNA1and 200nM L-ssDNA2) and AuNR–L1+D2 (mixture: 200 nM L-ssDNA1and 200nM D-

ssDNA2); (D) the AuNR–D1 (D-ssDNA1: 200 nM), the AuNR–L1 (L-ssDNA1: 200 nM). 
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2.4.5 Chiral geometric features of AuNR–DNA polyion complexes 

To gain insight into this unusual chirality inversion phenomena, I performed Cryo-TEM 

observation of the AuNR–poly(dA22) polyion complexes. Figure 2-12A-C showd the 3D 

reconstruction images by Amira software and the Figure 2-12D showed the Cryo-TEM 

tomography reconstruction images by computer. It can be seen from Figures 2-12C and D that 

the reconstructed image has great similarity, so it could be reconstructed and characterized by 

Amira software. At the same time, it could also prove the the AuNRs were assembled with 

side-by-side manner. Next, I select the AuNRs assemblies with a gap less than 5 nm (22 base 

ssDNA: Width ≈ 1-2 nm, Amino-EG6-undecanethiol: Length ≈ 4.14 nm) to calculate their 

dihedral angles. Surprisedly, the statistical analysis of the dihedral angles (φ) for AuNRs from 

tomographic images by Amira software showed that most of the dihedral angles fall within the 

0-10° range, indicating a strong preference for small twist angles, which is contributed to the 

overall chiral geometry of the assembly (Figure 2-12E). Furthermore, the distribution of twist 

directions (88.6% positive and 11.4% negative) demonstrates a significant bias towards a right-

handed twist in the AuNR assemblies (Figure 2-12F). The overwhelming preference for a 

positive twist direction further supports the chiral nature of the AuNR–dA22 complexes, 

indicating that the assembly process favors the formation of right-handed helices. Simulation 

of the plasmon CD signals of these assemblies yielded CD spectra with signs consistent with 

the experimental results (Figure 2-12G and H). These results supported that AuNR–dA22 

complexes exhibit strong chiral characteristics, with a marked preference for right-handed 

twisting.  
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Figure 2-12 Chiral geometry of the AuNR–dA22 polyion complexes. (A-C) Amira software reconstructs 
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images: (A) XY view, (B) YZ view, (C) XZ view. The scale bar represents 50 nm. (D) Cryo-TEM 

tomography reconstruction images by computer. (E) Statistical analysis of the dihedral angles φ for 

AuNRs from cryo-TEM tomography images. (F) The percentage of twist direction of the AuNR 

assemblies (positive: right-handed; negative: left-handed). (G) Experimental CD spectra of AuNRs 

assemblies (poly(dA22): 150 nM). (H) Simulated CD spectra of AuNRs assemblies by FDTD. (The 

model was imported from Amira software. 
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2.4.6 Plasmonic CD of AuNR–(Noncomplementary)DNA polyion complexes 

To further understand the relationship between DNA and plasmonic CD in AuNR–DNA 

polyion complex, I investigated the plasmonic CD of polyion complexes formed by AuNRs 

and noncomplementary ssDNA. Based on the experimental results shown in Figure 2-13, it 

was suggested that the plasmonic CD intensity of AuNR–dA22 assemblies was enhanced more 

than five-fold with the addition of dG22 than dA22 alone and the plasmonic CD intensity of 

AuNR–dG22 assemblies was also enhanced with the addition of dT22 than dG22 alone. While 

the addition of dA22 with dC22 caused significant decrease in plasmonic CD intensity. And there 

was still no plasmonic CD when mixing dC22 with dT22, because AuNR–dC22 and AuNR–dT22 

polyion complex didn’t show any plasmonic CD at that DNA concentration. These CD spectra 

reveal the chiral properties of different DNA sequence combinations in AuNR–DNA polyion 

complex. This suggests that interactions between specific DNA sequences can significantly 

alter their optical properties, paving the way for the application of AuNR–DNA polyion 

complex in chiral materials and chiral catalysis. 

 

  



 

 

50 

 

 

Figure 2-13 CD spectra and photographs of the AuNRs assemblies with DNA. (A) 100 nM dA22, 100 

nM dG22 and 100 nM dA22 with 100 nM dG22. (B) 100 nM dA22, 100 nM dC22 and 100 nM dA22 with 

100 nM dC22. (C) 100 nM dT22, 100 nM dG22 and 100 nM dT22 with 100 nM dG22. (D) 100 nM dT22, 

100 nM dC22 and 100 nM dT22 with 100 nM dC22. 
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2.5 Conclusion 

In conclusion, I investigated the plasmonic chirality in AuNR–DNA polyion complexes 

and elucidated the relationship between DNA structures and plasmonic CD. Specifically, I 

found that the intensity and sign of the plasmonic CD signals can be controlled by altering the 

DNA sequence or adjusting the ratio of DNA to AuNRs. This result supported the hypothesis 

that DNA with strong base pairing and stacking interactions can induce plasmonic CD in DNA-

induced chiral AuNR assemblies, while DNA with weak base stacking interactions cannot. 

Furthermore, the chiral geometry was the origin of plasmonic CD in AuNR–DNA polyion 

complexes. The plasmonic CD in AuNR–DNA polyion complexes disappeared when L-DNA1 

and D-DNA1 were added, while not disappeared when D-DNA1 and L-DNA2 were added. 

The observation by cryo-TEM also showed the twisted structure in AuNR–dA22 polyion 

complexes. This research advances the detailed understanding of DNA structure-plasmonic CD 

relationship in AuNR–DNA polyion complexes, Hence, I hope that this study will pave the way 

for deeper explorations into the origin of plasmonic CD and expanding the potential 

applications of such complexes, especially in chiral sensing. 

  



 

 

 

 

 

 

 

 

 

Chapter 3 

 

Plasmonic circular dichroism-based metal ion detection  

using gold nanorod–DNA complexes 
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3.1 Abstract 

I report that complexes formed between gold nanorods (AuNRs) and metal-mediated 

DNA exhibit plasmonic circular dichroism (CD) signals up to ~400 times stronger than the 

molecular CD signal of DNA. This substantial enhancement enables the detection of metal ions, 

offering a promising approach to analytical applications in chiral biochemistry. 

3.2 Introduction 

DNA has several advantages that make it an excellent biosensing probe.100-102 First, by 

designing the base sequence, DNA can recognize various target substance such as metal ions,103 

small molecules104, 105 and proteins.106 Second, DNA can undergo conformational changes upon 

recognition of a target substance.107 By taking advantage of these features, a variety of methods 

have been developed for the detection of target substances.100-102 For example, the analyte-

triggered DNA conformational change can be converted into an optical or electrical signal by 

modification with fluorophores108 or electroactive moieties.109 Plasmonic nanoparticles, such 

as gold nanoparticles, are also a powerful tool for converting DNA conformational changes 

into an optical signal.110 Due to localized surface plasmon resonance (LSPR), plasmonic 

nanoparticles exhibit a color change in accordance with the distance between the particles.111 

This color change can be triggered by probe DNA on the particle surface for detection of target 

substances.112 In addition, as DNA is a chiral molecule, its conformational changes can be 

directly detected with a circular dichroism (CD) spectrometer,82 although CD spectroscopy 

suffers from low detection sensitivity. For example, for a 20-base pair double-stranded 

(ds)DNA, a high sample concentration of ~2 μM is required to obtain a CD signal.82 Thus, CD 

spectroscopy has not been widely used for DNA-based biosensors. Induced plasmonic chirality, 

a phenomenon in which an achiral plasmonic nanostructure becomes optically active in 

response to chiral molecules,113, 114 may help overcome this shortcoming. It is known that 

plasmonic CD is induced by dipoledipole interactions between chiral adsorbates and plasmon 

nanostructures and/or by the chiral assembly of plasmonic nanoparticles.114 One notable aspect 

of this phenomenon is that the intensity of the plasmonic CD is much higher than that of the 
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molecular CD.13, 115-117 For example, Kneer et al. sandwiched a DNA origami sheet between 

two gold nanorods (AuNRs) and demonstrated the emergence of plasmonic CD signals ~300 

times more intense than that of the DNA origami.13 Chiral selfassemblies of AuNRs induced 

by helical polymers showed a strong CD response in the vis–NIR region.46 Serum albumin and 

AuNR complexes provided strong plasmonic CD42, 85, 114, 118 and chiral assemblies of AuNRs 

as revealed by cryo-transmission electron microscopy (TEM).114 However, the relationship 

between the protein structure and plasmonic CD of AuNR–protein complexes remains unclear 

due to the complex protein structures.85 Based on our previous studies of plasmonic AuNR–

DNA complexes,89-92 DNA can be utilized as an ideal molecule for the construction of 

nanoparticle-molecule complexes to induce plasmonic CD, owing to the clearer structural 

information. By leveraging these attributes, not only are the potential applications of such 

complexes expanded in terms of chiral sensing, but it also paves the way for deeper 

explorations into chiroptical mechanisms in nanoparticle-molecule complexes. 

Although the molecular structure required to induce plasmonic chirality remains 

controversial, a common feature of many of these molecules is a helical structure.13, 42, 46, 51, 85, 

91, 113-115, 118, 119 It is well known that Hg2+, which is highly toxic to the human body, mediates 

thymine mismatching and forms thymine–Hg2+– thymine (T–HgII –T) complexes.120, 121 Thus, 

single-stranded (ss)DNA can be hybridized to form dsDNA (helical structure) in the presence 

of Hg2+. Additionally, thymine-rich ssDNA adopts a random coil structure (non-helical 

structure) due to weak base pair stacking interactions.75 Based on this insight, in this study, I 

demonstrate that the plasmonic CD induced by AuNR–DNA complexes can be used for metal 

ion detection (Scheme 3-1). 
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Scheme 3-1 Schematic illustration of this study. The AuNR–DNA complexes, showing plasmonic CD 

signals based on DNA conformational changes from random coil to helix, can be used for the detection 

of Hg2+. 
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3.3 Experimental Section 

3.3.1 Materials and Instruments 

20-(11-Mercaptoundecanyloxy)-3, 6, 9, 12, 15, 18-hexaoxaeicosane-1-amine (cationic 

ligand) hydrochloride was purchased from Dojindo Laboratories (Japan). 

Oligodeoxynucleotides (ODNs) were purchased from Thermo Fisher Scientific Inc. (USA). 

SYBR Green I was purchased from Lonza (Rockland, MD, USA). Metal standard solutions 

(Hg2+ and Ag+, Cr6+, Cu2+, Fe3+, Zn2+) were purchased from FUJIFILM Wako Pure Chemical 

Co., Ltd (Japan). Extinction spectra were measured with a V-770 UV-vis spectrometer (JASCO 

Corp., Japan). Dynamic light scattering (DLS) profiles were obtained with a Zetasizer Nano 

ZS system (Malvern Panalytical, UK). The fluorescence images were captured using the 

Printgraph CMOS I (ATTO Corporation, Japan). Circular dichroism (CD) measurements were 

conducted with a J-820 spectrometer (JASCO Corp., Japan). Scanning transmission electron 

microscopic (STEM) images were obtained using a STEM HD-2000 system (Hitachi High-

Tech Manufacturing & Service Co., Ltd., Japan) with a 200 kV acceleration voltage. 

 

3.3.2 Synthesis of gold nanorods (AuNRs)  

AuNRs with a diameter of ∼10 nm and a length of ∼40 nm were synthesized according 

to the seed growth method.98 (1) Preparation of seed solution: a gold seed solution was prepared 

in a 50 mL plastic tube by adding an ice-cold NaBH4 solution (600 µL, 0.01 M) to a mixture 

of a HAuCl4·3H2O solution (250 µL, 0.01 M) and a CTAB solution (7.5 mL, 0.1 M) under 

gentle shaking. The seed solution was then kept in an incubator (30°C) for at least 2 h. (2) 

Growth reaction: growth solutions were prepared in 100 mL plastic tubes by sequentially 

adding HAuCl4·3H2O solution (400 μL, 0.01 M), AgNO3 solution (240 μL, 0.01 M) and an 

ascorbic solution (64 μL, 0.1 M) to a CTAB solution (40 mL, 0.1 M). The gold seed solutions 

(96 μL) were injected into the growth solutions (40 mL) while the growth solution was shaken 

gently. The growth solutions were then left undisturbed in an incubator (30°C) for at least 3 h. 

(3) Purification: the prepared AuNRs solutions were transferred to 1.5 mL plastic tubes and 
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divided into 1000 mL portions. The AuNRs were sedimented by centrifugation (18,000 g, 20 

min, 30°C), and the supernatant (900 µL) was removed. The plastic tubes were then filled with 

Milli-Q water (900 µL) and vortexed. This centrifugal purification procedure was repeated 

twice so that all chemicals except for the AuNRs were diluted 100-fold. 

 

3.3.3 Surface modification of AuNRs with cationic ligands 

Methanol solutions of the cationic ligand(20-(11-Mercaptoundecanyloxy)-3, 6, 9, 12, 15, 

18- hexaoxaeicosane-1-amine, hydrochloride) (10 mM) were prepared. The ligand solution (10 

mM, 35 µL) was added to the purified AuNRs solution (1000 µL) in a 1.5 mL plastic tube. The 

AuNRs solution containing the ligands was vortexed and kept undisturbed at 42°C for at least 

12 h. Then, the solution was centrifuged (18 000 g, 20 min, 30°C), the supernatant (900 µL) 

was removed, and Milli-Q water (900 µL) was added to the residue solution. This centrifugal 

purification was performed twice to remove free ligands from the AuNRs solution. Finally, the 

concentration of the ligand modified AuNRs was adjusted to the desired concentration by 

centrifugal concentration. 

 

3.3.4 Preparation of AuNR–DNA polyion complexes 

In a typical procedure, Tris-HCl buffer solution (20 μL, 100 mM, pH=7.6), Milli-Q water 

(53.6 μL), and Hg2+ solution (26.4 μL, 50 µM) were added to a 1.5 mL plastic tube. ssDNA 

was then added to this mixture and vortexed. Finally, cationic ligand-modified AuNRs (70 µL, 

45.7 nM) were added and vortexed again to prepare AuNR–DNA complexes. 

 

3.3.5 Fluorescence measurement of SYBR Green I (SG) 

In a typical procedure, Tris-HCl buffer solution (20 μL, 100 mM, pH=7.6), Milli-Q water 

(119.6 μL), metal ion solution (Hg2+, Ag+, Cr6+, Cu2+, Fe3+ and Zn2+) (26.4 μL, 50 µM), DNA 

(30 μL, 4 µM), and SG (4 μL, 100×) were mixed in a 1.5 mL plastic tube and vortexed. Then, 

each solution was transferred to a quartz cuvette with an optical path length of 1 mm. Finally, 

the fluorescence intensity of each solution was measured with a Printgraph CMOS I system. 
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The measurement conditions were as follows, filter: cyan, iris: 19, zoom: 0, focus: 3, and time: 

4 sec. 

 

3.3.6 Circular Dichroism (CD) measurement 

Each of the samples was transferred to a quartz cuvette with an optical path length of 1 

mm. The quartz cuvettes were set in a CD spectrometer, and the CD spectra were collected. 

The measurement conditions were as follow, scan speed: 200 nm/min, response: 1 msec, 

bandwidth: 15 nm, and scans: 2. All of the CD spectra were smoothed using a 50-point 

Savitzky-Golay algorithm.  
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3.4 Results and Discussion 

3.4.1 The formation of dT22 helix by Hg2+ 

First, I confirmed the structural changes in dT22 (sequence: 5'-

TTTTTTTTTTTTTTTTTTTTTT-3') through recognition of Hg2+. I used Tris-HCl 

solutions for all experiments in this study. I measured the fluorescence intensity of a 

mixture of dT22 (final concentration = 0.6 μM) and SYBR Green I (SG) containing Hg2+ 

and other metal ions (Ag+, Cr6+, Cu2+, Fe3+, and Zn2+). Note that the concentration of 

metal ions was set to the minimum amount (6.6 μM) required for Hg2+ to mediate all of 

the thymine mismatches. SG stains dsDNA more efficiently than ssDNA;122 therefore, 

by comparing fluorescence intensities, it is possible to confirm whether dT22 adopts a ss 

or ds conformation. As expected, the fluorescence intensity of SG with Hg2+ was 

significantly greater than that for other metal ions or blank samples without Hg2+ 

(Figure 3-1). These results confirmed the ds formation of dT22 by Hg2+ even under our 

experimental conditions. 

 

Figure 3-1 (A) The fluorescence intensity of a mixture of dT22 and SG containing Hg2+ and other metal 

ions (Ag+, Cr6+, Cu2+, Fe3+, and Zn2+). (B) Plots of the fluorescence intensity versus Hg2+ concentration. 

Error bars represent standard deviation (n = 3). 
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3.4.2 The formation of AuNR–dT22 complexes 

Next, I investigated the formation of DNA complexes with AuNRs via electrostatic 

interactions. I prepared cationic AuNRs (size: ~40 nm × ~10 nm, zeta potential: +13.8 mV, 

final concentration = 16 nM) by the surface exchange of cetyltrimethylammonium bromide 

(CTAB)-covered AuNRs with primary amine-terminated hexaethylene glycol thiol ligands, to 

make them both more stable and controllable. Then, the cationic AuNRs were added into the 

Tris-HCl buffer solution containing dT22 to form AuNR–DNA complexes. Dynamic light 

scattering (DLS) was used to characterize the complexes. As shown in Figure 3-2A, AuNR 

alone showed DLS peaks at ~1 nm and ~39 nm. The former results from rotational motion and 

the latter results from translational motion.123 The mixture of AuNRs and dT22 showed a DLS 

peak at ~150 nm, indicating complex formation. The position of this peak was almost 

completely independent of the Hg2+ concentration. I then measured the extinction spectra of 

AuNR alone and the AuNR–dT22 complexes (Figure 3-2B). AuNR alone showed a transverse 

(T)-LSPR peak at ~510 nm and a longitudinal (L)-LSPR peak at ~760 nm. In contrast, AuNR–

dT22 complexes exhibited a T-LSPR peak around ~530 nm and a L-LSPR peak around ~660 

nm, regardless of the presence or absence of Hg2+. The shift in the L-LSPR peak to a shorter 

wavelength indicates that the AuNRs assembled in a side-by-side manner.124, 125 This was also 

supported by scanning transmission electron microscopy (STEM) imaging (Figure 3-2C, D). 

The above DLS and extinction spectra results demonstrated the successful formation of AuNR–

DNA complexes. 
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Figure 3-2 (A) DLS profiles of AuNR alone (black line) and AuNR–dT22 complexes prepared in the 

absence (blue line) or presence (red line) of Hg2+. (B) Extinction spectra of AuNR alone (black line), 

and AuNR–dT22 complexes prepared in the absence (blue line) or presence (red line) of Hg2+. (C, D) 

Typical STEM images of the AuNR–dT22 complexes prepared in the absence (C) and presence (D) of 

Hg2+. (AuNRs: 16 nM; dT22: 0.6 μM; Hg2+: 6.6 μM). 
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3.4.3 The CD of AuNR–dT22 complex 

Although the size and morphology of the AuNRs assemblies did not differ 

markedly (Figure 3-2), there was a clear difference between the optical activities of the 

AuNR–dT22 complexes with and without Hg2+. Figure 3-3A shows their CD spectra. 

Note that all CD spectra shown in this work have been smoothed using the Savitzky–

Golay method (Figure 3-4).123 In the absence of Hg2+, neither AuNR alone nor the 

AuNR–dT22 complexes showed plasmonic CD in the visible region (Figure 3-3A). In 

contrast, the AuNR–dT22 complexes with Hg2+ showed negative couplet CD with a dip 

at ~720 nm and a peak at ~620 nm. In the UV region, the AuNR–dT22 complexes with 

Hg2+ exhibit similar but distinct CD characteristics to those without AuNRs in the same 

region due to the large electromagnetic field near the Hg2+-mediated DNA.68 Indeed, 

similar results were observed in the AuNR–dsDNA complexes in which dsDNA was 

formed by dT22 and dA22 (sequence: 5'-AAAAAAAAAAAAAAAAAAAAAA-3') 

(Figure 3-5A). 

 

Figure 3-3 CD spectra for (A) 16 nM AuNR alone (black line), AuNR and 0.6 µM dT22 complexes 

(blue line), AuNR and dT22 complexes with 6.6 µM Hg2+ (red line), (B) 20 µM dT22 alone (blue line) 

and with 220 µM Hg2+ (red line). 
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Figure 3-4 Typical CD spectra for AuNR–dT22 complexes, prepared in the presence of Hg2+, 

before and after Savitzky–Golay smoothening. 

 

 

Figure 3-5 CD spectra for (A) AuNR alone (black line), AuNRs and 0.6 µM dT22 complexes (blue line), 

AuNRs and 0.3µM dT22 complexes with 0.3µM dA22 (red line), (B) 20 µM dT22 alone (blue line) and 

10 µM dT22 with 10 µM dA22 (red line). 

 

Here we emphasize three important characteristics. First, the plasmonic CD was 

much larger than the molecular CD of the DNA in the UV region (the plasmonic CD 

was detected even though the DNA was below the detection limit). To quantitatively 
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compare the plasmonic CD with the CD of the DNA, we used the following equation:115, 

117 

ACD = 
∆CD(plasmon)/𝑐(DNA)

∆CD(DNA)/𝑐0(DNA)
 

where ACD is the enhancement factor, ΔCD(plasmon) is the difference between the peak and dip 

values of the plasmonic CD signal, c(DNA) is the concentration of DNA in the AuNR–DNA 

complexes solution, ΔCD(DNA) is the difference between the peak and dip values of the 

molecular CD signal of DNA alone, and c0(DNA) is the concentration of the DNA alone. As a 

result, the ACD from AuNR–dT22 complexes at a Hg2+ concentration of 6.6 μM was calculated 

to be 97, indicating a significant advantage in terms of detection. Second, a clear change in 

plasmonic CD in the visible region was observed even with a low Hg2+ concentration (Figure 

3-3A), although the molecular CD of dT22 was almost unchanged with Hg2+ (Figure 3-3B). 

However, dsDNA formation with dA22 caused a clear change in molecular CD (Figure 3-5B). 

Third, compared with SG fluoresce method (Figure 3-1), no strong background signal was 

observed in this system (Figure 3-3A). These results suggest that the AuNR–DNA complexes 

not only enhance the CD signal intensity of DNA but also recognize conformational changes 

in metal-mediated DNA, as a plasmonic CD signal, with greater sensitivity; thereby 

demonstrating their potential applications in metal ion detection 

 

3.4.4 The performance of AuNR–dT22 complex in Hg2+ detection 

In order to test the analytical performance with regard to metal ion detection using the 

AuNR–DNA complexes, the plasmonic chiroptical activities of the AuNR–dT22 complexes 

were recorded upon addition of Hg2+ at different concentrations (Figure 3-6A). Even when the 

Hg2+ concentration was changed, the zero-crossing (~670 nm) and peak (~610 nm) positions 

remained nearly identical. In addition, as shown in Figure 3-7, the zero-crossing and the L-

LSPR peak were well matched.  Figure 3-6B plots the ΔCD(plasmon) versus Hg2+ concentration, 

which shows that the plasmonic CD began to be detected around the Hg2+ concentration of 2 

µM. This is consistent with the Hg2+ concentration at which dT22 began to form double strands 

(Figure 3-1B). When the concentration of Hg2+ was over 6.6 µM, ΔCD reached its largest 
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value (~25 mdeg). The saturation may be explained by the fact that the ss dT22 was completely 

consumed in the presence of 6.6 μM of Hg2+. It is also worth noting that the plasmonic CD 

signal in our system did not decrease, as in the fluorescence method, in the presence of high 

Hg2+ concentrations (Figure 3-1), indicating its good stability with regard to Hg2+ detection. I 

also tested the plasmonic CD responses to the other potential interfering compounds, including 

Ag+, Cr6+, Cu2+, Fe3+, and Zn2+, under the same reaction conditions. Interestingly, except for 

Hg2+ with high reproducibility (Figure 3-8), no obvious plasmonic CD signal was obtained in 

the presence of the other interfering ions (6.6 µM) in the sensing systems, indicating good 

selectivity toward Hg2+ (Figure 3-6B). These results indicated that the AuNR–DNA complex 

system shows good analytical performance with regard to metal ions. 

 

Figure 3-6 (A) CD spectra for AuNR–dT22 complexes prepared at different concentrations of Hg2+. (B) 

Plots of ΔCD versus Hg2+ or other metal ion concentrations (6.6 μM). 
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Figure 3-7 The CD and extinction spectra for AuNR–dT22 complexes with Hg2+ (6.6 μM). 

 

 
Figure 3-8 Under the same condition, experiments were conducted on three different samples of 

AuNR–dT22 complex with 6.6 μM Hg2+ to check the reproducibility. The mean ΔCD intensity is 

26.9±1.4 (n=3). 
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3.4.5 The CD of AuNR–dC22 complex 

The advantage of our detection method is that the ion of interest can be changed 

simply by changing the base sequence. To demonstrate this, I performed an experiment 

using Ag+ as another model ion. For this experiment, a probe DNA with the sequence 

5'-CCCCCCCCCCCCCCCCCCCCCC-3' (dC22) was used (Figure 3-9A). dC22 

underwent a conformation change caused by Ag+ as Ag+ mediates cytosine mismatching 

and formed cytosine–Ag+–cytosine (C–AgI–C) base pairs,126 as confirmed by CD 

measurements (Figure 3-9B). As shown in Figure 4A, the AuNR–dC22 complexes 

showed no plasmonic CD in the absence of Ag+. However, in the presence of Ag+, the 

AuNR–dC22 complexes exhibit negative couplet plasmonic CD. The ACD from AuNR–

dC22 complexes at Ag+ concentration of 6.6 μM was calculated to be 400. It is 

noteworthy that the AuNR–dC22 complexes exhibit a marked plasmonic CD. 

Specifically, AuNR–dC22 complexes with Ag+ (6.6 µM) show a higher value of g-factor 

(1.0 x 10-2), which represents the dissymmetry, whereas the AuNR–dT22 complex with 

Hg2+ (6.6 µM) shows a lower value (0.09 × 10-2) (Figure 3-10). This value is 

comparable to that of the AuNR–protein complex system which has side-by-side AuNR 

chiral assemblies (1.9 × 10-2).42 

 

Figure 3-9 CD spectra for (A) 16 nM AuNR alone (black line), AuNR and 0.6 µM dC22 complexes 

(blue line), AuNR and dC22 complexes with 6.6 µM Ag+ (red line), (B) 20 µM dC22 alone (blue line) 
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and with 220 µM Ag+ (red line). 

 

Figure S6 g-factor of (A) the AuNR–dT22 complexes prepared in the presence of Hg2+
 (6.6 μM) and (B) 

the AuNR–dC22 complexes prepared in the presence of Ag+
 (6.6 μM). If absorption and CD spectra are 

measured in the same optical cell and concentration, the g-factor was calculated as, 

g-factor = 
𝛥𝜀

𝜀
=

𝛥𝐴

𝐴
≈  

𝐶𝐷(𝑚𝑑𝑒𝑔)

32980∙𝐴
 

Δɛ was molar circular dichroism, ɛ was molar absorption coefficient, ΔA was difference of 

absorbance of left and right circularly polarized lights and A was absorbance of sample. As CD 

measurements provide theta (mdeg) and the CD can be converted to the appropriate absorbance “units” 

(32980 mdeg = 1 absorbance “unit” for an optical path length of 1 mm which was employed in this 

experiment).85  
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3.5 Conclusion 

In summary, I have demonstrated that conformational changes in DNA can be observed 

by the induced plasmonic optical activity from AuNR–DNA complexes, which has afforded 

the ability to detect metal ions (Hg2+ and Ag+) with no significant background signal. 

Importantly, the induced plasmonic CD in the visible region was much larger than the 

molecular CD of the DNA in the UV region. It is also noteworthy that clear changes in 

plasmonic CD could be caused even with metal-mediated DNAs that show little molecular CD 

change. I believe that this study will inspire further research on chiral plasmonic applications 

and facilitate exploration into the chiroptical mechanisms. 

  



 

 

 

 

 

 

 

 

 

 

Chapter 4 

 

Conclusion and Outlook 



 

69 

 

Conclusion 

This study primarily investigates the plasmonic chirality generated by nanoparticle 

assemblies induced by chiral molecules. So far, while various molecule-induced chiral 

plasmonic nanoparticles (e.g., AuNR–protein complexes) have been reported, the 

relationship between molecular structure and plasmonic circular dichroism (CD) 

remains unclear. In the present work, I aimed to explore this relationship by utilizing 

DNA, with its well-defined structural characteristics, to induce chiral assemblies of 

AuNRs through electrostatic interactions. The results demonstrate that the plasmonic 

CD signals generated by the AuNR–DNA polyion complexes are highly dependent on 

the DNA structure and electrostatic interactions. Specifically, I found that the intensity 

and sign of the plasmonic CD signals can be controlled by altering the DNA sequence 

or adjusting the ratio of DNA to AuNRs. This result supports the hypothesis that DNA 

with strong base pairing and stacking interactions can induce plasmonic CD in DNA-

induced chiral AuNR assemblies, while DNA with weak base stacking interactions 

cannot. Furthermore, leveraging this principle, the author applied the AuNR–DNA 

polyion complex in chiral sensing applications. For example, single-stranded(ss) dT22 

(random coil) does not induce plasmonic CD in AuNR assemblies; however, upon the 

addition of Hg2+, dT22 forms a helix, which then induces plasmonic CD in the AuNR 

assemblies, enabling the detection of Hg2+.  

In summary, this study is the first report on DNA sequence-dependent plasmonic 

chirality in AuNR–DNA polyion complexes. It provides insights into the relationship 

between molecular structure and plasmonic chirality and highlights the potential of 

using AuNR–DNA polyion complexes for sensitive detection and structural analysis of 

metal ions, DNA, and proteins, thereby paving the way for advancements in biosensing 

and nano-photonics. 
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Outlook 

Building on the findings of this study, there are several avenues for future research 

and development. One promising direction is the exploration of different types of 

nanoparticles and their interactions with various biomolecules. By expanding the range 

of nanoparticle shapes, sizes, and compositions, it may be possible to achieve even 

greater control over the plasmonic CD response and enhance the sensitivity and 

specificity of detection systems. 

Additionally, further investigations into the fundamental mechanisms underlying 

the plasmonic CD response are warranted. Firstly, while all AuNR–dsDNA consistently 

produces negative CD signals, AuNR–ssDNA can generate both negative and positive 

CD signals. This phenomenon that remains unexplained by current research. Secondly, 

the influence of the relationship between DNA sequence length and AuNR size on 

plasmonic CD signals needs further exploration. While the present study has examined 

the effect of DNA sequence length, a more comprehensive investigation into the impact 

of AuNR size is necessary. Finally, the mechanism underlying the stronger plasmonic 

CD signals observed in mixed non-complementary ssDNA induced AuNR assemblies 

also requires additional research. Advanced computational modeling and simulations, 

combined with experimental techniques could provide deeper insights into the factors 

influencing the plasmonic CD signals. 

Moreover, the development of new strategies for enhancing the stability and 

reproducibility of plasmonic CD signals is essential. Addressing challenges related to 

the aggregation and sedimentation of nanoparticles, as well as the effects of varying 

solution conditions, will be key to ensuring reliable and consistent performance of 

plasmonic CD-based assays. Employing surface modifications and functionalization 

techniques to improve nanoparticle stability and biocompatibility could further enhance 

the practical applicability of these systems. 

Finally, exploring the potential of plasmonic CD for studying dynamic biological 
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processes represents an exciting frontier. Real-time monitoring of biomolecular 

interactions, conformational changes, and cellular events using plasmonic CD could 

provide valuable insights into complex biological systems. This could have far-reaching 

implications for fields such as molecular biology, pharmacology, and synthetic biology, 

where understanding the dynamics of biomolecular interactions is crucial. 

In a word, the plasmonic CD response of AuNR–DNA polyion complexes offers 

a versatile and powerful tool for biosensing and structural analysis. Continued research 

and innovation in this area hold the promise of advancing our understanding of chirality 

origin and developing new technologies for biomedical and environmental applications. 
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