
ABSTRACT 

ZHAN, KANGSHU. Preliminary Understanding of Surface Plasmon-Enhanced Circular 

Dichroism (CD) Spectroscopy by Single Particle Imaging (Under the direction of 

Professors Lin He and Edmond Bowden). 

 

Monitoring chiral optical signals of biomolecules as their conformation changes is an 

important means to study their structures, properties, and functions. Most measurements, 

however, are ensemble measurements because chiral optical signals from a single 

biomolecule is often too weak to be detected.  In this dissertation, I present my early 

attempts to study conformational changes of adsorbed proteins by taking advantage of the 

enhanced electromagnetic (EM) field around a well-designed plasmonic nanofeature.  In 

particular, I discuss the detection of protein adsorption and denaturation on metallic 

nanoparticles using single particle scattering and CD spectroscopic imaging. Particles of 

two distinctively different sizes were compared and two different sample protein molecules 

were studied.  A combination of experimental and computational tools was used to simulate 

and interpret the collected scattering and CD results. 

The first chapter provides a brief overview of the state-of-art research in CD 

spectroscopic studies at the single particle level.  Three different means to make particles 

capable of chiral detection are discussed.   Various applications beyond single particle 

imaging are presented to showcase the potential of the described research project, beyond 

our immediate goals.  

 



The second chapter describes my initial characterization of large, metallic, 

anisotropic nanorods and the establishment of experimental procedures used later for 

spectrum reconstruction, data visualization and analysis.  The physical shape and structure 

of the particles were imaged by scanning electron microscopy (SEM), the chemical 

composition by energy dispersive X-ray Spectroscopy (EDS), and the optical properties by 

darkfield microscopy. An experimental protocol was developed to connect information 

collected from separate techniques for the same particle, with the aims of discovering any 

possible structural-property correlation.   The reproducibility of the single particle imaging 

method was evaluated.  Full spectrum reconstruction using a set of selected optical filters 

was carried out and data visualization using a Matlab based 3D mapping method was 

demonstrated.  

The third chapter describes the introduction of biomolecules in chiral particle 

studies. By measuring the circular dichroism spectrum and image of nanorods during 

lysozyme adsorption and denaturation, I was able to monitor the conformation change of 

proteins on large gapped nanorods. Experiment results suggested that the conformational 

change of absorbed protein could lead to the change of chiral signal of nanoparticles, 

suggesting the potentials of detecting biomolecular structural changes at the single 

nanoparticle level, though much uncertainty still present. 

The inherent high background of large, gapped nanoparticles when they interact 

with biomolecules led to the research described in the 4th chapter where I studied small 

palladium-silver coreshell nanoparticle properties and its interaction with proteins. SEM 

was used to characterize particles structures; UV-Vis and darkfield microscopy was used 

to capture particles' optical responses; and the finite-difference time-domain (FDTD) 



method was used to simulate resulting spectra and to compare with experimental outcomes. 

Lysozyme and bovine serum albumin (BSA) were used as the model molecules to study 

their conformational changes after being adsorbed onto particles.  

Last but the least, the 5th chapter is dedicated to FDTD simulation of a pair of 

perfectly shaped triangle nanoprisms to illustrate possible CD responses to be expected 

from extreme particles with sharp corners and much concentrated local EM field.   

Different coupling modes of triangle nanoprism were analyzed. It is found that many 

factors, such as particle orientation, spacing, and their relative position, could lead to 

significantly different coupling efficient, for both homodimers and heterodimers. The 

modeling data suggested interesting potentials of nanoparticles of extreme geometric 

features for high sensitivity surface plasmon-enhanced CD imaging at the signal particle 

level.  
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Chapter 1: Background Introduction 

 

1.1 Overview of Chirality and Metal Nanoparticles 

 

Chirality describes a unique set of asymmetric properties present in many subjects. 

If an object does not superpose with its mirror image by just rotation and translation, it is 

considered as a chiral object [1]. In chemistry, the concept of chirality mostly appears in 

organic chemistry and biochemistry to describe certain conformation of molecules and 

biomolecules. Chiral properties have been widely utilized in asymmetric synthesis [2], 

enzymatic catalytic reactions [3], enantiomer separation [4] and other fields [5-7]. For small 

chiral molecules, chirality is mostly derived from a chiral center where one carbon atom 

connects four different groups in a tetrahedral conformation, such as lactic acid (Figure 

1.1). For large biomolecule like protein and DNA, chirality mostly comes from their 

secondary structures. For example, a string of connected amino acids can fold into α-helix, 

β sheet, or β turns; these secondary structures further assemble into more complex tertiary 

and quaternary structures with strong chirality.  

 

Figure 1.1: Lactic acid, protein secondary α-helix, β sheet structure. [8] 
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Due to quantum confinement effects, nanoparticles exhibit unique mechanic [9][10], 

optical [11], magnetic [12], electronic [13], catalytic [14], and acoustic [15] properties and have 

been widely studied and employed in chemical research. In recent years, there is an 

increasing interest of exploring localized circular dichroic responses, especially for metal 

nanoparticles. Much work has been done on constructing chiral structures [16-18], exploring 

their properties [19-21] and searching for applications [22-24], prompted by unique features 

offered by chiral nanoparticles.  Potential applications in medical [22], sensor [24], and 

separation [23] have been reported.  In the past three years during my PhD studies, I have 

primarily focused on studying the chiral properties of asymmetric, metallic nanoparticles 

and their interaction with biomolecules.  

 

Among all nanoparticles studied, noble metal nanoparticles are probably the most 

thoroughly studied species [25] [26]. Their specific optical [27], electronic [28], catalytic [29] and 

many other properties have been well investigated through experimental and theoretical 

means.  Among which the most interesting one is localized surface plasmon resonance [30] 

(LSPR) of noble metal nanoparticles, such as Au or Ag nanoparticles.  LSPR is observed 

when incident light interacts with oscillating electrons on a metal surface. When the light 

of a certain wavelength irradiates metal nanoparticle surface, free electrons oscillate 

collectively; the photon energy is absorbed and then dissipates to its surrounding non-

radiatively as heat. The spectral position of LSPR depends critically on the size, shape and 

chemical composition of a nanoparticle.  LSPR has been widely used in chemical sensing 

for its abilities in signal amplification. The fact that the LSPR peaks of Au or Ag particles 

usually appear in the visible or low/mid-infrared region makes it convenient for visual 
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detection. Most research has focused on symmetric nanostructures for their ease of 

synthesis and simulation; but more and more attention is given to micron-sized asymmetric 

structures that offer a strong circular dichroism response in the visible range. This visible 

range CD spectrum has the benefit of signal generation, converting and detection that lead 

to the prospective applications such as in biosensor [24], asymmetric synthesis [31] and 

enantioselective separations [23]. Those properties and benefits attract the growing interest 

for the chiral metal nanoparticle research.  

 

1.2. Synthesis of Chiral Metal Nanoparticles: 

Different methods have been developed to enable synthesize or assemble chiral 

metal nanoparticles under various conditions [32-39]. These methods can be categorized in 

three different groups: synthesizing asymmetric nanoparticles directly; introducing 

asymmetric coating to modulate chirality of nanoparticles; and assembling symmetric 

nanoparticles to asymmetric chiral structures. Each approach has its own merits and 

limitations. 

 

1.2.1: direct synthesis of an asymmetric structure: 

A chiral particle can be made in an asymmetric fabrication conditions [40-43]. Yeom 

et al published a paper on synthesis of asymmetric gold nanoshells that generated strong 

chiral signals [40]. In this paper, they made a symmetry- breaking gold plasmonic structure 

by vapor deposition and showed significant chiral signals in the visible light range. They 

first grow achiral ZnO nanopillars on substrate, then tilted the angle of the substrate and 

deposited gold on ZnO nanopillars. Since the symmetric axis was not parallel to the tilted 
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angle, after this deposition nanoparticle would become asymmetric. Then the authors cut 

the substrate in two part and let one incline for 45° and the other for -45°. Followed by a 

second deposition step to produce two asymmetry nanostructures that in mirror symmetric 

to each other with the mirrored CD spectra as the proof (Figure 1.2).   

 

Figure1.2: The asymmetric ZnO-gold nanostructures and their relative CD spectrum [40]. 

 

Another example for asymmetric synthesis was reported by Frank et al [42]. In their 

article, they also used chemical deposition to synthesis asymmetric gold nanoparticles. The 

mechanism was quite simple. Gold was deposited on a rotated template. By controlling the 

rotating speed of the template, different amounts of Au were deposited on different sections 

of the particle that resulted in the asymmetric gold particles. The result particles showed 

strong CD signal in 750-3000 nm (100 to 400 THz frequency region). The fabricated chiral 

nanoparticles and their CD spectra is shown in Figure 1.3. 
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Figure 1.3: 270° left and right handed 3D chiral structures and their relative CD spectrum 

[42] 

 

These two examples show that direct synthesis to produce asymmetric 

nanoparticles is an effective approach to generate particles of strong chiral signal with 

controlled shape and composition.  However, vapor deposition limits the type of materials 

can be deposited, the achievable particle sizes, and the shape of final particles.  The needs 

to obtain chiral nanoparticles that are small and in solution motivated the development of 

alternative routes. 

 

1.2.2：Chemical modification with chiral molecules. 

Another approach is to immobilize chiral molecules on the symmetric nanoparticles 

to modulate the chirality of nanoparticles. It is simple and easy to introduce the strong 

chiral signal on the metal nanoparticles, though the generated chiral signal on nanoparticles 

is not always the same as that of the chiral molecules alone because of the interaction 
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between chiral molecules and the nanoparticles. Those differences reveal conformational 

information of the chiral molecules attached on the nanoparticle surface [44]. 

 

Gautier et al have published a method of gold nanoparticles with chiral ligands 

immobilized on the surface [34]. They summarized three different ways to achieve the chiral 

ligands absorbed nanoparticles as showed in Figure 1.4. One approach is to directly 

synthesis the chiral ligands protected nanoparticles in a homogeneous solution. It required 

both nanoparticles and ligands soluble in the same experiment solvent. If the solubility of 

the desired ligands and nanoparticle were not compatible, the biphase synthesized would 

be need, using such as the Brust-Schiffrin synthesis method [45]. The latter method helps to 

introduce many different types of ligands that could not dissolve in the nanoparticle stock 

solution to the surface of particles. The third way is by ligand exchange for which particles 

were first synthesized with a different ligand; the coating is later replaced by the target 

chiral ligands [43] [47]. Ligand exchange methods provided greater flexibility introducing 

different ligands, especially those that were not suitable to stable nanoparticles synthesis 

in solution due to various reasons. 
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Figure 1.4: different ways to synthesize chiral ligands-immobilized gold nanospheres [34] 

 

When immobilized on nanoparticle, the interaction between the chiral ligands and 

nanoparticles would affect the final optical properties observed. Tang et al had synthesized 

gold nanorods coated by mesoporous silica shell and studied the interaction of the chiral 

ligand N-palmitoyl-L-phenylalanine and N-palmitoyl-D-phenylalanine and their mixture 

interacted with the synthesized core shell gold nanorods [48]. The nanorod was coated by 

N-((trimethoxysilyl)propyl)-N,N,N-trimethylammonium chloride (TMAPS) and 

tetraethylorthosilicate (TEOS) and the chiral ligand was loaded in the silicon coating layer. 
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The new product had quite different chiral properties with strong CD peak around 600nm, 

while the origin ligand’s CD peak was at 230nm. Simply mixing the ligands with the gold 

nanorod would not have this strong CD peak as shown in Figure 1.5. Without the chiral 

ligand or with mixed D and L ligand, the gold nanorod coated with silicon would not have 

any chiral signal reflected in CD spectrum. This proved that the strong CD peak of this 

silicon coated rod loaded with chiral ligands was driven from the near field plasmon 

coupling between chiral ligand and gold nanorods [48]. When chiral molecules immobilized 

on metal nanoparticles with strong surface plasmon resonance, the interaction between 

particles and molecules generated a strong chiral signal different from that of the original 

particles and molecules. It presented that the CD signal of nanoparticles immobilized with 

chiral ligands was coming from complex interaction between molecule and particle, not 

simply from the chiral ligands alone. 

 

Figure 1.5: The CD(a) and UV-Vis(b) spectrum of gold nanorod coating with CMS 

immobilized with N-palmitoyl-L-phenylalanine (black ) and N-palmitoyl-D-

phenylalanine(red) and L,D mixture(blue)[48] 
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Besides small chiral molecules, large biomolecules such as proteins and nucleic 

acids have also tried to immobilize on the metal nanoparticle surface to obtain 

nanoparticles with chirality. Though with strong chiral signal, the CD spectra of both 

DNAs and proteins are mainly in the UV region that are not convenient to detect and they 

do not overlap with gold and silver nanoparticles' SPR spectral range to form strong 

resonance. But Fang Lu et al reported that immobilization of a single strand DNA on a 

gold/silver core shell nanocube generated a stronger chiral signal in the visible light 

range[49], as shown in Figure 1.6. 

 

Figure 1.6: Optical responses of chiroptical ssDNA, non-chiral Ag NCs, and plasmonic 

chiroptical DNA-functionalized Ag NCs. (b) The CD spectrum of Ag nanocube(b1) , 

0.1uM ssDNA(b2) and 20uM ssDNA(b3). (c): The UV-Vis spectrum(red curve) and CD 

spectrum(blue curve) of ssDNA functionalized Ag nanocube.[49] 

 

To summarize, the method that immobilized chiral molecule on nanoparticles was 

used to generate chiral nanoparticles, both small molecule like chiral ligands and big 
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molecule like protein and DNA were tried to immobilize on the surface of metal 

nanoparticles. The obtained chiral signal determined by the immobilized molecule chiral 

signal and its interaction with the nanoparticles. The advantage of this method was that it 

was quite simple and flexible. Just immobilized chiral ligands on particles could obtain 

chiral nanoparticles and the signal could adjust by switching the immobilized molecules. 

But the limitation of this method was obvious either. First, the chiral signal range of 

molecule or biomolecule was mostly in UV range between 200nm-300nm that was not 

suitable to couple effectively with gold or silver nanoparticles LSPR that in 400nm-800nm, 

only few specific structure nanoparticles could couple with biomolecule for new chiral 

signal generation. Second, a molecule was much smaller than a nanoparticle and most time 

its signal was quite weak for detection. Third, not all molecules were suitable to immobilize 

on nanoparticles, and for those molecules immobilized they were always in absorption-

dissolve equilibrium and easily affected by environment and the signal was not stable.  

 

1.2.3 Assembly of asymmetric nanostructures: 

Though small symmetric nanoparticles did not exhibit chirality, if they were 

assembled into an asymmetric structure, the product could generate strong chiral signals. 

In recent years many different pathways[50][51][52][53] had been found that could construct 

chiral nanoclusters by assembling small nanoparticles into designed structures. For 

example, two symmetric nanorods could be placed in different planes to achieve 

asymmetric structures. The specific interaction between two complementary DNA used to 

bind two nanoparticles together. When two nanorods brought together to form a dimer by 

DNA, these nanorods wouldn’t assemble perfectly in alignment; when they misalign, a 
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chiral structure was formed. Wei Ma et al published the paper talking about the chirality of 

these nanorod dimers and the experiment result showed that this dimer revealed the strong 

CD signal between 700nm-800nm as showed in Figure 1.7[54].  

 

Figure 1.7: assembly two nanorod together to form chiral structure with its CD spectrum[54] 

 

The more accurate and sophisticated method to assemble nanorods was utilizing 

the DNA origami technique to affix the nanoparticles at the designed position to form the 

pre-defined chiral nanostructures. Lan et al reported to assemble two gold nanorods in 

different relative positions on a DNA origami template to obtain different CD signals in 

the 500-900nm wavelength range related with nanorod relative position[55]  (Figure 1.8). 

By precisely positioning nanoparticles this research showed that more asymmetric 

structures generated higher chiral signal and these signals could be tunable by controlling 

nanoparticle position through DNA origami technology. Ding et al also reported similar 

observation of gold dimers or oligomers that assembled by DNA origami. [56][57] 
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Figure 1.8: Simulated CD spectrum of two gold nanorod at different relative positions. [62] 

 

Besides nanorod dimers, the chiral complex structures in the form of trimers, 

tetramers, and pentamers made from nanorods by connecting particles end to end or side 

by side had also been demonstrated [58]. Similar to dimers [54] the chirality of nanorod 

oligomers was also driven from the out of plan assemble especially for side by side cluster 

that caused the asymmetry. With more nanorod assemble the chiral signal would be 

stronger. Much More complicated structure like nanorod helix superstructure also 

assembled by DNA origami technology with strong chiral signal [50]. These articles 

revealed that achiral nanorod could be built into various complex asymmetric structures 

through DNA origami and their chiral signal was also tunable by changing the relative 

position of single nanorod that made it convenient for potential applications.  

 

In addition, nanospheres were also widely used to assemble asymmetric structures. 

Double strand DNA chain mostly used to link all particles together to form the chiral 

clusters. Several papers had talked about building pyramids structures with four different 

nanospheres to construct asymmetric structure [59][60][61]. The benefit of pyramid or tetramer 

structure was that it was relative stable since each particle was dragged by DNA double 
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strands linked to other three nanoparticles and formed a fixed geometry. Second the 

asymmetry could be easily achieved if four particles were different. Also chiral signal 

could be simply switched by changing the size and material of the particle. Kotov’s group 

had published a paper talking about the chirality of this assembled pyramids made of 

different size and material nanospheres[61]. Where four particles were made of same gold 

nanosphere, almost no chiral signal detected between 200nm-800nm light. As more 

different particles replace the original gold nanoparticles, the chirality of the structure 

increased significantly. When all four end of this pyramid were different to each other, 

maximum CD signal within visible range detected. This showed that by changing the 

particles in this cluster, the chiral signal could be easily adjusted, and more difference in 

the pyramid there would result in stronger signal. This showed in Figure 1.9. 

 

 

Figure 1.9: The structure and relative CD spectrum of different type of pyramidal 

structures. Red balls represented gold nanospheres and the size of the ball showed the 

different size of particles. The yellow balls represented quantum dots and gray balls 

represent silver nanoparticles [61] 
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A more complex and interested assembled chiral gold nanostructure was the helix 

structure that was similar to DNA double helix structure [62][63][64]. This structure revealed 

strong CD signal and the range was in visible light range that convenient for detection. 

What’s more interesting was its anisotropy structure made the chiral signal different when 

the helix structure was irradiated by circular polarized light in different irradiate angle[62]. 

Different method to assemble the gold nanospheres in helix structures had been tried, but 

DNA origami looked like to be the most effective method to organize nanoparticles in 

designed position. Schreiber et al published a paper in 2013 talked about using DNA 

origami technology to assemble gold nanospheres into helical structure[62]. In this paper, 

the author first used 24 parallel DNA double strands as a rigid bundle with extended single 

strand in the designed place. Then gold nanospheres that immobilized with complementary 

DNA single strands previously introduced to the DNA origami bundle and fixed by DNA 

hybridization interaction. By carefully designed the position where particles need to be 

immobilized nanoparticles was assembled in the helix structure. Data showed that this helix 

gold nanospheres cluster had strong CD signal and this signal related with angle between 

the insight polarized light and the helix gold cluster. When light insight direction was 

parallel to the gold helix, the CD signal have the maximum response, when light was 

orthogonal to the helix, the CD signal will get the weakest response. This because when 

left and right circular polarized light parallel to the helix structures, the propagate direction 

of its electric field parallel and antiparallel to direction of spiral of the gold helix structure 

that caused the strongest difference to left and right circular polarized light, while light was 

perpendicular to the central bundle of the helix, the difference was the smallest that lead to 

weakest chiral signal. 
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Figure 1.10: assembly nanoparticles into helix structure and the CD spectrum of the cluster 

verse the angle of injected light[62]. 

 

In conclusion, more and more research was carried out on nanoparticle assembling 

into chiral nanostructures. Utilizing the scaffold such as DNA origami, achiral 

nanoparticles like nanorod and nanospheres, could be constructed into asymmetric 



16 
 

structures. Their CD spectrum determined by size, shape, material of the assembled 

particles and the final structure they built in. By changing those factors the chiral signal of 

the asymmetric structures could be tunable and switched, and the different chiral signal 

would inverse revealed the structure information of the asymmetric nanoclusters. The 

benefit of this method was the convenient experiment conditions that could run in aqueous 

solutions at room temperature. Their chiral signal was mainly in visible light range and 

easily tunable in a specific wavelength that could be used in many optical instruments. But 

the disadvantages of this method were that the assembled chiral structure could break down 

if their scaffold was disassembled, so they were quite sensitive to the environment that 

limited their application in some harsh conditions.  It was noted that if the scaffold was not 

rigid enough single nanoparticles could oscillate inside the chiral structures that led to 

system errors in chiral signal measurements.  

 

1.3 Chiral application 

The reason why people are interested in the asymmetric metal nanoparticles is 

because their unique properties of chirality combined with the nano-characters that have 

widely potential applications. The visible light range CD spectrum, chiral structures, 

asymmetric SPR, high surface to volume ration with chirality and other properties of the 

chiral metal nanoparticles have been studied and those properties have been found with 

many applications that were mainly focus on sensor [65], catalyst[66], separation[67] and other 

aspects[68]. 
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1.3.1 Sensor application: 

Assembly achiral nanoparticles together into an asymmetric structure would 

generate strong CD signal. By measuring the strength of CD signal before and after 

assembling it could certify how many asymmetric structures was constructed.  Many 

ingenious experiment was designed to detect heavy metal ions[69], small molecule[70], 

protein[71], DNA[72] and RNA[73] based on the chiral signal change. The benefit of using 

CD signal of metal nanoparticle for sensing was that it can be applied to detect signal while 

no significant change in total absorption curve, but just the spatial geometry change that 

could indicate the chiral signal change. Also the visible light range CD spectrum range 

made it convenient for detection. The basic principle of these sensor devices was using 

specific DNA sequence or antibody-antigen pair that previously immobilized on metal 

nanoparticles. In the presence of target ion or small molecule or biomolecule, the special 

DNA sequence or antibody would combine or disassemble with the formation or 

decomposition of the chiral structure, which resulted in the chiral signal increased or 

decreased. For example, Zhu et al had designed a method that can detect the mercury cation 

in water as low as 0.03 ng/mL[69]. They used two group of gold nanorod that had same size 

but immobilized with different single strand DNA. This two special DNA was designed to 

combine only in the presence of Hg2+ cation. When these two gold nanorod mixed together, 

if no Hg2+ existed, DNA would not hybridize and no chiral stricture formed to generate 

chiral signal. When the solution contained mercury cation, the combined DNA would cause 

the side by side nanorod assembly which leaded to strong chiral signal.  If more Hg2+ added 

in more dimers would form to stronger CD response. By detecting the CD spectrum change 
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in the solution before and after Hg2+ introduced, the concentration of the mercury cation 

could detect as showed in Figure 1.11. 

 

Figure 1.11: scheme of detecting Hg2+ cation via chiral nanoparticles [69]. 

 

Kotov et al had utilized the chiral properties of nanoparticles detecting large 

molecule like proteins [71]. Instead of DNA hybridization interaction, they use the immune 

complexes to bridge two nanoparticles together for chiral signals generation. In this paper, 

two different antibodies immobilized on gold and silver nanoparticles, respectively. Both 

antibodies could bind to the target protein but at different spatial place to form a sandwich 

structure while the two antibodies couldn’t combine to each other. So the gold and silver 

nanoparticles was mix together with previously antibody immobilized, they wouldn’t 

assemble and no strong chiral signal would be generated in visible light wavelength range. 

When the target protein introduced in the solution, the gold and silver nanoparticles would 

bridge together by the interaction of antibody-protein-antibody, caused the asymmetric 

structure with chiral signal in visible range for detection (Figure 1.12). This method highly 

improved the order of magnitude of detection limit compared with other method that 

utilized the intrinsic chiral properties of protein itself [71].  
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Figure 1.12: protein sensor by the chiral properties of gold and silver nanoparticle dimers 

[71]. 

 

Beyond small metal ions and large biomolecules, the chirality of nanoparticles had 

also applied to detect many other molecules in different size and component. These chiral 

properties opened a new gate for sensor study by detecting a new property of nanoparticles. 

The feature of these sensors such as simple, convenient, sensitive, compatible attract 

interests for future universal applications.     

 

1.3.2 Catalyst application: 

Chiral nanoparticles also used in asymmetry catalytic reaction. For decades 

nanoparticles’ catalytic properties have attracted great interests because of their large 

surface area and the quantum size effect with very high catalyst activity and selectivity in 

some reactions[74]. Within organic chemistry asymmetric catalyst is more and more 

important for their widely application in medical development and nature product synthesis. 

Asymmetric synthesis required chiral catalyst while normal nanoparticles lack asymmetry 
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structures for these reactions. Chiral nanoparticles could fulfill this defect with both 

catalytic and asymmetric character that had applied in the asymmetric synthesis.  

 

Lots of elemental metal like Palladium, Platinum, Rhodium have been widely used 

in organic catalyst reaction. Many articles reported that when those metals reacted with 

chiral ligand to form organic metal compound, they have the abilities to catalyst 

asymmetric reactions. For chiral nanoparticle catalyst, the most common type was also 

immobilizing chiral ligands on it to combined metal’s catalytic abilities and ligands 

enantioselectivities together. Also the nano-characters of nanoparticle would highly 

increase the catalyst efficiency in some reactions. Gold[75], palladium[76], rhodium[77] 

nanoparticles and many bimetallic nanoparticles[78][79] have been used for asymmetric 

synthesis. For example, Yasukawa et al had utilized silver- rhodium nanoparticle 

immobilized with a Diene-Amide Chiral Bifunctional Ligand to catalyst asymmetric 1,4 

addition reactions (Figure 1.13). Compared with the chiral metal compound catalyst, chiral 

nanoparticle catalyst had better performance in yield, enantioselectivity, and catalytic 

turnovers [78]  

 

Figure 1.13: silver-rhodium cluster immobilized with a chiral ligand for catalyst 

application [78] 
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Besides nanoparticles immobilized with chiral ligands can use as chiral catalyst, 

single asymmetric metal nanoparticles could also be used to catalyze the asymmetric 

reactions. He et al reported the reaction to selectively growing of chiral single walled 

carbon nanotubes(SWNT) catalyzed by lattice-mismatched epitaxial cobalt 

nanoparticles[80]. The feature of this article was to grow a cobalt epitaxial structure on MgO 

lattice that catalyzing the initial carbon cap formation and promoting the selectivity of one 

type chiral SWNT growing, and the selectivity could change according to the experiment 

conditions. For example, at 400℃ (6,5) type chiral nanotude was synthesized while at 500℃ 

(7,6) type nanotube was growing. This report demonstrated that without chiral ligands 

single nanoparticles could also catalyze the asymmetric reactions. 

 

1.3.3 Other application and the meaning to study chiral metal nanoparticles. 

Besides sensor and catalyst, chiral nanoparticles had used in many other application 

in chemical separation [4], disease diagnose [22] and other fields. Those applications had 

utilized different features of the nanoparticles. The broad applications showed the necessity 

for further study the properties and prospective applications of chiral metal nanoparticles.  

 

In conclusion, several methods have been developed to construct chiral nanostructures. The 

initial studies show that their chiral properties are distinctively different from traditional 

chiral molecules.  Combining chirality and nanotechnology together could open a new door 

in sensor, catalyst and separation applications, etc.  
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In my past few years at NCSU, I studied the optical properties of anisotropic 

particles using both experimental and computational approaches. The goals were to 

develop tools to monitor single particle chiral signals and to use them to study 

conformational change of biomolecules locally absorbed. While the study of particle 

chirality is still in its early stage.  Our studies illustrate some interesting phenomenon but 

also showed contradictions in some places to conventional wisdom.  While there is not yet 

a conclusive outcome, in the following chapters, I intend to report what I have learned from 

two types of chiral nanoparticles with different compositions, and far different sizes.   

 

In Chapter 2, I describe the experimental observations of anisotropic, large and 

gapped gold nanorods. I discuss the particle correlation method developed to observe the 

same nanoparticles under both optical and electron microscopies.  The measurement 

reproducibility of darkfield imaging was evaluated.  The similar and different features 

observed from CD spectra collected from 20+ individual particles were discussed. 3D CD 

mapping was utilized to visualize nanorod local chiral properties by homemade matlab 

programs. 

 

In Chapter 3, I describe the study of interaction between gapped gold nanorods and 

adsorbed biomolecules. Protein adsorption and denaturation were monitored by scattering 

and CD spectra at the single particle level. Mapping optical responses from different 

sections of nanorods were also attempted. Experiment result suggested protein adsorption 

could cause nanorod chirality change which indicate to prospective of single nanoparticle 

detection for biomolecules conformation changes.  
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In Chapter 4, I discuss the properties of small palladium-silver bimetallic coreshell 

nanoparticles and their interaction with biomolecules. Particles were characterized by UV-

Vis spectrum, SEM and darkfield microscope. The shifts of scattering spectra collected 

from single palladium-silver bimetallic core-shell nanoparticles when proteins adsorb were 

described. Two protein molecules, lysozyme and bovine serum albumin, were used to 

examine optical property changes when they absorbed and denatured on nanoparticles. The 

different behaviors observed for these two proteins on single nanoparticle spectrum were 

discussed and the possible mechanism behind speculated.  

 

In Chapter 5, I focus on the FDTD simulation of the properties of single gold and 

silver triangle nanoprisms and their heterodimers. The scattering spectra of heterodimers 

of different spacing and different relative orientation were analyzed to provide insight and 

help to understand the coupling efficiency of triangle shaped nanoparticles. The modeling 

data exhibit the high sensitive local surface plasmon of heterodimers to geometry and 

multiple resonance mode that perspective for sensing application of biomolecules chiral 

signals.  
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[42]: Frank B, Yin X, Schäferling M, et al. Large-area 3D chiral plasmonic structures[J]. 

ACS nano, 2013, 7(7): 6321-6329.  

[43] Turkevich J, Stevenson P C, Hillier J. A study of the nucleation and growth processes 

in the synthesis of colloidal gold[J]. Discussions of the Faraday Society, 1951, 11: 55-75.  

[44]: Slocik J M, Govorov A O, Naik R R. Plasmonic circular dichroism of peptide-

functionalized gold nanoparticles[J]. Nano letters, 2011, 11(2): 701-705. 

[45]: Brust M, Walker M, Bethell D, et al. Synthesis of thiol-derivatised gold nanoparticles 

in a two-phase liquid–liquid system[J]. Journal of the Chemical Society, Chemical 

Communications, 1994 (7): 801-802.  

[47] Schmid G, Alexander B D, Barthelmes J, et al. Hexachlorododecakis (Triphenyl‐

Phosphine) Pentapentacontagold, Au55 [P (C6H5) 3] 12CL6[J]. Inorganic Syntheses, 

Volume 27, 1990: 214-218. 

[48] Liu W, Zhu Z, Deng K, et al. Gold nanorod@ chiral mesoporous silica core–shell 

nanoparticles with unique optical properties[J]. Journal of the American Chemical Society, 

2013, 135(26): 9659-9664. 



29 
 

[49] Lu F, Tian Y, Liu M, et al. Discrete nanocubes as plasmonic reporters of molecular 

chirality[J]. Nano letters, 2013, 13(7): 3145-3151. 

[50]: Lan X, Lu X, Shen C, et al. Au nanorod helical superstructures with designed 

chirality[J]. Journal of the American Chemical Society, 2014, 137(1): 457-462. 

[51]: Zhu L, Li X, Wu S, et al. Chirality Control for in Situ Preparation of Gold 

Nanoparticle Superstructures Directed by a Coordinatable Organogelator[J]. Journal of the 

American Chemical Society, 2013, 135(24): 9174-9180.  

[52]: Xu L, Hao C, Yin H, et al. Plasmonic core–satellites nanostructures with high 

chirality and bioproperty[J]. The journal of physical chemistry letters, 2013, 4(14): 2379-

2384.  
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Chapter 2 Chiral Properties of Closely Connected Large Gold Nanorods 

2.1 Introduction: 

As previously described, nanofeatures exhibiting chiral properties could be 

prepared by anisotropic growth, surface modification, or asymmetric assembly.  The first 

system I examined is asymmetric, large gold nanorods that was directly fabricated using 

electrochemical deposition into anodic porous membranes.   

 

Homogeneous solution chemical synthesis of differently shaped, sized gold 

nanoparticle have been thoroughly explored and widely used in the past 20 years[9-11], but 

big metal nanoparticles (diameter larger than 200nm) are much more difficult to prepare 

because at this scale nanoparticles easily precipitate from solution and cause uneven 

growth.  Instead, template-based electrochemical reduction of metal ions is adapted for 

controlled particle growth.  Nicewarner-Pena et al. have developed a strategy to grow metal 

micron-sized rods with submicrometer stripes[12-13]. The method uses a porous Al2O3 

membrane as a template for metal ion reduction and deposition (Figure 2.1). Particles' 

diameter is controlled by the pore size of the template membrane.  By controlling the 

current intensity and time, the length of each metallic strips can be easily controlled. By 

controlling the sequence of different metal ions added, different metal strips can be 

deposited.   
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Figure 2.1: Electro-chemical synthesis of micro-size metal nanorods [13] 

 

In my studies, the electrodeposited particles were chosen for single particle circular 

dichroic studies for their ease of fabrication and tunable spectral responses.  The length of 

the particles used was approximate 750nm for stronger scattering intensity under an optical 

microscope.  The particles were made "fatter" with large pore (i.e. 350 nm) anodic 

membranes to maintain low length: width aspect ratio of particles [1-3] to ensure their 

transverse and longitude resonance peaks could be kept within the visible range for easy 

detection [4].  It is known that if metal ions are fast diffused and slowly deposited inside 

Al2O3 membrane, the synthesized nanostripes mostly are isotropic and lack of chiral 
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responses. However, many fabrication conditions could be utilized to form anisotropic 

particles exhibiting clear chiral properties. For example, if the electrodeposition process 

becomes a kinetic-controlled one, metal ions may not deposit evenly into pores; 

subsequently the interface between stripes may become slanted and less symmetric [14].  In 

addition, the defect features on the membrane sidewall result random formation of knobs, 

branches, or dents [5-8].  Last but not the least, when a middle metal stripe (such as Ag) in a 

particle is intentionally removed to form a deep gap between two barely connected ones, 

an asymmetric nanorod is formed.  Using a combination of these approaches nanorods were 

prepared for single particle circular dichroic imaging.  

 

Darkfield microscopy was the main tool used in the study.  Darkfield microscopy 

is a zero-background imaging technology that can highly increase the contrast between the 

object and the background noise. This technology has been widely used in visualizing small 

samples, like cell[15], fibers[16], and nanoparticles[17-19].  Single particle imaging with 

darkfield microscopy enables direct examination of unique optical responses arise from 

each individual particle which could be buried in conventional ensemble measurement 

methods.[20-21]   

 

Darkfield microscope operates under the principle of blocking the direct source 

light and only allowing the light scattered by the sample being collected; it provides low 

background hence high contrast between the sample and background. The structure of a 

typical darkfield miscoscope is showed in Figure 2.2. When the light generated from source 

and enters the microscope, the center part of light beam will be blocked by a patch and 
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only the outer ring remained to enter the field of view, just like moon blocks the center of 

sun in an annular eclipse. Then light coming from the outer ring will then be focused on 

the sample by an optical condenser. At this point, some light will be scattered by the sample 

and change its light path, rest will still go alone its previous path. For the scattered light, 

they are mostly collected by objective lens while the direct transmit light would miss the 

objective lens due to direct-illumination block [13]. In this way, only particle scattered light 

is accept by object that eliminate the interference from the light source. Because darkfield 

microscope blocks light emitting directly from a light source and only accumulates the 

sample scattered light for analysis, the signal to noise ratio of its images is highly increased.   

 

Figure 2.2: An illustration of how a darkfield microscope works.[19] 
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             It makes it easier to look at samples that have similar refractive indexes as the 

environment, a common challenge for regular optical imaging methods.  One disadvantage 

for darkfield microscope is that since it only collects scattered light, to have a strong signal, 

it needs high illumination that may cause sample damage and image distortion [22-23].  

 

This chapter primarily focuses on characterization of micron-sized, asymmetric 

gold nanorods and their expected chiral properties. Scanning electron microscopy (SEM) 

and darkfield microscopy were used to examine the structural and optical property of these 

nanoparticles, respectively.  CD spectra from different gold nanorods were analyzed and 

correlated with particle structures. 
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2.2 Experimental Section: 

2.2.1 Material:  

ITO coverslip was purchased from SPI Supplies. Techni-Silver-1025 solution and 

OROTEMP®24 solution was purchased from Technic Inc.  Other chemical materials, such 

as 25 mm diameter aluminum membrane, nitric acid, and sodium hydroxide, were 

purchased from Sigma-Aldrich. 

 

2.2.2 Instrument: 

An upright Nikon Eclipse 80i microscope was used for dark-field imaging. Nanoparticle 

scattering spectrum was collected using an NA-adjustable (0.7 - 1.25) 100× dark-field 

objective. All data, including static images and video clips, were acquired by an Andor 

iXon 897 camera (512 × 512 imaging array, 16 μm pixel size) [24][30].  SEM and EDS images 

were taken using a FEI Verios 460 instrument (FEI, Inc). A home-written Matlab program 

and the NIH ImageJ software (NIH) were used to analyze collected images.  

 

2.2.3 Experiment steps: 

Synthesis of gold nanorods: 

Gold nanorods were made courtesy of Nathalia Ortiz.  Specifically, the gold nanorods were 

synthesized, following published literature, via an electrochemical deposition method by 

depositing 350nm-50nm-350nm long gold-silver-gold stripes in a cylinder channel inside 

a porous anodic membrane. This membrane was first deposited a layer of thick silver by 
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Chemical Vapor Deposition and placed in an electrochemical cell. Then the Techni-Silver-

1025 solution was added in the cell and 1mA current was applied for 35 minutes to allow 

1.68 µm thick silver film completely covering the uneven side the membrane and plug all 

holes.  The Techni-Silver-1025 solution was then removed and the membrane was washed 

with deionized water (DI water) three times, before the OROTEMP®24 neutral gold 

solution was added in the cell and 0.5mA current was applied for 726 seconds to grow 350 

nm gold in the pores. Then the gold solution was washed by DI water for three times and 

fresh Techni-Silver-1025 solution replaced the gold solution to grow 50nm silver stripes 

under 0.25mA current for 250 seconds. The silver solution was washed out again and 

finally OROTEMP®24 neutral gold solution was added to grow another 350nm gold strip 

in 726 seconds at 0.5mA. After all electrodeposition was completed, the membrane was 

treated with nitric acid first to remove the silver film and some Ag stripes. Sodium 

hydroxide was used next to dissolve the Al2O3 membrane and release nanorods of Au 

stripes connected by a thin sleeve of Ag.  The particles were washed by water and ethanol, 

separate through centrifugation, and stocked in 100 µL ethanol until needed. 

 

SEM imaging of gold nanorod and EDS experiment: 

An ITO coverslip was first cleaned by a piranha solution and washed by DI water.  Residual 

water was blown dry by nitrogen flow. A drop of 0.4 µL nanorod solution (1:100 diluted 

with water from stock solution, about 300 nanorods in total) was added onto the ITO 

coverslip and waited until dry in air. Then ITO coverslip was then affixed on a SEM stage 

using conductive tape and was loaded into the SEM chamber.  Particles were examined 

under 2~5kv voltage, 13~100pA current, 1000V bias for best resolution. When an area of 
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target nanorods was identified, the relative positions of these particles on the ITO glass 

were recorded for later correlation experiment. SEM images were taken in an immersion 

mode by a Through the Lens Detector (TLD). The imaging mode was then switched to 

field free mode and detector was changed to an EDS detector for elemental analysis. EDS 

analysis was taken under a 10.0 kv voltage and a 6.4 nA current.  

 

Darkfield-Microscope Imaging: 

The ITO coverslip loaded with particles was first fixed on a clean glass slide by double 

sided tap. The gap between ITO coverslip and glass slide was filled with DI water to form 

a flowing cell.  This assembly was then placed on the sample stage of the darkfield 

microscope. The illumination light was focused onto the sample with an oil immersion 

dark-field condenser (NA = 1.20-1.43)[24]. A polarizer and quarter-wave plate was placed 

between the light beam and sample for generation of circularly polarized light (left and 

right handed). A CCD camera was used to record the scattering strength light from 

nanoparticles under circularly polarized light.  To locate the same particle as SEM image, 

a blanket search was carried out to look for the particle pattern recorded in the previous 

SEM experiment.  Once the same particle pattern (i.e. relative particle positions) was 

identified, scattering and CD spectra was collected for individual particles.  
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2.3 Results and Discussions: 

It is critical to examine the same nanoparticle under an electron microscope (EM) 

and an optical microscope (OM) in order to correlate the structural property of an 

individual nanoparticle to its optical properties [26-28]. The technical challenge is to identify 

the proper sample conditions and the imaging field of view to allow both EM and OM 

measurements to occur without remaking the samples.  Most experiment conditions for 

optical and electron microscope were conflicted. For example, optical microscope samples 

were mostly loaded on a glass coverslip transparent to visible light, whereas transmission 

electron microscope (TEM) samples were mostly loaded on a copper grid that is not 

suitable for optical microscope. Also the copper grid would obstruct the measurement of 

particles spectrum since the field of view under optical microscope was divided by grids 

that affected spectrum collection. Another example was that optical microscope mostly 

required sample in an aqueous environment for nanoparticle observation while electron 

microscope need sample in vacuum. Those conflicted requirements prevent the optical and 

electric microscopes being used to examine the same particle.  

 

Scanning Electron Microscope (SEM) is found to be a more suitable electron 

microscope to correlate with darkfield microscope images. An ITO glass slide provides the 

conductive substrate requirement for SEM experiments and a transparent medium needed 

for darkfield microscopic measurements.  It is also found that particles do not move on a 

glass substrate if a buffer solution is slowly added. In all following experiments, unless 

specified, the particles were first characterized under SEM in vacuum on an ITO coverslip, 
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then the coverslip was affixed on a glass slide with a buffer solution added in between to 

provide an aqueous environment for optical measurement. 

 

2.3.1: SEM images and EDS results of large gold nanorods. 

Au particles of 700x350nm with a gap in the middle were used in this study for 

their strong scattering signal and relative big size to look for during SEM and optical 

imaging correlation. Figure 2.3 showed one SEM image of a cluster of Au nanorods. All 

particles had a gap in middle from etched silver stripes.  Due to the fast deposit protocol 

used, the stripe cross section was rather rugged.  In addition, because the silver stripe was 

only deposited for 50 nm in thickness, there may be some incompletely covered areas 

where the later deposited Au stripe was in direct contact with the first Au stripe.  After the 

Ag stripe was removed using HNO3, the nanorods seemed to have a gap formed but two 

Au stripes of each nanorods remained connected.  There were of course fragments where 

Au stripes were completely broken off from each other (image not shown). Since these 

particles did not affect the study of gapped particles at the single particle level, they were 

ignored through the studies reported here.  

 

Figure 2.3: A representative SEM image of gapped gold nanorods. 
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Figure 2.4 showed the EDS result of some of gold nanorods from the same batch. 

EDS utilize a high-energy electron beam to strike the sample surface to excite X-ray for 

analysis. Since different elements would emit X-rays of different wavelength, by analyzing 

the excited X-ray wavelength, the compositional element of the sample could be acquired. 

In Figure 2.4, the green color represented where x-ray from Au atoms were measured and 

the red color from Ag atoms. We could clearly see a uniform but very weak Ag signal was 

detected across the whole imaged area.  In contrast, signals from Au was concentrated only 

in certain areas that overlapped well with where nanorods were.   The results proved that 

Ag was almost completely removed from the particle by HNO3, at least from the surface.  

The areas deep in the middle could be with no Ag as well or any remaining Ag could be 

blocked from detection due to steric hindrance of the EDS beam by the neighboring Au 

stripes. Since the scattering spectrum of these nanorods was cause by its surface plasmon 

resonance that only occurred on metal surface [15], in following research the scattering 

spectrum of nanoparticles would mostly drive from gold. 

 

 

 

Figure 2.4: EDS results of gold nanorods. (Left) image reconstruction of Au atoms on the 

surface; (Middle) image reconstruction of Ag atoms on the surface; (Right) the overlap of 

Au and Ag images. The green color represents gold distribution and the red color refers to 

silver. 
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For later particle correlation experiments, all SEM images were first taken under 

low resolutions.  Under the low resolution I was able to look at how particles distributed in 

a large area on the ITO coverslip to find a pattern easy to recognize.  Once a unique pattern 

was identified and the area of interest was capture, high resolution images of each particle 

in that area were taken to record individual particle morphology.  

 

2.3.2 Darkfield scattering and CD spectrum correlated with SEM images 

The optical properties of each unique particle were studied after SEM. The UV-Vis 

spectrum of suspended particles was tried first but nanorods kept precipitating from the 

solution due to their large size and heavy weight. Darkfield microscope was directly used 

to characterize single particles.  Specifically, after the SEM experiment, the same sample 

on the ITO coverslip was placed in a floating cell device for the darkfield microscope or 

observation, as shown in Figure 2.5.  In this setup, the ITO coverslip was fixed by a double-

sided tap on a glass slide. The side immobilized with nanorods of ITO coverslip was faced 

down to the glass slide. The space between ITO coverslip and glass slide was filled with 

buffer solutions as needed. The solution was replaced during the experiment to expose 

particles to different chemical environments; subsequent optical spectra were collected to 

record their optical behaviors.   
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Figure 2.5: A Scheme of a floating cell device for darkfield microscope observation. 

 

As aforementioned, the area of particles of interest was recorded by SEM under 

low resolution.  Unique particle distribution pattern recorded in SEM was used to identify 

the FOV in darkfield measurements.  For example, as shown in Figure 2.6, the same “<”-

like pattern was identified under both SEM and darkfield microscopes, suggesting the same 

set of particles were imaged.  Subsequent zoom-ins allowed high resolution imaging of 

individual particles with both SEM and darkfield imaging.  
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Figure 2.6: SEM and optical images from the same set of particles. Top left image: a “<” 
pattern viewed in SEM. Top right image: the same ”<” pattern located in the darkfield 
microscopic image. Bottom image: An zoomed-in SEM image of the circled particle in the 
“<” pattern.  Any subsequent single particle measurement can therefore be correlated.   

 

Figure 2.7. A darkfield image of a few nanoparticles in the field of view and their 

corresponding scattering spectra. Blue arrow point to bright point, yellow arrow point to 

smear. 
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In the darkfield images of nanoparticles, the bright points were particles and the 

smear on the left were their scattered spectra. Intensity of smear refer the scattered spectra 

intensity and distance of smear to bright point related with scattered light wavelength. A 

calibration experiment was conducted for each image to reconstruct the smear into a full 

spectrum. Specifically, three notch filters were used to only allow light of a selected 

wavelength at any given time to pass through. Consequently, the long tail spectrum 

disappeared with only a spot left. By measuring the distance between this spot and e zero 

order scattered point (i.e particle’s location), we could translate the size of the smear into 

a wavelength-dependent spectrum.  For example, by using 525nm, 620nm and 684nm 

filters we established a distance-wavelength relationship as shown in Figure 2.8. [31] 

 

Figure 2.8: A calibration plot to convert the spot-to-nanorod distance into spectral 

wavelength. Left: Darkfield image of nanoparticle spectrum before and after adding 525nm 

filter. The red arrow pointed to nanoparticles and blue arrow referred to its scattering 

spectrum. Right: calibration curve of distance to nanoparticles vs filter wavelength.  
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Since three data point was not affirmative enough to say that it was a linear relationship 

between distance to nanoparticle and its referred wavelength. A theoretical calculation was 

done below to prove they do exhibit a linear relationship. The spectrum was obtained from 

diffraction grating inside darkfield microscope and collected by CCD camera. The point of 

the nanorod and its spectrum was the zero and first order diffraction speckle. The scheme 

for grating diffraction was shown in Figure 2.9.  [32] 

 

Figure 2.9: Scheme of the grating diffraction 

In Figure 2.9, on the left it is the grating to diffract light, in the middle it is the 

convex lens to condense light and CCD camera was on the right to accept light signal. 

Grating was made of a set of slits, and the distance between two slits was marked as “d”. 

The wavelength of the inject light was “λ” and the angle of it was θ. Distance between the 

lens and camera was “L”. Point O was the zero-order diffracted point and P was the first 

order diffracted point on CCD camera. The distance between O and P was “h”.  Based on 

the grating principle, for parallel light with 90 degree inject angle that can accumulate on 

point O and P, it must obey this equation: d*sinθ=m*λ. “m” is a integer as 0, ±1, ±2, 

±3…..For light arrived at P point, m=1, at this time  d*sinθ=λ. Also, based on the properties 
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that if light pass though the center of a convex lens, there direction would not change, so 

we can also get: h=L*tanθ. Based on equation d*sinθ=λ and h=L*tanθ, we can get: h=L* 

λ/sqrt(d2- λ2). For most gratingz, d is more than 10 times than λ, so we can approximate 

that h≈L* λ/d. Since “L” and “d” was a constant in one microscope, the equation suggests 

that “h” and “λ” is, with a reasonable approximation, in a linear relationship, i.e. the spot-

to-particle distance is proportional to its referred wavelength. 

 

Figure 2.10: Multiple spectra collected from the same particle for method reproducibility. 

(Top) the scattering spectra of nanoparticle under left and right circular polarized light; 

(Bottom) the averaged spectrum with error bars showing the standard deviations calculated 

at each data point. 
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Once a full spectrum can be reconstructed based on the spread of light on the left 

of each particle, multiple scattering spectra collected under the L-handed or R-handed 

circular polarized light were collected for the same sample to examine the method 

reproducibility (Figure 2.10). Five separate measurements of a nanorod particle overlapped 

with negligible variations.  By examining particles using L or R rotating light controlled 

by a quarter-wave plate, a CD spectrum was calculated with a clear chiral signature peak 

between the 550nm to 650nm region (Figure 2.11).  The measurements of the same particle 

at different time points also seemed to be reasonably reproducible.  

 

 

 

 

 

Figure 2.11: (Left) Multiple CD spectra collected from the same particle for method 

reproducibility; and (Right) the averaged CD spectrum with error bars and the standard 

deviations calculated at each data point. 

 

Figure 2.12 showed the CD spectra collected from 11 individual nanorod particles. 

The red line was the scattering spectrum of nanorod under left circular polarized light (L 

spectrum), the blue line is the scattering spectrum under right circular polarized light (R 

spectrum), and the gray spectrum was the CD spectrum from (L-R) subtraction.  Insert 
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image was the SEM picture of the spectrum relative particle. Again, almost all particles 

exhibit certain chiral responses in the 550-650nm region, as shown in the last CD spectrum 

of the average CD spectrum of 20 nanorods (Figure 2.12, right bottom).  While the main 

feature seems to be similar, many variations observed due to differences in particles’ size, 

shape, the position of the etched gap, and the orientation in the FOV, etc, a.   

 

Figure 2.12: SEM images and the corresponding scattering spectra for each particle under 
left (blue) and right (orange) circular polarized light and the subtracted CD spectrum (grey).  
The last spectrum (bottom right) shows an average CD spectrum calculated from 20 
particles.   
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2.3.3 3-dimensional analysis of local CD spectrum of gapped large nanorods. 

Figure 2.12 showed nanorods had diversity CD spectra due to their different 

geometric details. Their rugged ends and gaps likely resulted in different scattering 

efficiency to either left or right circular polarized light.  The CD spectrum shown for each 

particle was an average of the chiral signals from all sections of this nanorod. Given the 

large particle size (i.e. 700x350nm)[29], a more detailed examination of the spectrum tail 

may reveal more information about the local property of particles.  For example, the 

somewhat dimmer center of the smear band in one darkfield image of a nanorod reflected 

the actual physical shape of the particle (Figure 2.13). 

 

 

Figure 2.13 A particle imaged under a darkfield microscope with its scattering spectrum 

 

The white big spot on the right side of Figure 2.13 was the nanorod image under 

darkfield microscope and the left smear was its scattering spectrum. This figure clearly 

showed the rod shape of nanorod under darkfield microscope. Since nanorod was big 

enough, its darkfield image was no longer a sphere shape but reflected its real structure. 

Using darkfield microscopy to differentiate the top and bottom portions of a nanorod could 

be of merit. The smear on the left was particles scattering spectrum. The distance between 

smear and nanorod image on longitude direction represented the wavelength of scattered 

light, the intensity of the smear showed the scattering spectrum intensity, the intensity 
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distribution along the transverse direction of the smear was caused by the part of the 

nanorod at same transverse direction. For example, the top of the smear showed the 

scattering properties of top part of nanorod while the bottom of smear showed the bottom 

part nanorod scattering properties. CD spectrum of nanoparticle showed in Figure 2.11 was 

the total chiral signal of the whole nanorod. To obtain chiral signal from different part of 

nanorod, the intensity difference of the smear in Figure 2.13 under left and right circular 

polarized light was calculated and calibrated the smear-rod distance to wavelength, then a 

map showing the CD intensity at different wavelength and different transverse position, 

termed as a 3D CD map, was obtained by the smear image under left circular polarized 

light subtracted smear image right light. Result was shown in Figure 2.14. 
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Figure 2.14: The 3D CD map of particle 12 in Figure 2.11 and its CD spectrum (black 

line). X axis was the wavelength. Y axis on the left was the CD spectrum intensity, Y axis 

on the right was the vertical position to nanorod center of the 3D CD map. More negative 

vertical distance value meant more closed to the top of nanorod. Color bar showed the CD 

intensity of the 3D CD map. 

 

Figure 2.14 showed for the first time that the actual optical signals to be collected 

from a particle varied significantly across the particle surface.  The CD spectrum curve 

reflected the total difference response of nanoparticle to left and right circular polarized 

light. For example, CD spectrum showed a positive peak at 550nm, but the 3D CD map 

revealed that CD signal was positive at the top of nanorod and negative at the bottom, only 
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because the absolute value for top part was higher than bottom part so the total CD 

spectrum showed a positive peak. Also, the different chiral signal on vertical direction 

suggested different part of nanorod had different respond to circular polarized light. This 

was due to large size of nanorod that could be differentiate under optical microscope and 

its asymmetric branches and gaps which caused the CD spectrum. This 3D CD map showed 

its ability to exhibit the chiral properties for different part of nanorod that can be used for 

fine CD signal analysis. 

 

From the 3D CD map, it could give off the information of nanorod chiral signal at 

different wavelength and vertical position, but there was no information of chiral signal 

distribution on the horizontal direction of nanorod. To further obtained the chiral signal 

distribution on whole particle, the difference of nanorod image under left and right circular 

polarized light was calculated named as nanorod CD image. As discussed before, an 

nanorod image was the zero-order diffraction point so the intensity of nanorod particle 

itself was the sum of all wavelength light scattered intensity. When calculating the intensity 

difference of the nanorod image under left and right circular polarized light, the resulting 

images reflected the total chiral signal to whole spectrum of different part of nanorod. 

Figure 2.15 showed the nanorod CD image.  

 

 

 

 



56 
 

 

Figure 2.15: Nanorod image difference under left and right circular polarized light. X axis 

was the horizontal distance. More negative meant more closed to the scattering long tail 

showed in Figure 2.13. Y axis was the vertical distance. More negative meant more closed 

to the top of particle. Inset image was particle SEM image. 

 

For the particle CD image, there were four regions that showed different CD signals, 

from top to bottom signal were in positive, negative, positive and negative. Interesting, 

their vertical position and positive or negative chiral signal was correspondent to the 3D 

CD image, which meant that those CD signal in 3D CD image was coming from the 

corresponded position in particle. By this way it was able to describe different part of 
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nanoparticle CD spectrums. Also the intensity of nanorod CD image was much higher than 

3D CD image, suggested nanorod 3D image could be more sensitive for sensor when 

particle chirality was changed. 

 

In conclusion, in this chapter I demonstrated successful characterization of stripped gold 

nanorods with an etched gap in the middle. SEM and darkfield microscopic images were 

connected, which made it possible to correlate single particle optical properties with its 

structure and composition information. As suspected, the uneven growth and/or etching 

during particle fabrication resulted in a pronounced CD signature for most particles. The 

CD response however was found to vary from particle to particle, heavily depending on 

the geometric features of any given particle.  It makes single particle imaging critically 

important to avoid individual characteristics being buried by average particles. 3D CD 

images and nanorod CD images were constructed to illustrate the inherent chiral difference 

across different sections of one nanorod particle. The CD spectrum, 3D CD images and 

nanorod CD images could reveal different aspects of nanorod chiral properties.  Next 

chapter describes how the characterization and image analysis tools were used to study 

chiral signal changes as protein adsorbed and/or denatured on a single nanorod. 
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Chapter 3: Chiral Response of Micron-Sized Nanorods after Protein Immobilization 

and Denaturation 

 

3.1 Introduction: 

Study the behavior of gold nanoparticles in the presence of biomolecules is 

important since it could reveal the information of biomolecules indirectly [1-3] which have 

wide applications [4-6]. Many sensor designations are based on the change of optical 

response of nanoparticles in the presence of protein or DNA targets [7-10]. Adding 

biomolecules in nanoparticle solution would cause the change of the surrounding refractive 

index [11], nanoparticles surface charge [12] and the aggregation state of nanoparticles [13] 

that resulted in particle optical properties shifting. These changes could use to analyze the 

concentration [14], component [15] and conformational [16] properties of biomolecules.  

 

To study the behavior of nanoparticles in the presence of biomolecules, the first 

step is to understand how to immobilize those biomolecules on the surface of nanoparticles. 

Biomolecules adsorbed on nanoparticles through physical and chemical interactions (Table 

3.1) [17]. Physical interactions include hydrodynamic, electrodynamic, electrostatic and 

other non-covalent interactions. For chemical interaction, nanoparticles can react with the 

function group on biomolecules and form chemical [18] [19] or semi-chemical bonds [20] [21], 

such as gold nanoparticles interact with the cysteine residue [22] through chemisorption 

between Au and –SH. 
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Table 3.1: Main force governing the interfacial interactions between nanomaterials and 

biological system[11] 

 

 

When protein was adsorbed on gold nanoparticles, both physical and chemical 

interaction helped biomolecules fixed on nanoparticles. But chemical adsorptions were 

more resist to the surrounding changes, such as the solvent replaced, protein denatured, or 

the solution pH changed. A deeper view was on the chemical interaction between protein 

and gold nanoparticles. 

           

Thioune et al had studied different effects on gold nanorods when different proteins 

were adsorbed on their surfaces [23]. They used different proteins to study their interactions 

with three different sizes of nanorods and characterized their behavior using local surface 

plasmon resonance (LSPR) spectroscopy. When proteins adsorbed on nanorods, the LSPR 

peak of those particles was shifted. Interestingly they found that the level of shifting upon 
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protein absorption was not related to protein molecule weight but to their isoelectric point 

and the amount of cysteine residues of proteins. Proteins of different isoelectric points 

could take different charge signs at certain condition that attractor repulse nanorods in 

solution.  The sulfhydryl group of cysteine residues formed Au-S bonds to immobilize 

proteins on gold nanorods. Figure 3.1 showed the literature result of UV-vis absorbance 

spectra of nanorods when different concentrations of ovalbumin(c) or BSA(d) were added 

in a pH=7 solution. 

 

Figure 3.1: The absorbance of gold nanorod in the presence of ovalbumin (left), and BSA 

(right) at different concentration. The solid curve was the experiment absorbance, and the 

dash line was the simulated result. For the specific concentration of protein that simulated, 

two different situations were calculated: only protein adsorption happened (short 

wavelength peak) and only nanorod aggregation happened (long wavelength peak). 

Modified from literature [23]. 

           

Ovalbumin and BSA had quite closed isoelectric points (4.6 and 4.7, respectively), 

but it was clear that particles aggregate under a much low concentration of BSA, mostly 



65 
 

because BSA has two exposed cysteine residues whereas ovalbumin has only one exposed 

cysteine from their structure analysis [23] .  

           

The change in protein conformation on nanoparticles also causes shift of particles 

chiral signals. Slocik et al have reported the study of chiral properties of peptide 

functionalized gold nanoparticles [24]. Particle itself didn’t show chiral signals in the CD 

spectrum but after immobilization of two different chiral peptides of the CD spectra of gold 

nanoparticles showed clear chiral signals (Figure 3.2). This observation confirmed that 

chiral chemical coating is sufficient to impose CD signals, even to symmetric nanoparticles. 

In addition, the position of the CD signal and its intensity depends heavily on the nature of 

the immobilized molecule structure. In other words, by monitoring the chiral signals of 

nanoparticles generated after protein immobilization it is possible to deduce the 

conformation of protein absorbed.  Most studies reported so far, however, were conducted 

from ensemble measurements [25] [26]. To understand how individual biomolecule behaves 

upon attachment, a single particle CD detection method is needed.  
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Figure 3.2: The CD spectrum of gold nanorod that immobilized with different structure 

peptides. The SPR range of gold nanorod was between 400-600nm. [24] 

         

          Urea and guanidine hydrochloride denaturation are a widely used mild method to 

alter proteins conformation structure [33]. These two molecules are rich of amino group that 

are easy to form hydrogen bond. The principle of urea and guanidine hydrochloride to 

denature protein is that they could form new hydrogen bond with amino acid to break the 

hydrogen bond inside proteins structure to destroy its three dimension structure [34]. For 

different protein structure, urea and guanidine denaturation effect was different [35]. 

Tihonov et al reported the use of urea and guanidine hydrochloride to denature lysozyme 

[36]. He found that guanidine hydrochloride could partly unfold lysozyme secondary 

structure while urea didn’t influence lysozyme secondary much but it could change 

lysozyme’s tertiary structure. Lysozyme surface tension measurement showed that        
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urea-lysozyme interaction was quite fast within 1 hour at high urea concentration (8M). 

The result was showed in Figure 3.3.  

 

Figure 3.3: Kinetic dependencies of the dynamic surface tension of lysozyme at different 

urea concentration. 2 (black squares), 4 (red circles), 6 (green diamonds), 8 M (blue 

hexagons) [36] 

 

In this chapter, I attempted to study the conformational change of lysozyme on a 

single metallic particle by taking advantage of strong CD signature of the micron-sized 

gold nanorods. Using the same correlation technology of SEM and Darkfield microscopy, 

I examined of the optical responses resulted from lysozyme-gold nanorod interaction. CD 

spectrum, 3D CD image, nanorod CD image was proceeded to look for the slightly signal 

variations.  
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3.2 Experimental Section: 

3.2.1: Material: 

Big gold nanorod was synthesized as talked in Chapter 2. ITO coverslip was 

purchased from SPI Supplies. Lysozyme and urea was ordered from Sigma-Aldrich. 

 

3.2.2: Instrument 

An upright Nikon Eclipse 80i microscope was used for dark-field imaging from 

collaborating group, Gufeng Wang’s lab. Nanoparticle scattering spectrum was collected 

by an NA-adjustable (0.7 - 1.25) 100× dark-field objective. The images were acquired by 

an Andor iXon 897 camera (512 × 512 imaging array, 16 μm pixel size) [27]. SEM images 

were taken under FEI Company’s Verios 460 instrument. Home-written Matlab programs 

and imageJ software was used for data analysis. 

 

3.2.3: Experiment details. 

In experiments, I immobilized lysozyme as the biomolecule on gold nanorod to see 

how it affect the scattering and CD spectrum. The reason to choose lysozyme was because 

it has exposed cysteine groups [23] to chemically immobilized on gold nanorod tightly, and 

it only have one exposed cysteine group so that all chemically bonded lysozyme would 

have the same space conformation on nanorod surface to maintain the consistence of all 

those lysozymes. Also urea could cause its conformation change at short time interaction. 
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3.2.3.1: SEM: 

Sample preparation: an ITO glass coverslip was first soaked in a piranha solution 

for 30min, then washed by DI water. The substrate was then blown dry by nitrogen gas. A 

small drop of nanorod solution containing about 300 particles was then added to the clean 

ITO glass coverslip.  The solvent evaporated after 20 mins and the coverslip was taped to 

the SEM sample stage with a conductive tape before loading into the SEM chamber for 

further characterization.   

SEM experiment: ITO glass was placed into the SEM instrument, the voltage was 

on 5.00KV, current was on 25pA and bias was at 1000V for the best resolution. Images 

was taken in immersion mode by Through the Lens Detector (TLD) on two magnitude. On 

64980x magnitude was to look at fine nanorod’s fine structure and 1060x magnitude was 

to see its relative position to other particles. 

 

3.2.3.2 Darkfield instrument: 

After sample on ITO glass was watched under SEM instrument, this glass was 

placed in a floating cell filled with DI water for watching under darkfield microscope.  A 

7-step procedure was taken in all protein-related experiments. Specifically, 

 Step 1: after finding the same nanoparticles as under the SEM image, the 

scattering spectra under left circular polarized light and right circular light were 

measured; 
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 Step 2: 8M urea solution was added to replace the DI water for 20mins and the 

scattering spectra under left circular polarized light and right circular light were 

measured;  

 Step 3: the urea solution was washed by DI water for 30 mins and fresh water 

was added back to the flow cell, and scattering spectra under left circular 

polarized light and right circular light were measured; 

 Step 4: 2% lysozyme solution was added to replace water, and scattering spectra 

under left circular polarized light and right circular light were measured after 

40 mins incubation; 

 Step 5: the lysozyme solution was remove by DI water and washed several 

times, fresh water was added and scattering spectra under left circular polarized 

light and right circular light were measured after for 40 mins; 

 Step 6: 8M urea was added in floating cell again to denature protein adsorbed 

for 40min and scattering spectra under left circular polarized light and right 

circular light were measured; 

 Step 7: the urea solution was replaced again by water; the flow cell was rinsed 

several times to remove any described protein and to let lysozyme recover; and 

scattering spectra under left circular polarized light and right circular light were 

measured after 40min incubation. 

All steps #s referred in the Results and Discussion section followed the order listed 

above.  
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3.3 Result and discussion. 

3.3.1: The scattering and CD spectrum of nanoparticle. 

Figure 3.4 shows the representative CD spectrum of an Au nanorod with a gap in 

the middle. As described in chapter 2, a clear CD peak is seen in the 550nm-650nm region 

Figure 3.4: A SEM image of nanorod and its CD spectrum in different experiment step. 

 

Each particle was then exposed to 8M urea (step 2), then washed by DI water (step 

3), then exposed to 2% lysozyme solution (step 4), then washed with DI water again (step 

5), then exposed to 8M urea again (step 6), then washed by DI water finally (step 7). Several 

major observations, as expected: 1) the primary chiral signal remained, despite of changes 

in the chemical environment; 2) largest changes were observed when the particle was in 8-

M urea solution as the largest reflective index change was expected under this condition 

(the refractive index is 1.40 for 8M urea [28], 1.34 for 2% lysozyme[29], and 1.33 for water); 

3) noticeable CD peak shift upon lysozyme absorption but with little change in peak 

intensity; and 4) a negligible change observed after lysozyme was denatured (after the 2nd 

urea exposure). The lack of detection of lysozyme denaturation on a particle was not 
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surprising, and could due to several reasons. For example, Chakraborti et al have studied 

the conformational change of lysozyme on ZnO nanoparticles by adding urea and 

guanidine hydrochloride to denature protein [30]. They found that binding on nanoparticles 

would help protein to retain their secondary structures and still have their enzymatic 

activities even high concentration urea and guanidine hydrochloride was added in solution. 

In addition, the CD signal change caused by protein denaturation could be too weak in 

comparison to the inherent CD signal of the particle therefore lack of appreciable change 

in the overall spectrum.      

 

To consider the arbitrary fluctuation during measurements, Figure 3.5 showed the 

delta CD spectra of a particle and the 95% measurement confidence limit based on 

measurement error bars. 

 

Figure 3.5: CD spectrum of nanorod in different experiment with calculated standard 

deviation. 
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When the measurement errors were taken into consideration, it was difficult to say 

with high confidence that the CD spectra of the particle before and after lysozyme 

immobilization exhibited significant difference, this was because that whole spectrum 

within 400nm to 800nm had include the regions where particle chiral signal wasn’t 

sensitive under this wavelength light incident. To better discovered chiral signal change 

when lysozyme was adsorbed and denatured on nanorod, I focused on the most sensitive 

wavelength. In Figure 3.6 it was the position of peak between 550-600nm and 600-650nm 

of nanorod in the 7 experimental steps.  

 

 

 

 

 

Figure 3.6: The plots of the shifting of two CD peaks as a function of different experiment 

steps. 
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In this figure, we were comparing the shift of peaks of the CD spectrum of particle 

in different conditions. If we looking at the peak between 550nm-600nm, at step 1, particle 

was on an ITO glass that was placed in a floating cell in water. In step 2 eight moles/L urea 

was added in the floating cell that increased the solution refractive index from 1.33 to 1.4, 

cause the significant peak shifting from 580.0 nm to 591.3 nm. Then urea was washed by 

water in step 3 and CD peak position went back to 580.2nm almost same as the value in 

step 1. In step 4 lysozyme solution was added in the floating cell and the CD peak was 

shifted to 585.6nm, that significantly different from the value in step 3. But the reason 

could be either the increased refractive index or the lysozyme adsorption on nanorod. In 

step 5 lysozyme solution was washed by water, so the solution lysozyme was all removed 

and only those adsorbed on nanorod was left. This time the peak position was similar as 

step 4 but significant different from step3, this means that the lysozyme adsorption on 

nanorod could cause the nanorod CD spectrum shifting, which indicate that the big 

biomolecule adsorption could cause the change of nanorod itself chiral properties [24]. In 

step 6 the urea was added again to denature lysozyme on nanoparticles, the big CD peak 

shifting compared with step 5 was because of the solution refractive index change. 

Interestingly, in peak position in step 6 was significantly different from the position in step 

2 though the solution was both 8M urea solution, this was probably because that in step 5 

there already have lysozyme adsorbed on nanorod while not in step2. In step 7 urea was 

removed again by water. Here was wanted to see whether the conformation change of 

lysozyme could change the nanorod chiral signal change. However, the CD peak in step 7 

was not significant different from the data in step5, which showed that our experiment 

condition couldn’t differentiate the effect of lysozyme conformation change on its adsorbed 
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big nanorod in CD spectrum measurement. It probably because of the chiral signal of 

nanorod was too strong and the environment change caused by protein denaturation was 

too weak that lead to the not obvious CD peak shift. Also the sensitivity for CD spectrum 

wasn’t strong enough to differentiate the slightly chiral signal change. 

  

In the figure of CD peak position between 600-650nm of nanorod, the result was a 

little bit different. In step 2 and step 6 it still has a big chiral signal shifting, but the CD 

peak position in step3, 4, 5 didn’t have significant difference now. This was because that 

the peak between 600-650nm was weaker than peak between 550-600nm. So the change 

from lysozyme adsorption was smaller and not significant at this time. This also showed 

that the inadequate change caused by the lysozyme on this big gold nanorod. 

 

I also looked at the peak intensity change of particle CD spectrum under different 

experiment step. In Figure 3.7 it showed the intensity change of peaks between 550-600nm 

and 600-650nm. From the figure, it could be found that for CD peak between 600-650nm, 

there was no significant intensity change even particle was in urea solution (step 2 and 6), 

while in Figure 3.6 it showed this peak position shift when particle environment was 

changed from water to urea solution. But for peak between 550-600nm, as the solution was 

changed from water to urea, both peak position and intensity had significant changed. This 

different effect revealed the complex interaction of urea to big nanorod. Besides, the CD 

peak intensity change didn’t show the effect of protein adsorption and denaturation on 

particle surface. As proteins was adsorbed on nanoparticles, no significant change 
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happened for both peak when compared the spectrum of nanoparticle in step 5 and 3. It 

was similar for protein denaturation as compared 7 and 3. A paired T test was done to prove 

the conclusion. Peak measurement value of particle under step3, 5, 7 and their difference 

was showed in Table 3.2. T value for intensity difference between step 5 and 3 was 0.11, 

and T value was 1.7 for difference between step 7 and 3. They were all smaller than two 

tail T table value 2.776 when df=4 and confidence was 0.95. No intensity difference when 

lysozyme adsorbed and denatured on nanoparticle was because that my particles was so 

much large than adsorbed proteins so their adsorption couldn’t affect particles intensity, or 

the reason could be that protein adsorption and denaturation only affect the CD peak 

position but not intensity.   

 

Figure 3.7: Peak intensity change of particle’s CD spectrum in different experiment step. 
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Table 3.2: compare the peak intensity of particle under 550-600nm light between step 3&5 

and3&7.  

 

3.3.2: 3D CD image of nanorod 

From the CD spectrum, the signal shift as lysozyme absorption and denaturation 

was hard to detect. To eliminate the irrelevant information, I moved on to analyze the 3D 

CD image of nanorod. As talk in Chapter 2, 3D CD image could differentiate the CD signal 

on vertical direction of nanorod. This nanoparticle’s 3D CD image was in Figure 3.8. 

 

Figure 3.8: A 3D CD spectrum and relative CD curve of nanorod in water. X axis was the 

wavelength (nm) and Y axis on the left was the intensity of the CD curve, Y axis on the 

right was the relative position to nanorod center on vertical direction (pixel). Color bar 

showed the intensity of the 3D CD spectrum. 
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In Figure 3.8 we could see the 3D CD image of nanorod in water (step 1), the 

bottom part of image(580-670nm) had a red color while the top part(550-670nm) was in 

blue color. It meant that bottom of nanoparticle would scatter more left than right circular 

polarized light, and the top of nanorod was opposite. This could due to the shape on the top 

and bottom was different as showed in the SEM image of the nanoparticle (Figure 3.4). 

For the CD curve showed in Figure 3.8, it reflected the combined action of the top and 

bottom part of nanorod to left and right circular polarized light. For top part, it had a broad 

spectrum from 550-670nm but relative weak intensity. For the bottom part, it had a narrow 

spectrum between 580-670nm with a strong intensity. That caused the negative peak 

between 550-600nm and positive peak between 600-650nm. So the CD peak in Figure 3.5 

around 585nm was caused by the top of nanorod, while peak around 625nm was the 

combination effect of top and bottom part of nanorod. 

           

To further compare significant difference of the 3D CD image in different 

experiment conditions, we did the paired T test to compare the significant difference 

between each steps. In Figure 3.9 it showed the T test result of the 3D CD image of 

nanoparticle particles in water (step 1) and in urea (step 2). The yellow color meant that 

the CD value in step 2 was significant higher than in step 1, the blue color represents the 

area that the CD value in step 2 was significant lower than in step 1, and the green color 

means there was no significant difference in this area. 
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Figure 3.9: Graphs A and B are the 3D CD images of nanorod in step1 and step2 that in 

water and urea respectively. X axis was the wavelength (nm) and Y axis was the vertical 

position (pixel). Inset curve was the corresponded CD spectrum. Graph C is the 3D CD 

difference by signal in step2 subtract signal in step 1. For area with no significant difference, 

the value was set as zero. D was the CD spectrum of particle in step1 and step 2. The error 

bar was the standard error. 

 

In CD spectrum (D in Figure 3.9) it could be found that the CD spectrum of nanorod 

in water and urea was quite different between 570nm to 670nm. Within 570 to 620nm, the 

average CD spectrum in urea was significant smaller than spectrum in water. And between 
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620 to 670nm, the average CD spectrum in urea was higher than in water. CD Peak position 

in urea was red shift compared with peak in water. In 3D CD image, more detail 

information had revealed. When 8M urea solution was added in the floating cell to replace 

water around the particles, the increased refractive index affected the chiral signal of 

nanoparticles. For top part of nanorod, it significant expanded and enhanced blue area that 

had negative CD value. For the bottom part nanorod, it slightly intense the signal with red 

shift to higher wavelength. The different effect of urea to top and bottom part of nanorod 

cause the three major difference of particle 3D CD map in water and urea (Part C in Figure 

3.9): near to bottom the negative change between 590-620nm wavelength and positive 

change between 630nm-700nm were mainly caused by the red area shifting, and negative 

change on the top 630-700nm was driven from the intensity increased. This also explained 

the CD spectrum difference why peak intensity between 550-600nm there was significant 

increase after adding urea, and for peak between 600-650nm peak intensity was not much 

change. The CD spectrum was the combined result of the top and bottom part of nanorod. 

Since the top turned to deeper blue, and bottom spectrum was slightly red shift, the peak 

between 550-600nm in CD spectrum turned to more negative and the peak between 600-

650 nm was obviously red shift but intensity was the sum of top and bottom part that not 

significant changed. 

 

I also did other T test for nanorod in protein environment as showed in Figure 3.10. 

When 2% lysozyme was adding in the floating cell to replace water, the refractive index 

was changed from 1.33 to 1.34 [29], while when 8M urea replace water, the refractive index 

was changed from 1.33 to 1.40 [28]. So it could be speculated that the change when adding 
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lysozyme on protein would be much less than adding urea. And the CD spectrum in part D 

of Figure 3.10 proved this suggest. When lysozyme was added in solution, the result CD 

spectrum didn’t show any significant difference. But the 3D CD map (Part C in Figure 3.10) 

still showed the change of particle in lysozyme compared with water at top and bottom part 

of nanorod, though the signal change was much weaker compare the difference of particle 

in urea and water. It was reasonable that the refractive change of particle in water and 

lysozyme solution was much little.  

 

Figure 3.10: Graphs A and B are the 3D CD spectrum of nanorod in step1 and step4 that 

in water and lysozyme respectively. X axis was the wavelength (nm) and Y axis was the 

relative position on vertical direction (pixel). Graph C is the CD difference by signal in 

step4 subtract signal in step 1. If no significant difference, result was set as zero. D was the 

CD spectrum of particle in step1 and step 4. The error bar was the standard error. 
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Since we are interested in the conformation change of protein on nanorod before 

and after lysozyme denaturation, I also analyze the 3D CD signal change of the data in step 

5 and step 7. The result was showed in Figure 3.11. From the 2D spectrum, it could be 

found that there was no significant difference before and after lysozyme denaturation. And 

in 3D CD map the CD difference between step 5 and step7 was only significant on discrete 

point at widely disperse area, which means that there was no obvious trend that after 

denature the lysozyme on protein, the 3D CD image signal didn’t have big difference. The 

reason was also because that the nanorod was too large sensitivity was not big enough to 

by 3D CD spectrum measurement. So it was hard for us to obtain the conformation 

information of lysozyme on the nanoparticle.  

 

Figure 3.11: 2D and 3D CD signal of lysozyme before and after denaturation. Both in 

step5 and step7 the particle was in water. X axis was the wavelength (nm) and Y axis was 

the relative position (pixel). 
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3.3.3: Nanorod CD image 

Because CD spectrum and 3D CD image didn’t give off much information, to find 

the chiral signal change when lysozyme was absorbed and denatured on nanorod, I moved 

on the focus to nanorod CD image detection as talked in Chapter 2. When light was 

scattering by nanoparticles and diffracted by grating, the zero-order diffraction showed 

nanoparticles image and first order diffraction showed particles scattering spectrum [31]. 

Since light intensity in zero order diffraction was much stronger than first order, it was 

expected that nanorod CD signal intensity change caused by protein absorption and 

denaturation would be much more obvious in nanorod CD image than 3D CD image. 

Figure 3.12 showed nanorod image of particle in water under left circular polarized light 

and its nanorod CD image.  

Figure 3.12: A, nanorod image under left circular polarized light. B, nanorod CD image 

by nanorod image under left circular polarized light subtracted nanorod image under right 

polarized light. X, Y axis showed its position.  The scale column was the intensity of 

scattering light.  

           

A B 
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Part A of Figure 3.12 exhibited the rod structure of nanorod under darkfield 

microscope proved that my particle was big enough to differentiate its actual shape. Part B 

showed the difference of nanorod image under left and right circular polarized light. This 

figure showed this particle had three separate part with different chiral signal, which was 

accordance to 3D CD spectrum result when nanorod was in water solution as showed in 

Figure 3.8 (one part intensity was quite weak in 3D CD image as showed in followed 

paragraph).  

           

 To further compared the nanorod CD image and its corresponded 3D CD image. I 

aligned these two figure together (Figure 3.13) and their relative position at the same 

relative position as what showed in darkfield images.  Nanorod was put on the right, 

spectrum was on the left and the wavelength was from 800nm to 200nm as getting closed 

to nanorod. In Figure 3.13, each chiral area in nanorod CD image had its correspondent 

chiral signal in the 3D CD spectrum. 

 

Figure 3.13: A, nanorod 3D CD spectrum. B, nanorod CD image. Circle showed the area 

that had relative strong CD response in both figures. Area “3” in “A” had not obvious pale 

blue color. 
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When look at the intensity of A&B in Figure 3.13, nanorod CD image was about 

seven times than the 3D CD spectrum, indicate its stronger signal change when lysozyme 

absorbed and denatured. I compared the difference of nanorod CD image in experiment 

step 1 (nanorod in water) and step 3 (after adding urea), step1 and step 5 (after adding 

lysozyme), step1 and step7 (after lysozyme denatured) to observe the chiral effect of 

protein absorption and denaturation on nanorod. In all those steps particle was in water 

surroundings so their difference would be caused by lysozyme behavior on nanorod. Result 

was showed in Figure 3.14. 

 

 

 

 

Figure 3.14: nanorod CD images of difference between step3&1(A), step5&1(B) and 

step7&1(C). Data was the average of five measurement and the area with no significant 

difference was set as zero. 

 

In Figure 3.14, the result showed that nanorod CD image had not much difference 

between step 3&1, there only had some discrete blue point in the whole figure. However, 

a large area turned to part B of Figure3.14, showing the significant difference between step 

A: CD image difference in Step 3&1 B: difference in Step 5&1 C: difference in Step 7&1 
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5 & 1 as lysozyme was absorbed on nanorod. After lysozyme was denatured by urea, that 

difference was mostly disappeared showed in part C of Figure 3.14. Those phenomena 

were because in step3&1, nanorod was in water with no chiral chemicals absorption, so 

there was not much difference in nanorod CD images. However when lysozyme was 

absorbed on nanorod, there chiral structure would alter the local charity that changing 

nanorod response to circular polarized light, lead to the significant difference in nanorod 

CD images. But as lysozyme was denatured by urea, its secondary and tertiary structures 

would decompose to random coil that dramatically decrease its chirality [32] so lysozyme 

chiral effect on nanorod was disappeared. The nanorod CD image results proved that signal 

particle could detect the conformational change of protein on nanorod. Absorbed lysozyme 

could cause the chiral signal change of asymmetric nanorod, however when it was 

denatured and lost its chirality, its affect to nanorod chiral properties was significant 

decreased.  

 

In conclusion, I looked at the behavior of nanorod as when lysozyme was adsorbed 

and induced conformational change occurred. As expected, the scattering spectra and CD 

signal of a particle changed significant when the solution refractive index changed 

dramatically. The CD spectrum showed weak but nevertheless appreciable change in the 

CD peak position when lysozyme was adsorbed onto a nanorod particle. But little change 

was observed after lysozyme was exposed to high concentration of urea. When looking at 

the 3D CD images, we would able to see the significant difference as nanorod in different 

refractive index solutions. Those 3D CD signal revealed the different part of nanoparticles 

had different respond to circular polarized light. However before and after lysozyme 
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denaturation there was no obvious trend. In contrast, nanorod CD image revealed the chiral 

signal change as lysozyme absorbed and denatured nanorod. Those results showed that as 

lysozyme absorption significant change chiral properties of nanorod, and those changes 

were disappeared as lysozyme was denatured. 

 

Though the big nanorod could revealed the conformation change as protein 

adsorbed and denatured on it, but those signals were still too weak and couldn’t obtain the 

spectrum information. This was partially due to the large size of the nanoparticle used 

whose inherent CD response was too strong and overshadowed any minute CD changes 

from conformational changes of local adsorbance, which led to the follow up work on 

examining the use of smaller particles for protein conformational analysis.  
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Chapter 4: Small Bimetallic Nanorods and Their Interaction with Biomolecules 

 

4.1: Introduction:  

4.1.1: Cubic dimers for asymmetric assembly of chiral nanoclusters: 

In chapter 2 and chapter 3, I had studied the chiral properties of gapped large gold 

nanorods at the size of 700nm x 350nm and their interaction with biomolecules. Although 

the nanorod itself exhibits intense SPR and CD peaks, attached biomolecules the signal 

change from the folding and unfolding of protein molecules was relative small.  We were 

concerned that strong inherent optical signature of nanorods overshadows any optical 

changes caused by denaturation. We therefore decided to examine smaller nanoparticles 

and the corresponding signal change during protein adsorption.           

Smaller nanoparticles were mainly synthesized by wet chemistry [1-3], which were 

found to be difficult to introduce asymmetry in particle structure because of isotropic 

growth, but they could form asymmetric clusters by assembling[4-6], as shown in Chapter 

1. To control the particle assembly, cubic shape was chosen intentionally as they were easy 

to form dimers [7]. Slight offset of two particles could lead to asymmetric dimers. Ample 

literature reports exist on the synthesis of gold [8-10], silver[11], palladium[12], copper[13] and 

other single metal or alloy cubic structures[14]. Palladium-Silver coreshell structures were 

chosen as the desired particles for their surface plasmon resonance peak position and for 

their easily manipulatable structures. Zeng et al studied the growth of silver on cubic 

palladium seeds [15]. They found that if silver cations were added slowly into the Pd seed 

solution, silver would preferably grow on one particular face {100} of Pd cubic first and 



94 
 

form a hetero-dimeric structure. However if silver was added fast, silver atoms would grow 

on all six facets of the Pd seed and a coreshell cubic structure with rounded corner would 

be formed. By controlling the total amount of Ag+ and its dropping rate into the Pd seeds 

solution, it can easily control the particle structure of the final Pd-Ag bimetallic 

nanoparticle as showed in Figure 4.1.  

 

 

 

 

 

Figure 4.1: different Pd-Ag bimetallic nanoparticles, (b) slow adding silver cations or (h) 

fast adding the same solution. [15] 

 

For palladium-silver bimetallic nanoparticles, their UV-Vis spectrum showed that 

the surface plasmon resonance peak of Ag was around 400nm and it slightly varied as the 

growth of Ag on the particles improved (Figure 4.2) [16]. For coreshell particle its extinction 

spectrum was around 380nm which was invisible by naked eye under darkfield microscope. 

However when single nanoparticle assembled to dimer, trimer or other cluster structures, 
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their resonance peak would be red shift [17][18],  starting to appear to naked eyes and under 

microscope. The red-shift of SPR signature peaks were easily modulated for Pd-Ag 

coreshell particles. 

 

Figure 4.2: Extinction spectra of different structure Pd-Ag bimetallic nanoparticles.[16] 

 

Nanoparticle’s extinction spectrum is driven from its local surface plasmon 

resonance (LSPR) under light irradiation [19]. In particular, when light irradiated on metal 

surface, part of the electromagnetic wave would propagate on the metal surface as an 

evanescent wave, also light incident from a dielectric media to flat metal surface could 

induce localized electron oscillation [20].  When evanescent wave was resonant with the 

electron oscillation, energy of the light would transfer to electrons which resulted in strong 

electric field on metal surface, this phenomenon was called surface plasmon resonance. 

For nanoparticles that size was much smaller than the incident light, when SPR occurred 

their free electrons oscillate in a confined space that result in different resonance, called as 

localized surface plasmon resonance (LSPR) (Figure 4.3) [19]. LSPR can highly enhanced 

the local electromagnetic field on a nanoparticle surface, but it dissipates exponentially 
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when far away from the surface. Since oscillating electrons are limited in a small surface, 

the size[21], shape[22], and the composition [23] of nanoparticles highly affect the position of 

the resonance peak of LSPR; silver and gold are known exhibit a strong LSPR response in 

the visible region that are amenable for various applications [24]. 

 

Figure 4.3: Local surface plasmon resonance of metal nanoparticle.[19] 

 

The reason why I moved from big nanorod (700x350nm) to small nanoparticles 

(about 30nm) was because small nanoparticles had large surface to volume ratio. For the 

same amount of metal materials some particle would cause stronger LSPR and absorbed 

more biomolecules. When chemical species adsorbed on nanoparticles it could change the 

surrounding refractive index of a particle that leads to shifting of its original extinction or 

scattering spectrum [25]. This phenomenon had been widely used to analyze different 

protein adsorption behaviors on nanoparticles. Single particle imaging had also been 

reportedly used to study the protein adsorption under high resolution microscope. For 

example, Ament et al reported monitoring of the adsorption of a single protein molecule 
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on gold nanoparticle by an improved plasmon spectroscopy (Figure 4.4) [26]. When protein 

molecules were adsorbed on nanoparticles, they would shift the scattering spectrum of gold 

nanorod. With an increased instrument sensitivity, this technique could be used to reach 

the single protein adsorption detection on single nanoparticle. By monitoring the scattering 

spectrum change with time as protein was introduced, this instrument could also record 

proteins Brownian dynamics.  

 

Figure 4.4: single nanorod study of protein adsorption [26]. 

 

Since single small nanoparticles was sensitive enough to detect biomolecule 

absorption, I hope to utilize their sensitivity to monitorthe chiral signal change as lysozyme 

absorption and denaturation on nanoparticle. Many articles had talked about using 

nanoparticles chiral properties for biomolecule sensing applications [27][28][29], but few had 

studied the conformation change of biomolecule on single nanoparticles. In this chapter, 
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I’ll to use Pd-Ag bimetallic nanoparticles to study protein conformation change on it by 

experiment and simulation.  

 

4.1.2: FDTD simulation of complex nanostructures: 

I also used FDTD simulation to simulate the optical outcomes of nanoparticles. 

Since the FDTD simulation would be widely used in this and following chapters, I would 

like to talk about the basic principle of FDTD simulations. 

           

Finite-Difference Time domain (FDTD) method is an approximate solution to 

simulate electrodynamics. This numerical technique was first put forward by Kane Yee in 

1966 to solve Maxwell equations on grids staggered in space and time [30][31]. Since then, 

much follow-up research has been carried out to optimize this method and now it is one of 

the most popular ways to solve complicate electromagnetic problems and is widely used to 

simulate EM fields surrounding of nanophotonics [32], particle scattering [33], nonlinear 

optics[34], light emitting diode[35] and many other calculations[36]. 

           

Directly solving Maxwell equations in a complex situation is difficult to achieve 

since it need to solve four second-order differential equations. To simplify the calculation 

processes, FDTD simulation uses finite, discrete difference quotient equations to 

approximate the continuous differential equations. For example, if there is a function f(x) 
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which is a continuous function for x and at x=x0, f(x)=f(x0). Assuming h is a tiny small 

positive value, based on Taylor series expansions f(x0+h) and f(x0-h) would be:  
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If h was small enough, O(h2)≈0, we can get 
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��(�)

��
|x=x0 is the derivative of function f(x) at x=x0, and 

�(����)��(����)

��
 is the central 

difference of function f(x) at x=x0. When h was small enough, central difference would 

provide a closed approximate for function’s derivative. This is the key principle of FDTD 

method that using central difference to replace derivative to build difference quotient 
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equations based on Maxwell equations. In this way solving the differential equations in a 

certain space and time was replaced to finite difference quotient equations with a minimum 

unit in space and time [37].  

 

To build the difference quotient equation, it need to switch the continuous variate 

into discrete variate. Within electrodynamics, the variate was the electric field 
�
→  and 

magnetic field 
�
→ , they are all 3 dimensional vector Ex, Ey, Ez and Hx, Hy, Hz on X,Y,Z 

axis and changed with time. Instead of calculate full vector 
�
→ and 

�
→, people use a 3 

dimensional grid to divide the needed space and only calculate the electric field or magnetic 

field on grid node[31]. So the continuous vector 
�
→ and 

�
→ in whole space calculation was 

replace to finite discrete grid node point E or H field calculation. But it doesn’t need to 

calculate all component of 
�
→ and 

�
→ on each grid node for approximate simulation. Per 

Maxwell Equations, Yee proposed a grid called The Yee Cell to reasonably divide the 

space into finite grid node with finite variate that simplified calculation and afforded good 

accuracy to solve Maxwell Equations as showed in Figure 4.5. 
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Figure 4.5: Yee cell in FDTD method [38]. 

 

The feature for Yee cell is that every magnetic field component was surrounded by 

electric field component, and the electric field was also surrounded by magnetic field. 

What’s more, the direction of the electric field/magnetic field was vertical to its surrounded 

magnetic field/ electric field. This distribution obeys the basic law of Ampere circuital 

theorem and Faraday law of electromagnetic induction that varied electric field caused 

magnetic field, varied magnetic field caused the electric field, and the two field was vertical 

to each other. Because its follow the physical principle, Yee Cell would be suitable to 

simulate the spread of electromagnetic field and its interaction with objects for further 

calculations [39]. 
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After divide the space by Yee Cell, the next step is to rewrite the Maxwell equation 

from differential form into finite difference form [39]. In Maxwell equation,  

∇ ∙ D = ρ ,    

∇ ∙ B = 0 , 

 ∇ X E = −
��

��
   

 ∇ X H =
��

��
+ �, and D=εE, B = μH, J = σE.                                                                    (7) 

           

D and B are the electric and magnetic flux densities, E and H are the electric and 

magnetic field intensities. � is the volume charge density, � is the electric current density, 

t is time, ε is the permittivity, μ is the permeability and σ is the conductivity of the material. 

The key difficulty to solve the equations was to calculate the two curl equations. To simple 

the discussion, assuming parameters ε, μ, σ was a constant to time and space, so we get:  

∇ X E = −μ
��

��
, 

∇ X H = ε
��

��
+ σE.                                                                                                                (8) 

Since both E and H was a 3-dimension vector, so  

E=axEx + ayEy + azEz, H=cxHx+cyHy+czHz,                                                               (9)                                                                       

We can get the equations for each component of E and H:  
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Since the space was divided like Yee cell, assuming the minimum distance between 

the grid node on x, y, z axis was Δx, Δy, Δz, and the minimum time for light pass through 

this distance is Δt, for equation 
���

��
 = 

�

�
 (
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−

���

��
− ���x), when we convert it to an 

approximate finite difference form, consider light was propagate from No. N-1 grid node 

to No. N node point on x axis, we can get the equation on point N would be: 
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And the total approximate equation was: 
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          It is similar to convert the differential form into difference quotient equations for 

other components, Ey, Ez, Hx, Hy, and Hz. From the equation of Ex, we can see that at 

point ‘n’, Ex was only determined by it surrounded magnetic field and Ex at point ‘n-1’.  

Similarly for Ey, Ez, Hx, Hy, and Hz, when dealt by the FDTD method, those 

electric/magnetic variates are only affected by the surrounding magnetic/electric field and 

the same component electric/magnetic value on last grid node. With given starting and 

boundary conditions, one would be able to calculate the electric and magnetic field on any 

grid node at any time by FDTD method. 

 

The parameters in Maxwell equations, such as  μ, σ  in the difference quotient 

equations could also be used to represent the function of space position. For example, in 

an anisotropic media or at the interface of different materials, at different positions the 

parameters, such as �, would be different.  Ones just needs to replace the constant � with a 

function �(x, y,z) and the rest calculation would be similar. This feature enables FDTD to 

be broadly used to address many complex situations. 

            

In general, FDTD simulation is a versatile modeling technique [40] to directly 

calculate the electric field and magnetic field in the system by dividing space and time in 

finite units., It has been applied to solve many complicated systems and has been used 

directly to obtain the information about electromagnetic field movement. FDTD is 

relatively accurate, robust, simple, and can handle impulse light and nonlinear optics [30].  

The dependence on the use of the mesh grid however limits its approximation to the actual 
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system where smaller the unit used would lead to a closer approximate calculation obtained, 

which translated to large computational domain and long calculation time. In addition, this 

simulation neglect the O(h2) part in previous equations, so it need to require some special 

conditions such as the minimum time length(Δt) in FDTD should obey the equation Δt 

≤
�

�(��
�

∆�
�

�
��

�

∆�
�

�
� �

�

∆�
�

�
  , ′�′ is the speed of light and Δx, Δy, Δz was the minimum grid 

distance in X, Y, Z axis[39], otherwise the finite difference equation couldn’t replace the 

differential equations to get a convergent result. 

           

A commercial software package, FDTD solutions from Lumerical Solutions Inc, 

was used in my studies.  It provides a convenient tool to simulate the scattering spectrum 

of nanoparticles and the electromagnetic field distribution surround particles. A standard 

simulation procedure provided by the vendor was used to model nanoparticles and 

calculate their behavior under different polarized lights [41].  Specifically, for each 

calculation, I built a nanoparticle model, set up the light source, optimized the mesh size 

to be used, and determined the surrounding refractive index. Simulations for nanoparticles 

used in my experimental studies, such as nanowires, nanorods, nanoprisms and other 

structures were calculated and the resulting light spectra were analyzed in subsequent 

chapters. 

           

In this chapter, I used Pd-Ag core-shell nanocubes to monitor biomolecule 

interactions in the presence of small asymmetric nanoclusters nanoparticles. Specifically, 

I will describe the synthesis and characterization of Pd-Ag nanoparticles. UV-Vis, SEM 
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and darkfield microscopy were used to characterize the structure and optical properties of 

Pd-Ag bimetallic nanoparticles in water and after interacting with protein.  The 

experimental results will then be compared with simulated results from FDTD.  
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4.2 Experimental Section: 

4.2.1 Material: 

Polyvinylpyrrolidone(MW≈55,000) (PVP), L-ascorbic acid (AA), potassium 

bromide (KBr), sodium tetrachloropalladate(II)(Na2PdCl4), silver nitrate(AgNO3) was all 

purchased from Sigma-Aldrich. ITO coverslip was purchased from SPI Supplies. 

 

4.2.1 Instrument: 

SEM images was taken under FEI Company’s Verios 460 instrument. UV-Vis 

experiment was done on UV-1800 Shimadzu UV spectrophotometer. FDTD simulation 

software was purchased from Lumerical solutions Inc. Home-written Matlab program and 

ImageJ software were used to analyze the spectrum of gold nanorod.  

 

4.2.3 Experiment: 

4.2.3.1: Synthesis Pd seeds, Pd-Ag bimetallic nanoparticles 

Weighted 105mg PVP, 60mg AA, 600mg KBr, 57mg Na2PdCl4, dissolved them 

in 11mL DI water and put in 80oC oil bath in air with magnetic stirring for 3 hours. After 

the solution was cooled in air, product was collected by centrifuge washed by water and 

ethanol for several times. Final particles were separated in 11mL water. 

 

4.2.3.2: Synthesis Pd-Ag bimetallic nanoparticles. 
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Pipet 4mL DI water, 0.1mL as prepared Pd seeds, 0.1ml 20mg/mL PVP, 0.4mL 

AA, added in a 20mL glass vial and mix for 20 minutes with magnetic stirring. Then using 

a syringe pump to add 1.8mL 1.2mM AgNO3 at 1mL/h into the mix solution with magnetic 

stirring. After AgNO3 was dropped into the solution, wait 2 more minutes to let the reaction 

completely, solution was centrifuged at 12000rpm for 15 minute and washed with water 

for 3 time to purify the Pd-Ag nanoparticles. Final Pd-Ag nanoparticles was diluted into 

1.5mL water. In my experiment, unlike what was reported on previously articles [15], my 

Pd-Ag bimetallic nanoparticle was in coreshell structures. 

 

4.2.3.3: SEM observation: 

ITO coverslip was previously cleaned by piranha solution for 30min and washed 

by DI water and dried by nitrogen flow. Then 0.5uL Pd seeds (from stock solution) or Pd-

Ag bimetallic nanoparticles (from stock solution) was added on the ITO glass and wait 

until dry in air. After that, ITO glass was sent into SEM instrument and watched under 

1~5kv voltage, 13~100pA current, 1000-2000V bias to find the best resolution and taken 

pictures. Images was taken in immersion mode by Through the Lens Detector(TLD). 

 

4.2.3.4: UV-Vis measurement: 

100uL stock Pd-seeds/Pd-Ag bimetallic nanoparticles was first diluted into 1000ul 

solutions and measured under a UV-1800 Shimadzu UV spectrophotometer. 
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4.2.3.5: Darkfield microscope measurement of Pd-Ag bimetallic nanoparticles. 

For darkfield microscope measurement, stock Pd-Ag nanoparticles was first 1: 

10000 diluted and then pipet 1ul diluted solution on a cleaned ITO coverslip and wait until 

dry. Then the coverslip was put in a floating cell contacted with DI water and watched 

under darkfield microscope. To measuring the scattering spectrum, a polarized and quarter-

wave plate was place under the light path to generate the left circular polarized light. All 

particle scattering spectrum was collected under this light. To measure particle’s CD 

spectrum, both particle scattering spectrum under left and right circular polarized light was 

collected for future data analysis. 

 

4.2.3.6: Correlation measurement. 

In Pd-Ag nanoparticles correlation measurement, sample was first watched under 

SEM image then under darkfield microscope. First, 1uL 1: 10000 diluted Pd-Ag 

nanoparticles from the stock solution was added on clean ITO coverslip and wait until dry. 

Then sample was sent in SEM image and watched as talked before. The position was 

nanoparticles on ITO coverslip was record by camera. Then the ITO coverslip was put in 

a floating cell contacted with water and added into darkfield microscope. Move the 

objective lens of the instrument to the position of nanoparticles under SEM and search the 

field of view one by one to find the same nanoparticles in SEM images.  

 

4.2.3.7: UV-Vis measurement of Protein interaction on nanoparticle: 
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100uL stock Pd-Ag solution was first pipet out and diluted to 1000uL for UV-Vis 

measurement. Then another 100uL Pd-Ag solution was pipet out and mixed with 100ul 

20mg/mL lysozyme/BSA solution and stand on room temperature overnight. After that the 

protein-nanoparticle mixed solution was centrifuged at 12000rpm, 15min for 3 times and 

wash with DI water to remove the solution lysozyme/BSA. Then rest solution was diluted 

to 1000uL for final UV-Vis measurement. 

 

4.2.3.8: Protein adsorption on nanoparticles under darkfield microscope. 

0.5uL stock Pd-Ag solution was diluted to 5mL and pipet 1uL diluted solutions on 

cleaned ITO coverslip until dry. Then ITO coverslip was further cleaned by UVO cleaner 

for 40 minutes to remove any organics. After that the ITO coverslip was put in a floating 

cell and watched under darkfield microscope in water surroundings to find nanoparticles 

and recorded their scattering spectrum by CCD camera. Then 20mg/mL lysozyme/BSA 

solution was added in the floating cell to replace water and was stand for 2 hours for protein 

adsorption on nanoparticles. Finally water was added again to flush the protein solution 

and same particles was watched and their spectrum was recorded again. 

 

4.2.3.9: Protein denaturation on nanoparticles. 

0.5uL stock Pd-Ag solution was diluted to 5mL and pipet 1uL diluted solutions on 

cleaned ITO coverslip until dry. Then ITO coverslip was further cleaned by UVO cleaner 

for 40 minutes to remove any organics. After that, 50uL 20mg/mL lysozyme/BSA 

solutions was directly added on the ITO coverslip to cover the Pd-Ag nanoparticles’ spot 
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for protein adsorption. Then this coverslip was put in a humid chamber overnight.  On next 

day put the ITO coverslip in a floating cell and adding DI water to remove the extra 

lysozyme/BSA. After that, this floating cell was put under darkfield microscope for 

nanoparticle observation and spectrum measurement. Then adding 8M urea to replace 

water in the floating cell to let protein denatured for 2 hours. Then urea solution was 

removed again by water for several times and nanoparticles spectrum was measured again. 

 

4.2.3.10. FDTD simulation: 

In FDTD simulation for single Pd-Ag coreshell structures, the mode was built as a 

15nm palladium cubic (Palik) inside a 26nm silver cubic (0-2uM, Palik) and this silver 

cubic had rounded corner with diameter at 7nm. Light source was set as nature light and 

mesh was set in 0.5nm. For dimer and trimer scattering spectrum simulation, the gap 

between the two particles was set as 1nm and mesh was 0.5nm and the simulation was 

under nature light too. For CD measurement, in the dimer of the Pd-Ag nanoparticles, one 

particle was fixed and the other one was rotated on X, Y, Z axis for 5o. The distanced 

between the two particles was moved to 0.6nm for the most closed distanced between two 

nanoparticles. 
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4.3 Results and Discussion: 

4.3.1: UV-Vis spectrum and SEM image of the Pd seeds for formation of Pd-Ag 

nanoparticles. 

 

Figure 4.6：SEM and UV-Vis spectrum of Pd seeds(left) and Pd-Ag nanoparticles(right). 

The bumps in UV-Vis spectrum at 360nm and 650nm were caused by the filter change 

during the spectral scanning and were not related to the optical responses of particles. 

 

The SEM image of Pd seeds clearly showed cubic structures of controlled growth. 

This Pd cubic shape guaranteed that when a small amount silver was grown on their all six 

faces, the final structure would still be a cubic shape with likely rounded corners. The edge 

length of the Pd cube was 15.2±0.5 nm, with good uniformity in sizes and shapes. The UV-
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Vis spectrum of the Pd seeds was the same as reported in literature [42].  No peaks were 

seen in the 300nm-800nm wavelength window because of the small size of Pd seeds [43]. 

For the Pd-Ag nanoparticles, the SEM image showed that the average size of nanoparticles 

was increase to 26nm, and most particles were in rounded cubic structures, suggesting that 

Ag was grown on all faces of the Pd seed and the final Pd-Ag nanoparticle was in a 

coreshell structure.  This speculation was further confirmed by the UV-Vis spectrum [16]. 

The average edge length was 26±1nm. The SEM image also showed that the formation of 

Pd-Ag bimetallic nanoparticle dimers happened quite often (about 50% in all entities), and 

most of these dimers were not perfectly aligned, i.e. asymmetrically placed next to each 

other. A FDTD simulated absorption spectrum was perfectly overlapped to the 

experimental result (Figure 4.7) below 400nm; but a visible bump was observed near 

550nm, which was probably caused by particle dimer formation and larger size aggregation. 

 

Figure 4.7: A simulated Pd-Ag particle absorption spectrum (blue) comparing with the 

experimental spectrum (orange) collected for a Pd-Ag coreshell structure (inset). 
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Figure 4.8: The correlation experiment of Pd-Ag nanoparticles under darkfield microscope 

(top left) and SEM (top right). The zoom-in image at the bottom showed the formation of 

larger particle clusters.  The number-labeled particles were the same ones but in different 

samples.  



115 
 

 

Figure 4.8 showed the correlation of SEM and optical images of the same sample 

at the same place based on the relative position of particles.  The optical image provided 

full spectral information for each bright spot (see chapter 2); the SEM image, with a much 

higher resolution, showed the actual particle or particle clusters.  While similar individual 

bright spots were seen in the optical image, the zoom-in SEM image clearly showed 

clusters of different sizes.  With the darkfield optical image and the corresponding SEM 

image paired, it was realized that the scattering spectra from single Pd-Ag nanoparticles 

were too weak to be detected, partially because the SP peak of single Pd-Ag was on the 

border of the spectral window of the CCD camera used in the study.  Only the light 

scattered by clusters was detected.  Hence I focused on small clusters (2-3 particles) where 

the scattered light was strong enough to be detected and the cluster pattern was relatively 

reproducible (Figure 4.9). 

 

Figure 4.9: Four representative spectra of Pd-Ag clusters under the darkfield microscope. 
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  Although the small cluster of particles (~50 nm in the long axis in average) were 

not optically resolved under darkfield microscopy, spectroscopically many of them exhibit 

two distinct SP peaks around 450nm and 530nm. These two peaks were in good correlation 

to the simulated results of a side-by-side placed Pd-Ag core-shell nanoparticle dimer or a 

trimer (Figure 4.10). Note the simulation results were normalized for the wavelength-

dependent background noise and the sensitivity of the CCD camera. In addition, an 

arbitrary 1-nm spacing was placed between two particles based on the visual observation 

of the SEM images and after taking into account of the rugged surface of a real particle 

than the perfectly smoothed surface of "model particles".  

 

Figure 4.10: Normalized simulated scattering spectrum of Pd-Ag coreshell particle dimer 

and trimer. 

As aforementioned there were two peaks of the particle dimers under nature light 

and the positions of the peaks were similar to the measuring result.  It is clear that the peak 
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around 530nm was the longitude peak and the one at 450nm was the transverse peak. As 

expected the longitude peak of a linear trimer was red shift to 580nm due to extended 

electron oscillation path; fewer actual spectra exhibited this feature, confirming the lack of 

observed linear trimers in the SEM images.    

 

4.3.2 Chiral signal of Pd-Ag bimetallic nanoparticles. 

Perfectly fabricated and aligned Pd-Ag core-shell dimers would have a symmetric 

structure with no chiral responses.  In reality, however, the particles' structures were 

imperfect and there were often off-center alignment, which resulted in asymmetric 

structures and consequently chiral responses. Figure 4.11 showed the simulated CD spectra 

of a dimer where the particle on the right was slightly rotated by the X, Y, Z axis for 5° 

and the minimum distance between two particles was arbitrarily set to 0.6 nm to mimic 

asymmetric dimers.  It is clear that the simulated scattering spectrum (Figure 4.11, panel 

C) of a misaligned dimer was slightly different from the one shown in Figure 4.10 (i.e. 

from a perfectly aligned dimer) – a new peak appeared around 580 nm while the other two 

basic peaks around 450nm and 530nm were preserved. On the other hand, the simulated 

CD results were drastically different: the perfectly aligned dimer did not exhibit any chiral 

optical property whereas the slightly misaligned one had clear chiral signals.  

Disappointingly, we realized that while the chiral feature was apparent, the absolute 

intensity of the chiral signal was only a negligible percentage of that of the scattering 

spectrum(Figure 4.11, panel D), which would make the experimental characterization 

extremely challenging (the scattering spectra collected experimentally were at ~ 30 counts 

whereas the baseline noise was about 5 counts.)  
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Figure 4.11: A: a misaligned dimer with 5° angle twist; B: the simulated CD spectra of 

misaligned (blue) and perfect aligned (orange) dimers. C: Normalized scattering spectrum 

of the misaligned dimer (orange) and one experimentally measured scattering spectrum 

(blue). D: Unnormalized scattering and CD spectra of mismatched dimer. 

 

Figure 4.12 showed the experimental CD spectra of a few Pd-Ag nanoclusters and 

the corresponding scattering spectra.  It is evident that the CD signals were too weak to be 

distinct from the background noise.  In the later experimental studies, the scattering spectra 

were used directly in the place of CD to monitor the optical shifts caused by chemical 

environment changes.  
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Figure 4.12: Two representative spectroscopic results measured from Pd-Ag coreshell 

dimers: (Top) The scattering spectra of Pd-Ag dimers under the left(L) or right(R) circular 

polarized light and (Bottom): their correspondent CD spectra, calculated by the subtraction 

of the R scattering spectrum from the L scattering spectrum (CD=L-R). 

 

4.3.3: Particle interact with lysozyme and BSA in bulk solution 

Lysozyme and BSA were used as the testing molecules to study optical changes 

caused by chemical environmental changes around imperfect Pd-Ag dimers. These two 

proteins were selected for their different isoelectric points and the subsequently different 

charge polarity at pH 7 under which the experiments were conducted. Specifically, 

lysozyme (pI=11.35) takes positive charges in a pH=7 solution while BSA (pI=4.7) would 

be negatively charged.  In addition, lysozyme has only one exposed cysteine group while 
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BSA has two which could lead to stronger chemical interaction to nanoparticles. In addition 

the Pd-Ag nanoparticles were protected by Polyvinylpyrrolidone (PVP) from solution 

synthesis and would exhibit an inherent positive charge (pKa ~ 11.3), for which BSA would 

exhibit high affinity through electrostatic attraction. 

 

LSPR of nanoparticle is affected by the surrounding changing. When proteins were 

adsorbed onto the nanoparticles, the local refractive index of nanoparticle surroundings 

changed which led to the LSPR peak position shift and the intensity change. In this study 

Pd-Ag nanoparticles were incubated with a 20mg/mL lysozyme (1.4mM) solution or a 

20mg/mL BSA (0.3mM) solution separately for 30min. The subsequent scattering profiles 

were measured in the bulk solution (Figure 4.13).  

 

Figure 4.13: UV-vis spectra of Pd-Ag nanoparticle before (blue) and after (orange) 

incubated with 20mg/mL lysozyme (left) and 20mg/mL BSA (right) in bulk solution. 

 

It was clear that the behavior of Pd-Ag nanoparticles interacted with lysozyme and 

BSA was quite different. For lysozyme incubation, the before and after spectra of 

nanoparticles did not change much ‒ two spectra were almost in perfect overlap. On the 
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other hand, when particles incubated with BSA, the 400 nm SP peak was significantly 

broadened and slightly red shifted. There was also a major bump appeared at the longer 

wavelength.  It is believed that the electrostatic interaction/repulsion played a major role 

in this study: Pd-Ag nanoparticles had positive charges under pH 7, so did lysozyme in a 

pH=7 solution.  The electrostatic repulsion was likely the dominating force that kept the 

particles apart.  The fact that lysozyme has only one exposed cysteine group meant it could 

only bind to one particle at the time, which also significantly reduced the possibility of 

cross-coupling and aggregation. The lack of adsorption of lysozyme on the surface was 

supported by the negligible peak shift at 400 nm and the lack of new peaks at the longer 

wavelength confirmed the few clusters or aggregates formed in the solution. In contrast, 

BSA had two cysteine groups that could easily bring two particles close to each other and 

form a network of particle clusters.  Its net negative charge at pH 7 was attractive to the 

positively charged particles and a relatively higher amount of BSA adsorbed to the 

nanoparticles. Both factors contributed to the much pronounced spectral change observed 

after the particles were incubated with BSA.  

 

4.3.4: Absorption of protein on nanoparticle under darkfield microscope: 

Figure 4.14 showed the calibrated scattering spectrum of Pd-Ag nanoparticles in 

water and after an overnight incubation with lysozyme or BSA under the darkfield 

microscope. All measurements were done in water and the results were normalized.  
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Figure 4.14, The scattering spectra from individual Pd-Ag clusters before and after 

lysozyme and BSA adsorption. 

Similar to the ensemble measurements, the scattering spectra of nanoparticles 

changed little after the incubation with lysozyme. In contrast, the scattering spectra showed 

significant differences between 400-450nm and 650-750nm for particles incubated with 

BSA overnight. As previously discussed, it is speculated as the result of BSA's stronger 
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interaction to nanoparticles than that of lysozyme. It is interesting though that the major 

change came from the decreasing peak intensity of the Pd-Ag clusters instead of the peak 

shift, likely due to the already-broad SP peak observed.  

 

 

 
Figure 4.15: The scattering spectra of a single Pd-Ag cluster before (blue) and after (orange) 

incubation with 8 M urea. The particles were pre-coated with lysozyme (top) or BSA 

(bottom). 

After exposing the protein-coated particles to an 8M urea solution would inevitably 

lead to protein denaturation and possibly dissociation. When particles were pre-coated with 

lysozyme, the spectra didnot show a significant change before and after urea incubation. 

However for the particles adsorbed with BSA, after urea treatment the SP peak between 
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500nm and 550nm had a small but significant left shift. To examine the statistical 

importance of the spectral shift, 9 repeated assays were carried out and all spectra collected 

were fitted with the least squared calibration method to identify the peak positions in each 

spectra (Table 4.1).  A paired T test was then carried out for significance testing.  The Tvalue  

was found to be larger than Ttable, which suggests the shift observed was indeed significant 

for BSA-coated particles. 

 

Table 4.1: Spectral data of 9 repeated measurements of nanoparticles before and after the 

particles were introduced to urea. 

 

The statistically significant peak shift from 532 nm to 530 nm was speculated to be 

the result of denaturation or dissociation of BSA that led to a coating with a small density 

of protein. The refractive index decrease would cause the blue shifting of the SP peak of 

nanoparticles, however the distinction between two possible contributors cannot be easily 

teased out. Experimentally it is foreseeable that an observation of a recovered refractive 

index after the particles were placed in a protein-friendly environment could lead to refold 

of denatured proteins whereas an observation of a steady refractive index no matter what 

could suggest the permanent loss of protein molecules from dissociation.  However other 

co-occurring events could also affect the change of refractive index, i.e. subsequent loss of 

measurement 1 2 3 4 5 6 7 8 9 Ave std 

before /nm 530.3 534.0 535.8 534.0 532.2 533.1 530.3 533.1 529.4 533 2 

after /nm 529.4 531.6 533.8 533.7 529.4 530.5 528.2 531.6 527.1 531 2 
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proteins, additional nonspecific adsorption, rearrangement of proteins on the surface, etc, 

which makes data interpretation ambiguous.  More straightforwardly protein 

conformational changes could be directly monitored by CD but the instrument sensitivity 

needs to be improved first. 

 

In conclusion, small Pd-Ag bimetallic nanoparticles were successfully synthesized 

and characterized in this chapter. The ensemble UV-vis spectra clearly showed the 

formation of Pd-Ag core-shell particles, which was further confirmed by SEM imaging. 

The FDTD simulation of the scattering spectra of single particles and their dimers showed 

strong SP signatures, corroborating the experimental observations. CD signals could be 

modeled for not-so-perfectly aligned dimer particles; however, the overall intensity was 

too low to be detected experimentally. Two proteins, lysozyme and BSA, was used as the 

testing system for single particle CD measurements.  Different spectral behaviors were 

observed due to the different binding affinity of these two proteins to Pd-Ag nanoparticles.  

Specifically lysozyme did not adsorb much whereas BSA brought significant changes due 

to its opposite net charge and the presence of multiple binding sites.  Successful detection 

of the denaturation/dissociation of BSA was demonstrated as well by their corresponding 

SP scattering spectra but the signal was too weak to be used for the detection of protein 

conformation change.  Consequently the distinction between denaturation and dissociation 

cannot be experimentally measured.  We therefore moved on to focus on theoretical 

modeling to understand the chiral properties of anisotropic nanoparticles and to provide 

design principles for future fabrication of anisotropic particles. 
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[6]: Hentschel M, Schäferling M, Metzger B, et al. Plasmonic diastereomers: adding up 

chiral centers[J]. Nano letters, 2013, 13(2): 600-606. 

[7]: Sau T K, Rogach A L, Jäckel F, et al. Properties and applications of colloidal 

nonspherical noble metal nanoparticles[J]. Advanced Materials, 2010, 22(16): 1805-1825. 



127 
 

[8]: Skrabalak S E, Au L, Li X, et al. Facile synthesis of Ag nanocubes and Au nanocages[J]. 

Nature protocols, 2007, 2(9): 2182-2190. 

[9]: Huang C J, Wang Y H, Chiu P H, et al. Electrochemical synthesis of gold nanocubes[J]. 

Materials Letters, 2006, 60(15): 1896-1900. 

[10]: Sun Y, Xia Y. Shape-controlled synthesis of gold and silver nanoparticles[J]. Science, 

2002, 298(5601): 2176-2179. 

[11]: Im S H, Lee Y T, Wiley B, et al. Large‐scale synthesis of silver nanocubes: the role 

of hcl in promoting cube perfection and monodispersity[J]. Angewandte Chemie, 2005, 

117(14): 2192-2195. 

[12]: Niu W, Li Z Y, Shi L, et al. Seed-mediated growth of nearly monodisperse palladium 

nanocubes with controllable sizes[J]. Crystal Growth and Design, 2008, 8(12): 4440-4444. 

[13]: Wang Y, Chen P, Liu M. Synthesis of well-defined copper nanocubes by a one-pot 

solution process[J]. Nanotechnology, 2006, 17(24): 6000. 

[14]: Gilroy K D, Ruditskiy A, Peng H C, et al. Bimetallic nanocrystals: syntheses, 

properties, and applications[J]. Chemical Reviews, 2016, 116(18): 10414-10472. 

[15]: Zeng J, Zhu C, Tao J, et al. Controlling the nucleation and growth of silver on 

palladium nanocubes by manipulating the reaction kinetics[J]. Angewandte Chemie 

International Edition, 2012, 51(10): 2354-2358. 

[16]: Zhu C, Zeng J, Tao J, et al. Kinetically controlled overgrowth of Ag or Au on Pd 

nanocrystal seeds: From hybrid dimers to nonconcentric and concentric bimetallic 

nanocrystals[J]. Journal of the American Chemical Society, 2012, 134(38): 15822-15831. 



128 
 

[17]: Jain P K, Huang W, El-Sayed M A. On the universal scaling behavior of the distance 

decay of plasmon coupling in metal nanoparticle pairs: a plasmon ruler equation[J]. Nano 

Letters, 2007, 7(7): 2080-2088. 

[18]: Fan J A, Wu C, Bao K, et al. Self-assembled plasmonic nanoparticle clusters[J]. 

science, 2010, 328(5982): 1135-1138. 

[19]: Willets K A, Van Duyne R P. Localized surface plasmon resonance spectroscopy and 

sensing[J]. Annu. Rev. Phys. Chem., 2007, 58: 267-297. 

[20]: Liedberg B, Nylander C, Lunström I. Surface plasmon resonance for gas detection 

and biosensing[J]. Sensors and actuators, 1983, 4: 299-304. 

[21]: Eustis S, El-Sayed M A. Why gold nanoparticles are more precious than pretty gold: 

noble metal surface plasmon resonance and its enhancement of the radiative and 

nonradiative properties of nanocrystals of different shapes[J]. Chemical society reviews, 

2006, 35(3): 209-217. 

[22]: Yaremchuk I Y, Mineckiy P S, Fitio V M, et al. Plasmon resonance of the silver 

nanoparticles with different shape[C]//Electronics and Nanotechnology (ELNANO), 2015 

IEEE 35th International Conference on. IEEE, 2015: 185-187. 

[23]: Ringe E, McMahon J M, Sohn K, et al. Unraveling the effects of size, composition, 

and substrate on the localized surface plasmon resonance frequencies of gold and silver 

nanocubes: a systematic single-particle approach[J]. The Journal of Physical Chemistry C, 

2010, 114(29): 12511-12516. 



129 
 

[24]: Lee K S, El-Sayed M A. Gold and silver nanoparticles in sensing and imaging: 

sensitivity of plasmon response to size, shape, and metal composition[J]. The Journal of 

Physical Chemistry B, 2006, 110(39): 19220-19225. 

[25]: Haes A J, Van Duyne R P. A nanoscale optical biosensor: sensitivity and selectivity 

of an approach based on the localized surface plasmon resonance spectroscopy of 

triangular silver nanoparticles[J]. Journal of the American Chemical Society, 2002, 

124(35): 10596-10604. 

[26]: Ament I, Prasad J, Henkel A, et al. Single unlabeled protein detection on individual 

plasmonic nanoparticles[J]. Nano letters, 2012, 12(2): 1092-1095. 

[27]: Wu X, Xu L, Liu L, et al. Unexpected chirality of nanoparticle dimers and 

ultrasensitive chiroplasmonic bioanalysis[J]. Journal of the American Chemical Society, 

2013, 135(49): 18629-18636. 

[28]: Zhao Y, Xu L, Ma W, et al. Shell-engineered chiroplasmonic assemblies of 

nanoparticles for zeptomolar DNA detection[J]. Nano letters, 2014, 14(7): 3908-3913.  

[29]: Li S, Xu L, Ma W, et al. Dual-mode ultrasensitive quantification of microRNA in 

living cells by chiroplasmonic nanopyramids self-assembled from gold and upconversion 

nanoparticles[J]. Journal of the American Chemical Society, 2015, 138(1): 306-312. 

[30]: https://en.wikipedia.org/wiki/Finite-difference_time-domain_method 

[31]: Yee K. IEEE Transactions on antennas and propagation, 1966, 14(3): 302-307. 

[32]: Burr G W. FDTD as a nanophotonics design optimization tool[C]//Int. Symp. 

Photonic Electromagn. Crystal Structures V, Kyoto, Japan. 2004. 



130 
 

[33]: Tanev S, Tuchin V V, Paddon P. Laser Physics Letters, 2006, 3(12): 594. 

[34]: Joseph R M, Taflove A. IEEE Transactions on Antennas and Propagation, 1997, 45(3): 

364-374. 

[35]: Chutinan A, Ishihara K, Asano T, et al. Organic electronics, 2005, 6(1): 3-9. 

[36]: https://www.lumerical.com/solutions/ 

[37]: Schneider J B. Understanding the finite-difference time-domain method[J]. School of 

electrical engineering and computer science Washington State University –URL: 

http://www. Eecs. Wsu. Edu/~ schneidj/ufdtd/(request data: 29.11. 2012), 2010. 

[38]: https://fdtd.wikispaces.com/The+Yee+Cell 

[39]: 电磁场计算中的时域有限差分法 , second edition. Changing Wang. ISBN：

9787301237229  

[40]: Bérenger J P. FDTD computation of VLF-LF propagation in the Earth-ionosphere 

waveguide[C]//Annales des télécommunications. Springer-Verlag, 2002, 57(11-12): 1059-

1090. 

[41]: https://kb.lumerical.com/en/particle_scattering_getting_started.html 

[42]: Jin M, Liu H, Zhang H, et al. Synthesis of Pd nanocrystals enclosed by {100} facets 

and with sizes< 10 nm for application in CO oxidation[J]. Nano Research, 2011, 4(1): 83-

91. 

[43]: Niu W, Li Z Y, Shi L, et al. Seed-mediated growth of nearly monodisperse palladium 

nanocubes with controllable sizes[J]. Crystal Growth and Design, 2008, 8(12): 4440-4444. 



131 
 

Chapter 5: Gold and Silver Nanoprism Properties and the Coupling of Two Nearby 

Nanoparticles. 

 

5.1 Introduction:  

Using Pd-Ag small clusters to reduce particle inherent background is one way to 

enhance CD detection of local protein conformational changes on a single particle.  While 

theoretically feasible, it imposes greater challenge for an ultrasensitive single particle 

imaging system to capture the few photons scattered.  Alternatively, anisotropic 

nanoparticles[1][2] can be used to provide strong, easy tunable and multiple mode local 

surface plasmon resonance that could exemplify the small CD signals for orders of 

magnitudes. One example of the anisotropic nanoparticles is triangle nanoprism[3]. In this 

chapter I conducted preliminary simulation experiments of two closely placed nanoprisms 

with the aims of providing insights on the ideal nanostructures to produce strong and 

sensitive local surface plasmon-enhanced CD spectroscopic signals. 

 

5.1.1 Gold and Silver nanoprism 

During past twenty year, growing research interests had been attracted in study the 

gold and silver nanoprism of their synthesis [4][5][6], properties [7][8][9] and applications 

[10][11][12] because of their unique local surface plasmon resonance characters[13][14]. Several 

different synthesis methods [4][5][6] have been discovered, developed, and the mechanism 

have been put forward and widely accepted. The properties of the nanoprism, especially 

the optical spectrum properties that been studied both in experiment measurements [15][16] 
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and theoretical calculation [17][18]. Applications of utilizing the special properties of gold 

and silver nanoprism in sensing [10][19][20], electronics [21], catalysis [11] and medical 

treatment [22] had also been proposed and test in lab settings.  

 

5.1.2 Properties of gold and silver nanoprism: 

As mentioned multiple times in the previous chapters the surface plasmon 

resonance of gold and silver nanoparticles are highly dependent on the size and the shape 

of particle and the interparticle spacing. Spherical, rod or triangle nanoprism structures 

provide different resonance mode and yield in various optical spectrum. DDA and FDTD 

have both been used to simulate the EM behavior of a single nanoprism[17][18][24][25].  

Representative UV-Vis spectra are shown in Figure 5.1[5] for a silver triangle nanoprism 

with an average lateral dimension of 80nm. In this spectrum, there are four SP peaks at 

618nm, 470nm, 380nm and 340nm. Each peak is caused by a different mode of SPR, 

including an in-plane dipole mode, in-plane quadrupole mode, out of plane dipole mode, 

and out of plane quadrupole mode, respectively. The charge distribution of each resonance 

mode is also shown in Figure 5.1[23], which clearly illustrated how electrons flow in and 

outside of a nanoprism under different modes.  Along the similar line, Kelly et al published 

a paper on the influence of the size and shape of metal nanoparticles that affect its optical 

properties using DDA simulation[7]. They analyzed the scattering spectrum of a snipped 

silver triangle nanoprism with 100nm edge length and 16nm thick under polarized light in 

different E field oscillating direction and the result was shown in Figure 5.2. When the 

injection light was polarized in y or z direction that parallel to the nanoprism plane, the big 

extinction peak appeared around 460nm and 670nm. When the injected light was polarized  
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Figure 5.1: The UV-Vis spectra of 80nm Ag triangle nanoprisms in different organic 

media (left) and different modes of the Ag nanoprism (right) [5][[23].  

in x direction that on the short axis which is perpendicular to the nanoprism plane, only 

small peak around 335nm and 430 appeared. This proved that the peak around 460nm and 

670nm was due to the in-plane resonance mode and the peak around 335nm and 430nm 

were because of the out of plane resonance peak. To further understand the mode difference 

of two different in-plane resonance, the polarization vector map has been plot for an 

unsnipped triangle nanoprism with in plane resonance peak at 460nm and 770nm as shown 

in Figure 5.3. 

 

Figure 5.2：extinction efficiency of different linear polarized light [7] 
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Figure 5.3: Electric field vector map as unsnipped triangle nanoprism at 770nm and 460nm 

wavelength [7] 

The vector map of the triangle nanoprism in 770nm and 460nm is quite different as 

shown in the figure. For vector map at 770nm, the maximum electric field is on the tips of 

particle while the vectors at 460nm the tips didn’t get intense and only half of the particles 

have the electric field vectors. For in-plane dipole mode of metal nanoparticles, it always 

has the largest absorption peak with the lowest energy gap with which also have the 

strongest electric field on the tip of the particle. While for in-plane quadrupole mode the 

energy gap is higher than in-plane dipole and the maximum E field intensity is on the edge 

of the particles; the peak at 770nm is then assign as in-plane dipole mode and the peak at 

460nm is assign as in-plane quadrupole mode. The Electric field enhancement contours 

map also verified this assignment [7]. (Figure 5.4). For the peak at 335nm and 430nm of the 

previous talk snapped triangle nanoprism, similar ways have also been applied to prove 

that peak at 335nm was from the out of plane quadrupole mode and the 430nm peak was 

from the out of plane dipole mode of the nanoprism.  
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Figure 5.4: The Electric field enhancement contours map under in-plane dipole(770nm) 

mode and quadrupole mode(460nm)[7] 

The in-plane dipole and quadrupole mode of the silver triangle nanoprism is further 

confirmed by experiment data that directly mapping a single nanoparticle under different 

energy excitation to look at the different mode of the local surface plasmon resonance 

[14][26][27][15]. Nelayah et al.[14] have utilized the scanning transmission electron microscope-

electron energy loss spectroscopy(STEM-EELS) to obtain the plasmon map of a single 

silver triangle nanoprism induced by different energy electron beams instead of light. They 

run simulation using the factors as same as the experiment conditions to compared with. 

The benefit of electron beams is that it can reach a very high resolution accuracy to get the 

fine plasmon distribution on just a single nanoscale particle where light can’t be. The 

obtained experiment data is quite fit with the simulated result and directly confirmed the 

in-plane dipole and quadrupole mode of the silver triangle nanoprism under different 

energy excitation. The whole result is shown in Figure 5.5. 
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Figure 5.5: STEM-EELS map and simulation result of triangle nanoprism at different 

energy electron beam. The top 3 was the experiment data and bottom three was from 

simulated result. [14] 

It now has been confirmed that for each silver triangle nanoprism UV-Vis spectrum 

it have different peaks related with different particle plasmon modes. But those peak 

intensity and maximum position are highly related with their edge length, height, particle 

orientation and surroundings. Jin et al [28] have talked about the optical spectrum of silver 

triangle nanoprism with fix same height but different edge length that showed the different 

peaks position (in Figure 5.6). In fix height of silver triangle nanoprism, as the edge length 

increased, the in-plane dipole mode red shift significantly. The in-plane quadrupole mode 

is also a little bit red shifting but not as much as the dipole mode. The out of plane dipole 

and quadrupole mode doesn’t appeared significant shifting as the edge length increased. 

The similar trend is also found in gold triangle nanoprism. But compared with silver in 

same particles size, gold extinction spectrum has a higher wavelength and weaker intensity 

of in-plane dipole mode absorption peak. 
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Figure 5.6: the extinction spectrum of different triangle nanoprism with same height but 

diversity edge length. In b the edge length of nanoprism was increase from spectrum 1 to 

6. In c it showing the primary beam wavelength related with particle edge length. [28] 

For the single triangle nanoprism excited under polarized light, the relative 

orientation of particle and the irradiate light affects its scattered spectrum and resonance 

exciting position and intensity confirmed by theoretical calculation [29] and experiment 

mapping result [15]. The anisotropic structure of the particles shape interact with irradiated 

light in different relative direction would excite the SPR in different part of the nanoprism 

and cause a small shifting in the optical spectrum. 

 

The effect of triangle nanoprism in different surrounding have also been discovered. 

The spectrum of particle in different solvent like water, ethanol, THF, and DMF have 

already been found and summarized [13]. Higher refractive index solvent will cause the 

spectrum peak red shift. Coating the nanoprism with silicon would also increase the 

surrounding refractive index and shifting the spectrum to right [30]. 
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5.1.3 Interaction between two triangle nanoprisms 

Besides the properties of single gold and silver triangle nanoprisms, their dimers 

have also been studied. Early in 2003 Hao et al have using DDA to simulate the properties 

of triangle silver nanoprism dimers in tip to tip and tip to side coupling in different distance 

[31]. Their research showed in different orientation coupling, nanoprisms dimers would had 

different resonance mode at different wavelength (Figure 5.7). They also found that as the 

distance between nanoprism decreased, their extinction spectrum peak intensity would 

increase and peak position right shifted. 

Figure 5.7: E-field enhancement contours external to “tip-to-tip” and ‘‘tip-to-side’’ prism 

dimers[31] 

 

In recent years, there is an increasing study of the triangle nanoprism dimers both 

in experiment and simulation [32-38]. Those researches are mainly focused on the homo-

dimer of gold or silver triangle nanoprism in various orientation to study their extinction 

spectrum and electric field intensity distribution under different linear polarized light. In 

2014 Rozen and Tao reported their simulation work about silver nanoprism dimer[37]. They 
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calculated the scattering efficiency of tip to tip nanoprism dimers the slowly rotated 

nanoprism to side by side coupling and simulate the change of scattering efficiency and 

electric field distribution during this process as showed in Figure 5.8. Their research 

showed when dimers was not symmetry to axis that parallel to incident light electric field, 

there would have extra resonance peak caused by the coupling of two nanoprisms. 

 

 

Figure 5.8: scattering efficiency and electric field distribution change for nanoprism 

dimers at different orientation, incident light electric field was on y axis. a: schematic 

example of how rotation processed and tip to tip dimer was when θ=90o. b & c: example 

for “tip to tip” (θ=90o) and “side by side” dimers (θ=30o). d: scattering efficiency as θ 

change from 90o to 30o. e: the fundamental gap mode of the nanoprism dimer at selected 

angles of rotation. [37] 
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In 2015 Zhang et al reported the simulation result of misalign dimers of gold 

triangle nanoprism[36]. They changed the distance of between nanoprisms in x and y axis 

and considered the effect of the thickness of nanoprisms to show the resonance peak change 

and explore different mode within those peaks. (Figure 5.9) 

 

Figure 5.9: Extinction spectrums of gold nanoprism dimers at various misaligned 

configurations [36] 

 

Kotkowiak reported another interest work about the silver nanoprism dimers[35]. 

They calculated the LSPR of different orientation silver nanoprisms dimers under longitude 
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and transverse light electric field excitation. The resonance peak wavelength for each dimer 

represent the energy require for strongest LSPR. The vector map could be used for 

qualitative analysis charge distribution on nanoprisms. Based on that information the 

author built the energy diagram for different orientation nanoprism dimers showed in 

Figure 5.10. These energy diagram deeply revealed the inherent properties within the 

interaction between two triangle nanoprisms. 

Figure 5.10: The energy diagram for Ag triangle nanoprism dimers at different angle. a: 

longitude light polarization. B: transverse light polarization.[35] 

 

In conclusion, I had talked about the synthesis and properties of gold and silver 

triangle nanoprism and the coupling between those particles homodimers. Those reviews 

revealed the anisotropic properties of the nanoprisms caused various resonance peak 

especially in dimers. Their peaks were highly sensitively for its environment that benefited 

for sensor applications. By introducing the background properties of nanoprisms, it would 

have a better understanding of my research for the FDTD simulation of gold and silver 

nanoprisms. 
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5.2 Experimental Section: 

5.2.1 Simulation of single Ag and Au nanoprisms and their heterodimers. 

For gold and silver triangle nanoprism simulation, their model was constructed as 

showed in Figure 5.11. In my model of single triangle nanoprism, the edge length was 

20nm and height was 10nm. For 20nm edge, the 2nm length sharp corner was snapped and 

replaced by rounded corner. In simulation, silver optical data was used as Palik (0-2um) 

[39] and gold optical data was from Johnson & Christy tabulation [40]. 

 

Figure 5.11: Model of triangle nanoprism. Left: overview of triangle nanoprism. Right: 

illustration of the rounded corner. 

 

FDTD solution software was used for simulation and their condition was set as 

followed: triangle shape of nanoprism was placed on X-Y plane, one side of the triangle 

edge was one Y axis and 10nm height was on Z axis. Linear polarized TFSF light source 

was incident from forward direction, propagate alone Z axis and oscillate on X axis. 

Wavelength region was between 300nm-700nm, frequency point was 400. Mesh grid was 
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0.25nm on x, y and z axis. Environment refractive index was 1.33 to simulate water 

surroundings. For gold-silver heterodimers, the simulation conditions were the same as 

single nanoprism simulation. Triangle shape of nanoprisms was on X-Y plane and particle 

was placed so that light was oscillate on the longitude direction between to nanoprisms. 
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5.3 Results and Discussion: 

5.3.1: Single gold and silver nanoprisms 

Different from previous simulation that using at least 40nm or larger edge length 

gold and silver nanoprisms[17][18], in my experiment I was more interested in small 

nanoprisms since small nanoparticles would had large surface/volume ratio that could bind 

to more biomolecules per unit amount gold or silver, those biomolecules adsorption or 

conformation change on nanoprism LSPR would be more sensitive to be detected . In this 

chapter I would study gold and silver triangle nanoprisms with 20nm edge length and 10nm 

depth that was one of the smallest nanoprism could be synthesized[28], also there scattering 

spectrum was in visible range that could be simply observed under darkfield microscope 

for future experiment. Also the intensity for these nanoprisms were much higher than the 

palladium-silver bimetallic nanoparticle talked in chapter 4&5, so their signal for scattering 

and CD measurement would be stronger and easy detected. 

 

In Figure 5.12 it was the scattering spectrum of my gold and silver triangle 

nanoprism. The edge length was 20nm and height was 10nm, corner of nanoprisms was 

rounded to eliminate the sharp corner effect[38]. For silver nanoprism its simulated spectrum 

also showed four difference resonance mode peak as previous article reported[9], that were 

at 336nm ( out of plane, quadrupole mode), 376nm (out of plane, dipole mode), 437nm (in-

plane, quadrupole mode), 527nm (in-plane, dipole mode). For gold nanoprism, there was 

only one obvious resonance peak at 610nm which was particle’s in-plane dipole mode. The 

rest resonance mode of gold nanoprism was too small and covered up by gold interband 



145 
 

observation[41]. Since the rest mode resonance was too weak, in the following part of this 

chapter I would focus on the dipole resonance mode of gold and silver nanoprisms. 

 

Figure 5.12: scattering spectrum of single Ag and Au triangle nanoprism. 

 

5.3.2: Gold-Silver Nanoprism Hetero Dimers. 

After understand single nanoprism properties, I was interested to under their dimers 

optical properties. Many articles had talked about the homo-dimers properties of silver and 

gold nanoprism[31-38], but few had systematic studied the hetero-dimers. Another reason I 

studied Ag-Au triangle nanoprisms dimers was because they had two dipole resonance 

peaks and sensitive to environment which could be utilized for multiple biomolecules 

detection at same time. Also mismatched heterodimers would have much more asymmetry 
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with stronger chiral signal than homodimers for CD detection under darkfield microscope 

measurement. 

 

Four different structures: Ag tip to Au tip(Ag-Au), Ag tip to Au side(Ag-rAu), Au 

tip to Ag side(Au-rAg), Ag side to Au side(rAg-rAu) was analyzed and their structures and 

scattering spectrum was present in Figure 5.13. The incident light electric field was 

oscillation in longitude direction of two nanoparticles. Gap distance was the closed distance 

between two nanoparticles. 

 

Figure 5.13. Left: mode of four different orientation of Ag-Au heterodimers, the yellow 

color nanoprism was gold and silver color was silver. Right: scattering spectrum of those 

heterodimers as gap distance was 18nm 

 

In Figure 5.13, it showed the scattering spectrum of four different gold and silver 

heterodimers as gap was 18nm compared with single gold and silver nanoprism. At this 
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gap distance two dipole resonance peak position in all four dimers was quite closed to 

single silver and gold nanoprism. But the intensity for dipole mode resonance peak of 

dimers was different from single particle. For gold-like peak in dimers (between 600nm-

650nm), their intensity was much higher than single gold nanoprism while for silver-like 

peak (between 500nm-550nm) they were quite closed to single silver nanoprism. This was 

because silver had much stronger LSPR effect than gold, nearby silver nanoprism could 

cause the gold-like resonance peak intensity doubled at 18nm gap distance, while silver-

like peaks were not affected by gold nanoprism at same distance. 

 

When compare other resonance peak of silver, Ag-Au and Ag-rAu dimers had 

similar resonance peak both in position and intensity between 300nm-500nm, also Au-rAg 

and rAg-rAu dimers resonance peak was similar at these wavelengths. However, Ag-

Au/Ag-rAu was different to Au-rAg/rAg-rAu within this wavelength region. The common 

points between Ag-Au and Ag-rAu dimers was the orientation of silver nanoprism. For 

Au-rAg and rAg-rAu dimers they also had same orientation of silver nanoprism. Under 

300nm-500nm light incident it was silver nanoprisms’ high order resonance, and the 

spectrum showed that same orientation of silver nanoprism would have same high order 

resonance. This meant that in gold and silver heterodimers at long gap distance, the 

scattering spectrum in silver nanoprism of the in-plane quadrupole, our of plane dipole, 

and out of plane dipole resonance was only determined by the orientation of silver and not 

related with gold nanoprism direction.  
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After compared the difference spectrum of gold and silver nanoprism dimers at 

longer gap distance, the resonance peak of different dimers in different gap distance was 

also simulated as showed in Figure 5.14. From the simulated result, it could be found that 

when silver tip was pointed to gold, the silver-like dipole resonance peak intensity would 

decrease significantly as the gap distance decreased (1&2 in Figure 5.14). However when 

it was the side of silver nanoprism next to gold nanoprism, silver-like peak intensity didn’t 

have much change as the gap distance decreased (3&4 in Figure 5.14). This was because 

in gold and silver nanoprisms dimers their tip would had the strongest electric field as light 

was oscillated in the longitude direction. For Ag-Au and Ag-rAu structures, silver tip was 

most closed to gold caused the strong coupling between the two nanoparticles. As gap 

distance decreased, the coupling was getting more and more enhanced and silver resonance 

was mostly affected by the nearby gold nanoprism. However, in Au-rAg and rAg-rAu 

structure, since it was the side of Ag nanoprism that closed to gold, under light irradiation 

electric field on the side of silver nanoprism was not strong so its coupling with gold would 

be weak, that’s why silver-like dipole mode resonance peak didn’t have much change in 

these two structures. 
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Figure 5.14: different gold-silver heterodimer scattering spectrum at different gap distance 

 

To systematically analyze the scattering spectrum intensity and position shifting as 

gap distance decreased in all four gold-silver nanoprism dimers, their peak intensity and 

position shifting with gap distance change was plot in following figures. Because gold-like 

peak (600nm-650nm) change was most obvious, their resonance peak variation was first 

analyzed (Figure 5.15). 
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Figure 5.15: Gold peak intensity and position shifting in four gold-silver nanoprism 

heterodimers plot with gap distance between particles. 1: the relative gold peak intensity 

was the gold-like peak intensity of dimers divided by the dipole resonance peak intensity 

of single gold nanoprism. 2: Peak position shift was the difference between gold-like peak 

position in dimers and single gold nanoprism dipole resonance peak position. 
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Figure 5.15 revealed the coupling between gold and silver nanoprism in different 

relative orientation had varied resonance peak. In peak intensity figure, as gap distance was 

decreased to 2nm, Ag-rAu dimer had the strongest gold-like resonance peak. As talked 

before only when silver tip was point to gold nanoprism there had the strongest coupling, 

so Ag-rAu or Ag-Au dimer should have the strongest gold-like peak intensity at same gap 

distance. Compare two structures the difference was that in Ag-rAu dimer Au side was 

next to Ag tip while in Ag-Au dimer Au tip was next to Ag tip. Since the mass center of 

triangle nanoprism was more closed to particle side than tip, when Ag-rAu and Ag-Au 

dimers were at same gap distance, actual gold was more closed to silver in Ag-rAu dimer, 

that’s why its gold resonance peak was most enhanced. Though in rAg-rAu dimer gold was 

also closed to silver, however it was the side of silver next to gold, that the coupling in 

rAg-rAu dimer was not as strong as Ag-rAu dimer, so their peak intensity was lower. From 

the result it could be conclude that gold-like peak intensity was determined by the coupling 

strength between silver and gold, and the average distance of gold nanoprism to silver tip. 

 

When looking at the peak position shifting figure, it was also showed interesting 

phenomenon. In that figure, as gap distance decreased, Ag-Au dimer and Au-rAg dimer 

had similar and farthest peak shifting, and in Ag-rAu dimer there was almost no shift at all 

while it had the strongest intensity variation. Since peak intensity determined the number 

of electrons took part in LSPR and peak position determined the energy required for LSPR. 

From the result in Figure 5.15 it could be said that when Au tip was faced to silver (Ag-

Au, Au-rAg), the energy required for LSPR was decreased and peak position red 

significantly shifted. However when Au side was next to silver nanoprism, peak intensity 
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was most enhanced but their resonance peak position didn’t changed much. This showed 

that the gold tip in nanoprism was closed and coupled with silver, it would influence the 

gold-like peak position, meant that the effect to gold tip would affect the energy level of 

LSPR. However, side of Au nanoprism determined the number of electrons joined in LSPR 

that control the intensity of resonance. 

 

Ag-like dipole resonance peak shifting in gold-silver nanoprism dimers at different 

gap distance was also analyzed as showed in Figure 5.16. The behavior of silver was quite 

different from gold in dimers. As gap distance decreased from 18nm to 2nm, the intensity 

of silver peak was decreased in all four dimers, meant that in gold and silver nanoprism 

dimers the number of electrons in LSPR for silver-like resonance was decreased as gap 

distance decreased. But the intensity decrease in Ag-Au and Ag-rAu dimers was much 

faster than the other two dimers, which showed that as silver nanoprism tip was face to 

gold, it would have a bigger peak intensity decrease as gap distance decreased. Higher 

coupling between silver and gold, lower intensity for silver-like peak. 
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Figure 5.16: Silver peak intensity and position shift in gold-silver nanoprism heterodimers 

as gap distance increased. 1: the relative silver peak intensity was the silver peak intensity 

of dimers divided by the dipole resonance peak intensity of single silver nanoprism. 2: Peak 

position shift was the different between silver peak position in dimers and single silver 

nanoprism dipole resonance peak position. 
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When study the silver-like peak position shift as gap distance decreased, it’s quite 

curious to found that silver-like peak position in Ag-Au and Au-rAg dimers was left shift, 

while in Ag-rAu and rAg-rAu dimer silver-like dipole resonance peak was right shift 

compared with single silver resonance peak. This revealed that direction of silver-like peak 

shifting was not only determined by silver itself, but also decided by the nearby gold 

nanoprism orientation. When Au tip was pointed to silver, silver peak would blue shift. 

When Au side was pointed to silver, silver peak would red shift. The orientation of silver 

only decided the distance for peak shift. When silver tip was point to gold, longer peak 

position would shift. 

 

To systematic analyze the peak position and energy change when gold and silver 

triangle nanoprism was coupled in different orientation, a plasmon hybridization energy 

diagram was built in Figure 5.17 to illustrate the peak shifting for gold and silver dipole-

dipole coupling based on the data of four dimers scattering spectrum at gap distance was 2 

nanometers.  

 

From the energy diagram, σ coupling mode was the low energy coupling while σ* 

was the high energy band coupling. For low energy coupling gold nanoprism was most 

resonance and the energy level for this coupling was determined by the orientation of gold 

nanoprism. Since the tip of nanoprism had the strongest electric field under LSPR, when 

gold tip was pointed to silver, silver dipole would stable the electric field on gold tip lead 

to lower energy level required for resonance. However if it was the side of gold nanoprism 
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that next to silver, because gold tip was far away these stable effect turn to weak and red 

shift of peak position getting small. 

Figure 5.17. Plasmon hybridization energy diagram of four gold-silver nanoprism dimers. 

Red arrow referred the dipole for single particles. σ was the low energy coupling ( gold-

like peak) and σ* was the high energy coupling(silver-like peak). [42] 

 

For high energy coupling, things got complicated. At this time, silver was most 

resonance. However, peak position under high energy coupling was also related with the 

gold nanoprism orientation. When silver nanoprism tip was point to gold in Ag-Au, Ag-

rAu dimers, due to the strong field on the silver tip, coupling was strong that lead to a 

longer peak position shift for resonance. When it was the side of silver nanoprism that 

closed to gold, their coupling would be weak and the peak position shift would be small. 

But the direction of peak shifting was decided by gold nanoprism orientation in high energy 

coupling. When the side of gold nanoprism was next to silver, interband absorption[42] of 

gold needed to be considered as its huge contact surface to silver compared with tip. At 

this time, there would be another coupling between silver dipole resonance and gold 

interband absorption that red shift the LSPR peak. That was the reason why high energy 

mode was red shift in Ag-rAu, rAg-rAu dimers. 
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  To quantitatively analyze the relationship between gold-silver nanoprism dimer 

plasmon resonance peak intensity and positive with the gap distance, I plot the relative 

peak intensity and peak shift of low energy mode with gap distance, and found that the 

logarithms of gap distance had a linear relationship with relative peak intensity and the 

logarithms of peak position shift as showed in Figure 5.18, Figure 5.19.  

 

Figure 5.18: Relative peak intensity (low energy mode (gold-like) peak intensity divided 

by single gold nanoprism intensity) VS logarithms of gap distance for different dimers. 

Inset equation was the linear plot equation and adjust R square for the relationship between 

Y (Relative intensity) and X (Logarithms of gap distance) axis. 

 

In the relative peak intensity figure VS logarithms of gap distance, the slope and 

intercept in Ag-Au, Au-rAg, rAg-rAu figure was quite closed. If not consider the intensity 
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of Ag-rAu dimer at gap=2nm distance, the plot for rest point of the dimer would also closed 

to the other three. No matter in which gold and silver nanoprisms dimers, gap distance 

mostly determined the intensity of gold-like peak, and gold orientation took the subordinate 

role. The intensity of the gold like peak could be used for distance measurement. 

 

Figure 5.19: Logarithms of peak position shifting (low energy mode (gold like) peak 

position subtracted single gold nanoprism position) VS logarithms of gap distance for 

different dimers. Inset equation was the linear plot equation and adjust R square for the 

relationship between Y (Logarithms of peak shifting) and X (Logarithms of gap distance) 

axis. 

 

For the logarithms of peak position shifting VS logarithms of gap distance figure, 

the slope and intercept figure in four dimers was quite different. It was quite similar in Ag-

Au and Au-rAg dimers, which meant that as gold tip was pointed to silver, no matter the 
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orientation of silver, peak position shifting was decided by the gap distance for gold-like 

peak. But for Ag-rAu and rAg-rAu dimers, since Au tip was far away from Ag nanoprism, 

the resonance energy of gold-like peak was less affected by the gap distance. In general, 

peak position shifting for gold-like peak was both determined by gap distance and the 

orientation of the tip of gold nanoprism to silver. 

 

In conclusion, I had talk about the properties of single and heterodimers of gold and 

silver nanoprisms. Their dipole resonance peak coupling was mainly discussed in this 

chapter. Peak intensity change and position shifting was analyzed based on nanoprisms 

relative orientation and gap distance. From the simulated results I found that the intensity 

for gold-like peak was increased while silver-like peak was decreased when the gap 

distance was decreased. At same gap distance gold-like peak intensity was decided by gold 

nanoprism orientation and for silver-like peak intensity it was related with silver nanoprism 

orientation. For the change in peak position shift, they were more complicated than 

intensity change as related with nanoprisms dipole-dipole coupling and silver dipole with 

gold interband coupling. By analyzing the scattering spectrum of gold and silver nanoprism 

dimers, it could obtain a better understand of the anisotropy properties of triangle 

nanoprism structures. The result in this chapter could be further used for biomolecule 

structure monitoring, nanoparticle distance measurement, sensors and other applications. 
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PERSPECTIVE:  

In all five chapters I had talked my research on experiment and simulation on big 

gold nanorod, small palladium-silver bimetallic core-shell nanoparticles and gold and 

silver triangle nanoprisms. SEM, darkfield, FDTD simulation was the major technology I 

used and detecting the biomolecule conformation change on nanoparticles was the major 

purpose in my research. What I have learned was that by monitor single particle scattering 

spectrum and CD spectrum, we do able to see the conformation change of proteins. Big 

nanorod CD image showed the whole process of particle chiral signal changes as lysozyme 

absorbed and denatured on nanorod particles. For small palladium-silver nanoparticles 

adding urea to denature protein was also able to see the scattering spectrum change. 

However, those two different particles had their own limitation. For big nanorod their 

particles were too large that overshadow lysozyme affect to the CD spectrum. Also large 

nanorods with its diverse structure were hard to use FDTD to simulation their spectrum for 

theoretical analysis. For small particles, the problem was the weak chiral signal of particle 

itself, even though biomolecule adsorption could cause strong scattering signal shift, but 

the weak chiral signal lead to CD spectrum change was hard to detect. Also, small particles 

was hard to do correlation to know their structure for FDTD simulation compared with 

experiment data. 

 

A different structure nanoparticle was suitable to solve all problems for big and 

small nanoparticle. I have studied the properties of gold and silver triangle nanoprism of 

single and heterodimers, their properties were promising for analyzing of protein 

conformation change. First they had strong LSPR on particle surface especially the tip, by 
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mismatch assembled nanoprisms dimers would had strong chiral signal. Second 

nanoparticle dimers spectrum would be quite sensitive to environment especially between 

the interface, so the signal of conformation change of biomolecules can be amplified by 

nanoparticles LSPR. Third the size of nanoprism are controllable and their shape is uniform 

that made their spectrum tunable and easy simulated. Fourth correlation experiment for 

small nanoparticle without any labelling is still difficult, but since the size of nanoprism 

was controllable, it can synthesize the suitable size particle for correlation experiment. 

With these advantages, triangle nanoprisms would be a suitable particle to detect 

biomolecule conformation change by chiral signal. 

 

Future work would be first synthesized gold and silver nanoprisms, single or dimer 

structure will be characterized by SEM and optical properties will be measured by darkfield 

microscope. Correlation technology will be used to look at same particle under SEM and 

darkfield microscope and its structure was be simulated by FDTD method to compare with 

experiment data from darkfield observation. After understand the properties of single 

nanoparticle, protein would be adsorbed on it to study protein conformation change effect 

on single nanoparticle scattering and CD spectrum.  

 

In the future, I hope it will be able to measure the chiral signal change of single 

nanoparticles when different conformation of biomolecules was on it. After protein 

conformation change, the local chiral signal variation could be amplified by the 

nanoparticle LSPR that detectable by high resolution single molecule microscope. If it can 
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monitor small amount biomolecules conformation change by single nanoparticles, that will 

be helpful to study enzyme catalyst mechanism, protein function and could be used for 

medical treatment and disease diagnose.  


