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Ability to control the morphology and assembly of metal nanostructure is 

highly desirable as the geometry of particles is directly related with the properties of 

the nanoparticles. Different shape and assemblies provide wide variety of unique 

optical properties to nanostructures. The surface plasmon of the metal nanoparticle 

is the origin of unique optical properties and tailoring the structure allows one to 

modulate the surface plasmon mode. The surface plasmon which interact with visible 

range of light provides brilliant color with excellent stability and numerous physical 

color through morphological change of nanostructures. The confinement of a surface 

plasmon to a small volume results in localized electromagnetic field concentrating 

incident radiation to a subwavelength physical region and leads to strongly enhanced 

surface-enhanced Raman scattering signal. Due to these compelling optical 

properties and applications, there have been many efforts to control morphology and 

assembly of nanostructures. However, the number of methodologies and 

morphologies that can be achieved is quite limited. Through this research, we 

intended to push the boundary in the field of the nanostructure fabrication. In this 

thesis, we investigated new methodologies to fabricate plasmonic nanostructures 
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with novel design, created unprecedented plasmonic nanostructures, and evaluated 

the optical properties of newly produced nanostructures.  

By changing the ratio of cetyltrimethylammonium bromide (CTAB) and 

ascorbic acid (AA), we developed various shapes of gold nanoparticles. We chose 

the well-known ligand, CTAB and the reducing agent, AA and studied the role of 

them in shape control. The ratio of CTAB and AA is important to determine the 

relative growth of different crystallographic facet. Based upon the discoveries, we 

constructed the morphology diagram as a function of CTAB and AA concentration 

and successfully synthesized the rhombic dodecahedron and hexaoctahedron for the 

first time in CTAB and AA condition. This work can provide a useful guideline to 

control the morphology simply by controlling the relative ratio of CTAB and AA. 

We developed a new system that can direct the growth of nanoparticle by 

changing the functional group in the organothiol called organothiol assisted growth. 

Generally the organothiol molecule is used for functionalization of nanoparticle, but 

in here we revisited the role of organothiol in shape control and developed 

unprecedented nanoparticle morphologies having compelling properties. The thiol 

group in organothiol strongly links the molecule to the metal surface and at the same 

time, functional groups in the molecule make characteristic attachment onto the 

surface thus change the direction of crystal growth. In this system, we rationally 

designed organothiol molecules and utilized it to induce crystal morphology 

appropriate for each function.  

We identified benzenethiol system where the interaction energy between 

thiol and gold can be systematically varied and synthesized numerous high index 

nanoparticles. Especially, a new concave rhombic dodecahedron (RD) shape was 

fabricated using 4-aminothiophenol which has maximized binding energy due to 

electron donating amine. Sharp edges and multiple high index facets of concave RD 

generated strong electromagnetic field and exhibited superior catalytic performance.  
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Furthermore, we discovered peptide organothiol molecule which is capable 

of developing chiral morphologies. In this organothiol additive growth, continuous 

attachment of organothiol on gold surfaces during the evolution of particle mediates 

the crystallographic growth direction. During the growing process, gold atoms and 

peptides continuously provided onto the cube seed and the peptides make peptide-

inorganic stereoselective recognition on gold surface which leads to modified growth 

direction on the surface changing in shape consequentially. By incorporating 

peptide-gold enantioselective interaction into particle growth, here, we demonstrated 

various novel chiral structures controlled at nanometer resolution with strong optical 

activity and achieved new advances in chiral morphology fabrication. The 

synthesized nanoparticle showed strong optical activity at visible light and rotated 

the angle of linear polarized horizontal light at a 28 degree. This organothiol assisted 

growth system holds great potential in developing the fabrication of nanoparticle. As 

there are myriad combinations of functional group in organothiol molecule, the 

system enables one to make numerous shape and establish nanostructure library. In 

addition, this will provide important insight for the rational design of nanoparticle. 

Using genetically engineered M13 virus as assembling template, we 

fabricated closely aligned gold nanocube chain. Designing a surface-enhanced 

Raman scattering (SERS) nanoprobe with a controlled nanostructure and attachment 

of antibodies is an important issue in quantitative multiplexed detection. We have 

developed antibody containing SERS nanoprobe that is based on a genetically 

engineered, bifunctional M13 virus. At the end of the 1-µm-long filamentous virus, 

an antibody was expressed with high binding affinity against antigens. Along the 

length of the virus, gold nanocubes were closely aligned into chains through a gold-

binding peptide sequence expressed on major coat proteins. These nanocube chains 

in a single virus amplified the Raman signals of various reporter molecules and thus 

served as a specific label to distinguish different antibodies. We successfully applied 

the virus-based platform to prostate specific antigen (PSA) detection and a 

quantitative immunoassay. Our results suggest a new possibility for the use of a 
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multifunctional virus scaffold as a general SERS platform that can genetically carry 

various antibodies and templates for plasmonic nanostructures. 

We believe that our newly developed methodologies, various fascinating 

shape and assembly in this research will pave the way to develop novel plasmonic 

nanostructures and bring about new opportunities for light manipulation.  

Keywords: Plasmon, Metal nanostructure, Morphology, Assembly, Organothiol, 

High index nanoparticle, Chiral nanoparticle 
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Chapter 1. Introduction  

 

1.1  Morphology Dependent Properties of Nanostructures 

The morphology and assembly control of metal nanostructure has been a 

significant issue as the geometry of particles is directly related with the properties of 

the nanoparticles. 1-7 The reaction yield and selectivity are highly dependent on the 

nature of the catalyst surface. Therefore, shape control which allows to expose 

different crystal facet provides a good way to make ideal materials for catalytic 

application. It is well known fact that shape-controlled Pt nanocrystals with defined 

(100) and (111) surface structures exhibit different catalytic selectivity for benzene 

hydrogenation. (Figure 1.1) 8 Moreover, in recent years, there is an upsurge reports 

in fabrication of nanoparticle enclosed by high index facets. As the high Miller index 

facets contains the high density of atomic steps with low coordination number that 

can serve as active sites for chemical reactions, the nanoparticle shows fascinating 

catalytic properties. 9  
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Figure 1.1 Different catalytic activity depending on the shape-controlled Pt 

nanocrystals. TEM images of Pt (a) cubes and (b) cuboactahedra. (c) Cubic 

nanocrystals are selective for cyclohexane, while cuboctahedra exhibit activity for 

both cyclohexane and cyclohexene. (d) Different catalytic selectivity of nanocrystal 

results are consistent with the single-crystalline Pt surfaces. 

 

The optical properties of nanosized metallic particles are significantly 

different to those of the bulk material. Subwavelength noble metal nanocrystals 

display a variety of optical properties in the visible and near-IR regimes. Absorption 

bands in the visible region are present in the UV-visible spectrum of gold, silver and 

copper nanoparticles, but these bands are absent when the spectrum of the bulk metal. 

These phenomena result from localized surface plasmons, where the plasma 

oscillations of free electrons in the metal are bound by a finite volume given by the 

nanoparticle geometry. The conduction electrons of nanoparticles can interact with 

electromagnetic field. For noble metal nanocrystals, surface plasmon resonances are 

manifested as sharp maxima in the scattering intensity. (Figure 1.2) 10 Surface 

plasmon resonance spectral position and properties (i.e. extinction) can be adjusted 
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by varying the material, particle size, and shape of chemically-synthesized colloidal 

particles. In this manner, spectral properties from ultraviolet (UV) to near-IR 

wavelengths are realized. (Figure 1.3) 11 For example, rod structures a resonance 

peak are associated with each respective axis and increasing aspect ratios results in 

a larger energy splitting between the two resonances.(Figure 1.4) 12 This length 

dependence is a prime example of how shape can be used to tune the optical 

properties of colloidal metal nanostructures. As the nanoparticle can absorb and 

reemit light at visible range, the nanoparticle was exploited as dye to staining the 

glass with color in ancient times. The Lycergus cup fabricated at the 4th century AD 

still displays brilliant red color under transmitted light. With the tunable structural 

color and excellent stability, many researchers demonstrated physical coloration 

through morphological change of nanostructures. In addition, these plasmon 

resonances are sensitive to the dielectric surrounding of the nanocrystals, optical 

scattering measurements can be used to probe the chemical environment of the 

nanocrystal. 
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Figure 1.2 UV-visible extinction spectra (black) of silver nanoparticles with various 

morphology. (a) isotropic sphere, (b) cubes, (c) tetrahedra, and (d) octahedra. 

Absorption (red) and scattering (blue) spectra of silver nanostructures also illustrated. 
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Figure 1.3 Different optical properties of colloidal nanoparticles which covers a 

wide range of the electromagnetic spectrum depending on the material, dimension, 

and shape. 

 

 

Figure 1.4 UV-Vis-NIR spectra and TEM image of gold nanorods depending on the 

size. (a) Extinction spectra for gold nanorods with aspect ratios 2.4 (black), 2.7 (red), 

3.6 (blue), 4.4 (purple), and 6.1 (green). (b) Corresponding TEM images. Scale bars 
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are 150 nm. 

 

The ability to engineer metallic nano-morphology also enable us to achieve 

another fascinating properties relying on electromagnetic-field enhancement. 

Different crystal morphology allows the excitation of specific surface plasmon 

modes. At their resonant frequency, these localized surface plasmons can exhibit 

large scattering coefficient and a large extinction cross-section. Accordingly, 

particle-based geometries can act as optical nano-antennas, concentrating incident 

radiation to a subwavelength physical region. 13 Such properties have been exploited 

in applications ranging from surface-enhanced Raman spectroscopy to photothermal 

tumor treatment. 14 

Due to these unique morphology-dependent properties of nanostructures, 

the numerous shape and structures have been made and utilized for wide range of 

applications such as catalysis,15, 16 sensing17-19, electronics,20 photonics,21, 22 

information storage,23 and therapeutic agents24-26. Particularly their unique optical 

features from surface plasmon phenomena were compelling interests.  
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1.2 Structure Control for Optical Amplification  

Along with many other physical properties, metals such as gold, silver, 

copper, or aluminum, have different optical properties from standard dielectrics. The 

most well-known example is that they reflect light very efficiently in the visible, 

making them good materials for mirrors with various types. Metallic nanostructures 

show wide variety of unique optical effects, including extraordinary light 

transmission, strong field enhancement, negative refraction, and gigantic optical 

activity. The presence of free electrons in the metal nanoparticle is the origin of these 

interesting optical properties.  

The free electrons of a metal move in a background of fixed positive ions, 

which ensures overall neutrality. This forms, by definition, a plasma and can be 

called a free-electron plasma, or solid-state plasma. The optical response of this free 

electron plasma will govern all the optical properties of metals. When light where 

oscillating electromagnetic field illuminated the metal nanoparticle, such free 

electron plasma start to fluctuate as the light is oscillating field and this oscillating 

free electron plasma called surface plasmon. For a qualitative understanding of a 

surface plasmon, we can think about a mechanical oscillator. When a simple 

harmonic oscillator is displaced from its equilibrium position, it experiences a 

restoring force that brings the oscillator back to its initial position or configuration. 

A simple oscillator, once perturbed from equilibrium, will undergo a continuous 

sinusoidal-type motion until damping forces bring the system to rest. The effects of 

damping can be overcome if an additional (external) force is applied to the oscillator. 

In the case of a sinusoidal applied external force, there exists at least one frequency 

at which the force applied will result in the oscillator achieving maximum amplitude. 

This particular frequency is called the resonant frequency: a frequency either above 

or below the resonant frequency yields lower amplitudes of oscillation. This 

phenomenon arises when the external force is applied “in phase” with the natural 

frequency of the oscillator, resulting in the oscillator absorbing a maximum amount 
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of energy from the driving force. At such conditions, a small amount of applied force 

can induce large amplitudes of oscillation due to the effective transfer of energy from 

the driving force to the oscillator. When the oscillating electric field from incident 

light interacts with the delocalized electrons of a metal, the electron cloud can be 

perturbed in such a way that it is physically displaced from the metal framework. 

This charge polarization is short-lived, because the Coulombic attraction from the 

positively charged nuclei of the metal will pull the electron cloud back to its initial 

position. Due to the large difference in mass, it is typically assumed that the heavy 

nuclei remain in a fixed position while the lighter electrons experience motion. With 

the electric field component of incident light acting as a sinusoidal driving force and 

Coulombic attraction acting as a restoring force, all of the components of a harmonic 

oscillator are present. Consequently, resonant conditions can be achieved when light 

is coupled in phase to the natural frequency of the plasmon oscillation. At these 

resonant conditions, the metal structures absorb the maximum amount of incident 

electromagnetic radiation, causing the greatest amount of charge displacement.  

In the case of nanoparticle, as the dimensions of the particle are too small, 

the light interact with metal particle smaller than the wavelength of incident light 

generate a localized surface plasmon resonance. The confinement of a surface 

plasmon to a small volume results in an oscillating electromagnetic field that resides 

very close to the particle surface, extending only nanometers into the dielectric 

environment. Consequently, localized surface plasmon resonance (LSPR) can 

generate much higher local field enhancements (100 - 10000 times the incident field) 

as compared to those of a surface plasmon polariton (SPP) (10 - 100 times the 

incident field).  

As surface plasmon are confined to the nanoparticle geometry, the resonant 

conditions depend not only on the metal and the surrounding dielectric but also on 

the nanoparticle exact size and shape, as well as on the polarization of the field with 

respect to the nanoparticle. Variations of these parameters give rise to different 
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plasmon modes denoted as dipole, quadrupole, octupole, and multipole, according 

to the number of opposite surface charges induced. Each plasmon produces a 

different surface charge distribution on the nanoparticle, and thus a characteristic 

electric field distribution around the nanoparticle. Figure 1.5 shows schematically 

how a time varying electric field would produce different surface charge and electric 

field distributions on a nanoparticle with the shape of a sphere and a triangular prism. 

While this distinction may be relatively simple in nanoparticles of regular shapes 

such as spheroids or rods, it becomes more complex in nanoparticles with more 

intricate structures such as branched shapes where the resonances can be described 

in terms of hybridization between plasmon modes of the different structural 

components of the nanoparticle. 

 

 

Figure 1.5 Schematic illustration nanoparticles with the shape of a sphere (a) and a 

triangular prism (b) excited by the electric field of incident light with wavevector. 

The collective movements of electrons are resonant at optical frequencies and the 

surface charge and local electric field distribution depends on the shape of the 

nanoparticle: in the case of the sphere the field is distributed in a symmetric dipolar 

pattern, whereas in the case of the triangular shape there is charge and field 
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concentration on the upper tip. 

 

In general, a rigorous description of LSPRs requires a multipole expansion 

of the field inside a nanoparticle, so that a superposition of several plasmon modes 

can be induced at a given frequency. However, for the sake of simplicity it is often 

assumed that the dominating term in the multipole expansion is the only mode 

excited. For particles of spherical and spheroidal shape, the Mie solutions provide a 

full analytical model. 27 There are also extensions of the Mie formalism for 

aggregates of particles. 28 For nanoparticles considerably smaller than the 

wavelength of light λ, the Rayleigh (also called dipole or quasi-static) approximation 

may be applied, which provides useful insight into the physics of LSPRs by means 

of relatively simple formulae and known parameters. Within this approximation, the 

polarizability of a small spherical nanoparticle is given by: 

α λ 4π
2

 

where  is the vacuum permittivity, R is the particle radius,  and ε = ε′ + iε′′ 

are the real relative permittivity of the surrounding medium and the complex relative 

permittivity of the particle, respectively. The scattering and absorption cross-sections 

are given by: 

σ
6

| |  

σ  

The important part in the polarizability expression is the denominator. If it 

were close to zero (a condition which can be achieved if 2 ) then the 

fraction would be very large. This is not possible for standard dielectrics, for which 
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permittivity is typically between 1 and ~10. But for metals, this condition can be 

approximately met if the absorption is small (Im 	 0) at a wavelength where 

Re( 2  as metal usually have negative permittivity in real part at 

visible range. Therefore the optical response (absorption and scattering) at this 

particular frequency (or wavelength) is then very large, this is the signature of a 

resonance. It is interesting to note at this stage that while the resonance condition is 

determined primarily by the real part of permittivity, it is actually its imaginary part 

that limits how large the resonance can be. Similar effects will exist for other 

geometries and configurations, but with different denominators and therefore 

different resonance conditions. This is an interesting concept that needs to be 

highlighted: optical resonance conditions in small metallic objects are not purely 

intrinsic of the material properties but they are strongly linked to the geometry.  

One of the exciting features of surface plasmons is that they can be coupled. 

When two or more discrete plasmonic materials are in close proximity to one another 

(on the order of nanometers), their oscillating electric fields can interact to yield new 

resonances. When interparticle coupling is effectively controlled, extremely high 

local electric fields can be generated which would otherwise not be possible with 

single particles. These areas of intense electromagnetic radiation are often referred 

to as “hot spots”. Sharp features will also produce intense electromagnetic radiation 

due to a “lightning rod” effect from the crowding of electric field lines. The 

generation of hot spots and areas of concentrated electric field is advantageous for 

many surface-enhanced spectroscopic methods. By rationally designing electric 

field-enhancing nanostructures, the spectroscopic signal can be improved by several 

orders of magnitude so that single molecule detection is possible. In Figure 1.6 a and 

b, the electric field enhancement (|E|/|E0|) pattern generated around a single 25 nm 

silver nanoparticle is compared to the one generated around a dimer of 25 nm Ag 

nanoparticles separated by a 5 nm gap. The hot spot effect where the enormous 

enhancement produced as a consequence of near field coupling between 

nanoparticles, is clearly evidenced.  
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Figure 1.6 Near field enhancement distribution produced by a silver spherical 

nanoparticle with D = 25 nm (a) and by a pair of spherical nanoparticles of the same 

diameter separated by 5 nm (b). The incident field is polarized along the major axis 

(vertically). 

 

Essentially, surface plasmon resonance provides a means to control the 

intensity and location of electromagnetic radiation with subwavelength precision. As 

would be expected, this has led to the development of a variety of SPR-based 

technologies. In surface enhanced Raman scattering (SERS), extraordinarily strong 

Raman scattering signals are detected from molecules in the vicinity of nanoparticles 

and nanoparticle clusters that are illuminated at their plasmon resonance frequency. 

While for molecules in very close proximity to the metal surface, direct electron 

transfer may increase the Raman polarizability, the main contribution to the SERS 

signals arises from the strongly enhanced local electric fields of plasmonic 

nanoparticles. The Raman signal is proportional to the product of the local electric 

field intensities at the incident frequency |E(λ)|2 and at the Stokes shifted frequency 

|E(λ′)|2. It is usually taken as a reasonable approximation that the Raman 

enhancement is proportional to the fourth power of the local field at the incident 

frequency.29 The strongest SERS enhancement occurs under conditions where the 
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incident and Raman scattered photons are both strongly enhanced, that is the LSPRs 

of the nanoparticles are tuned to include both incident and scattered wavelengths. 

For that, it should be taken into account that the presence of adsorbed molecules will 

shift the LSPR spectral position. With the proper design of nanostructures, the local 

field can be strongly enhanced and the Raman signals from even single molecule can 

be observed (Figure 1.7). 30  

 

 

Figure 1.7 Schematic of plasmonic hotspot amplification of single-molecule light–

matter interactions. SERS spectra of a thin layer of rhodamine 6G using a dumbbell 

structure. The shown spectra correspond to different dimer structures exhibiting 

typical rhodamine 6G peaks, whereas spectra taken away from dimers are of low 

intensity. 

 

The biosensing community has benefited greatly from the high sensitivity 

of surface plasmons to their dielectric environment. When small molecules or 

biologically relevant species bind to a plasmonic substrate (usually made from Au 

or Ag), the SPR of that substrate will be affected due to a change in dielectric 

constant induced by the local concentration of target molecules. Target binding is 
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assessed in real time by monitoring changes to the properties of an SPP if the 

substrate is a thin film or to LSPR if the substrate is a particle array as shown in 

Figure 1.8. 31, 32 

  

 

Figure 1.8 Attachment of a single molecule (blue object) changes the local refractive 

index and thereby the plasmon resonance frequency, λ, of a gold nanorod (a). σabs, 

absorption cross-section. Single-protein detection by direct nanorod spectroscopy (b) 

and photothermal microscopy (c). 

 

An antenna, as is the case of traditional microwave and radiofrequency 

antennas, is a mediator between far-field radiation and local fields (currents) in an 

electronic circuit. In analogy, due to their strong interaction with light, single as well 

as arrays of metallic nanoparticles have been investigated as optical antennas. 

Metallic nanoparticles are able to efficiently collect far field radiation and focus it 

into local fields (near fields) confined to regions of space with dimensions well 

below the size of a wavelength, therefore, metallic nanoparticles are efficient optical 
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receivers. As optical emitters metallic nanoparticles may enhance decay rates of a 

local source, for example, a fluorophore. When the resonance of a metallic 

nanoparticle or nanoparticle array is properly tuned, it can convert a relatively bad 

fluorophore into a super-emitter. Bright molecule emission with a lifetime of ∼20 ps 

was recently observed for the first time in the gap of a bow-tie optical antenna. 33 

Another important feature of an antenna is its directionality. An optical antenna may 

receive or emit light from different directions with unlike efficiencies. Arrays of 

nanoparticles have enabled the investigation of directionality on optical antennas and 

have been demonstrated to direct photon emission efficiently. (Figure 1.9 and Figure 

1.10) 34 Directionality needs to be taken into account in every experiment involving 

optical antennas because it may strongly affect the experimental excitation and 

collection efficiencies. (Figure 1.11) 35 Properly designed and fabricated optical 

antennas hold potential to offer unique high quantum efficiency super-bright single-

photon sources with strong directionality for diverse applications. 

 

 

Figure 1.9 Optical Yagi-Uda antennas driven by quantum dots. (a) SEM image of 

fabricated five-element Yagi-Uda antenna consisting of a feed element, one reflector, 

and three directors (YU145). A quantum dot (QD) is attached to one end of the feed 

element inside th e marked area. (b) Comparison of SEM and scanning confocal 

luminescence microscopy images of three antennas driven by QDs. 
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Figure 1.10 Unidirectional emission of a QD coupled to an optical Yagi-Uda antenna 

and comparison with other metal nanostructures. (a) Scanning confocal 

luminescence images of QDs on reference 60-nm gold squares (Ref), half-wave 

dipole antennas (λ/2), and Yagi-Uda antennas (YU), respectively. Different colors 

show variations in degree of linear polarization. YU corresponds to antennas, with 

the parameter set YU145. The schematics in the insets are not to scale. Scale bar, 2 

μm. (b) Radiation pattern (intensity distribution at the back focal plane of the 

objective) from an individual structure in (a). 
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Figure 1.11 SEM image of structure and polarization-dependent scattering spectra 

for gold nanostars. Lines have been added to the SEM images to represent the 

polarization angle. The radial axis is the scattered intensity with arbitrary units. The 

scale bars are 100 nm. 

 

Furthermore, the polarization state of light forms can be controlled by shape 

of plasmonic structures. Optical activity which refers the rotation of polarization of 

a linearly polarized light beam is a result of the coupling between electric and 

magnetic fields. Such optical activity can be generated only in chiral media or chiral 

structure. Natural chiral materials such as quartz, amino acids, and sugars, have weak 

electro-magnetic coupling and optical activity is thus weak. In general, optical 

activity is characterized by the chirality parameter κ and the refractive index n. If we 

utilize plasmonic structure which can strongly couple the electric and magnetic field, 

the structure bring about a dramatic increase in the chirality parameter and make it 

even comparable in magnitude to the refractive index, thereby leading to a negative 

refractive index. A metamaterial is an artificial composite structure engineered to 
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have properties not present in nature and it is called a chiral metamaterial when it is 

designed to have unnatural chiral parameters. The increase of the chirality parameter 

is possible since chiral metamaterials can dramatically enhance the electro-magnetic 

coupling through specially controlled chiral metallic structures rather than using 

naturally occurring chiral materials 

To obtain large optical activity in chiral metamaterials, a variety of designs 

have been proposed. In 2005, Kuwata-Gonokami and co-workers reported giant 

optical activity in a single layer gammadion array which results from the 

enhancement of light-matter interaction through surface plasmons. (Figure 1.12) 36 

A large phase shift that led to the giant optical activity was attributed to the slow 

velocity of surface plasmons compared to that of photons. Rogacheva and 

collaborators used a bilayer chiral structure (double twisted rosettes) to show a giant 

polarisation rotation. 37 In that work, to break mirror symmetry with respect to the 

middle plane, they twisted the rosettes mutually around the axis of fourfold 

symmetry. The bilayer chiral structures showed stronger circular dichroism. In 2011, 

Zhao and collaborators demonstrated a conjugated gammadion array which broke a 

mirror symmetry along the plane normal direction by placing two gammadion 

structures that are conjugated to each other on both sides of a dielectric slab (Figure 

1.13). 38 As shown in Figure 1.13, a strong chiral metamaterial can have a negative 

refractive index for one circular polarization around resonance frequencies. 
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Figure 1.12 Experimental scheme and achiral, left- and right-hand twisted grating. 

Light from xenon (350–700 nm) and tungsten (600–1100 nm) lamps was 

unanoparticleolarized for transmission measurements and vertically linearly 

polarized for polarization measurements. Examples of the measured dependence of 

the polarization azimuth rotation angle Δ on the substrate angle φ is shown in insets. 

For the chiral gratings, the offset θ, which is a measure of chirality, is expected to be 

nonvanishing and to have opposite sign for structures with left- and right-hand twist. 
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Figure 1.13 Scheme of the conjugated gammadion chiral metamaterial. Two 

gammadion copper resonators are aligned on each side of the FR-4 board. Retrieved 

refractive indices for multilayer conjugated gammadion chiral metamaterial show 

negative refractive index at specific frequency. 

 

As shown in the previous examples, the ability of noble metal 

nanostructures to manipulate light at nanoscale has resulted in extensive applications 

in optical fields. Since their plasmonic properties can be delicately tuned and 

significantly enhanced by controlling the morphology of nanoparticles, regulating 

nanoparticle in the range of nanoscale is prerequisite for optical application.  

Thus far, several strategies have been developed to control the shape of 

nanoparticles. For single nanoparticle synthesis, the preparation methods can be 

categorized by chemical synthesis, templated directed growth, and lithography. In 

this thesis, we mainly focused on the chemical synthesis of nanoparticle. 

Lithography is a great tool to prove theoretical concept of nanostructure design as it 

gives some degree of freedom in fabrication at nanoscale. However, the lithographic 

technique is time consuming and labor-intensive work which is not suitable for mass 
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production for further application.  

The reduction of gold precursor by reducing agents in the presence of 

capping agents is a general method for chemical preparing gold nanoparticles in 

solution. Depending on the types of agents that used in the synthesis, numerous shape 

can be produced. Some selected examples of the shape control gold nanoparticle 

with its synthesis condition are summarized in Table 1.1.  
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Table 1.1 Shape control of gold nanostructures in colloidal synthesis. 

Shape Surfactant Reductant Additive Ref. 

Sphere 

Trisodium 
citrate 

Trisodium 
citrate 

- 39 

Trisodium 
citrate 

NaBH4 - 40 

CTAB Ascorbic acid KI 41 

CTAB 

Dodecanethi
ol 

NaBH4 - 42 

Cube 

PVP Ethylene glycol AgNO3 43 

CPC Ascorbic acid KBr 44 

CTAB Ascorbic acid - 45 

CTAB 
Ascorbic acid 

NaBH4 

NaBr 

AgNO3 
46 

CTAB Ascorbic acid CuSO4 47 

Icosahedra/ 

tetrahedra 

PVP Ethylene glycol - 43 

CTAB Ascorbic acid - 48 

CTAB 

CTAC 
Ascorbic acid - 49 

Rhombic 
dodecahedra 

CPC Ascorbic acid - 44 

CTAC Ascorbic acid 
AgNO3 

HCl 
50 

PVP DMF - 51 

Octahedron CPC Ascorbic acid - 44 

Rod / wire 

CTAB Ascorbic acid AgNO3 44 

CTAB 
Ascorbic acid 

NaBH4 
AgNO3 46 
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CTAB Ascorbic acid 

HCl  

HNO3 

H2SO4 

52 

CTAB Ascorbic acid Pb(NO3)2 53 

CTAB Ascorbic acid 
Sodium salicylate 

AgNO3 
54 

Branched shape 
CTAB Ascorbic acid AgNO3 45 

SDS Ascorbic acid - 55 

Prism 
CTAB Ascorbic acid NaOH 56 

CTAB Ascorbic acid KI 57 

Plate 

PVP Sodium citrate - 58 

PVP Ethylene glycol - 59 

PEI 
N-dealkylation 
of polyamines 

- 60 

Tetrahexahedron 
CTAB Ascorbic acid 

AgNO3 

HCl 
61 

CTAB Ascorbic acid Thiophenol 62 

Concave cube CTAC Ascorbic acid 
AgNO3 

HCl 
63 

Truncated 
ditetragonal 
nanoprisms 

CPC Ascorbic acid 
AgNO3 

HCl 
64 

Concave rhombic 
dodecahedron 

CTAB Ascorbic acid 4-aminothiophenol 62 

CTAB: cetyl trimethylammonium bromide, PVP: poly (vinyl pyrrolidone), CPC: 

cetylpyridinium chloride, CTAC: cetyl trimethylammonium chloride, SDS: sodium dodecyl 

sulfate, PEI: polyethylenimines, DMF: dimethylformamide 

 

One key factor for controlling the nanoparticle shape is surfactant. A good 
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surfactant should interact selectively with either nanoparticles or precursors in order 

to confine the growth. Organic molecules, polymers and inorganic ions have all been 

used to control the growth of gold nanoparticle in colloidal synthesis. Trisodium 

citrate, CTAB, PVP, CPC are some of the capping agents used in the growth of gold 

nanoparticles. These can either adsorb selectively onto specific surfaces, or form 

micelles that guide the growth of gold.  

Sodium borohydride, ascorbic acid, ethylene glycol are the widely used 

reducing agents. In general, the use of a strong reducing agent results in a high 

saturation value during the nucleation stage and a high growth rate during the growth 

stage, both are advantageous for the formation of uniform nanoparticles. These 

nanoparticles typically do not possesses facets due to an inability to reconstruct their 

surfaces during the short time spend. However, by selecting mild reducing reagents 

the nucleation and growth rate can be slowed down to the point where facets can 

develop without the generation of new nuclei. A two-step method is often used to 

control both the mono dispersity and shape of gold nanoparticles. In this process, a 

strong reducing reagent is first used to create uniform seed crystals, followed by the 

use of a mild reductant to facilitate the growth of particles. More detailed discussion 

will be given in the chapter 2.  
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1.3 Objective of Thesis  

The primary goal of this work is to fabricate plasmonic nanostructures 

through novel fabrication strategies in order to manipulate plasmonic interaction 

with light. The thesis is categorized by two part, part I is for fabrication of 

nanostructures and part II is optical properties and applications of fabricated 

nanostructures.   

In chapter 2, numerous nanostructure fabrication methods and constituent 

elements to synthesize nanoparticle were described to give an overview of an 

aqueous phase synthesis. Also, basic theory of optical properties of metallic 

nanoparticles was briefly discussed. 

In Part I, new methods for structure control of metallic nanoparticle were 

discussed that is developed in this thesis. Chapter 4 describes the role of 

cetyltrimethylammonium bromide (CTAB) and ascorbic acid (AA) as a determinant 

of gold nanoparticle morphology. As a result, the morphology diagram was for the 

first time constructed as a function of CTAB and AA concentration. Although CTAB 

and AA have been used in many gold synthetic protocols as a well-known ligand and 

reducing agent, the mutual interaction to control the shapes of gold nanoparticles has 

not been investigated fully. There are many previous works to obtain the various 

shapes of gold nanoparticles. But in many cases, the results still remain 

phenomenological and are hard to be predicted and translated into new synthesis 

developments. We have chosen the well-known ligand, CTAB and the reducing agent, 

AA and studied the role of them thermodynamically and kinetically. We have found 

that the relative ratio of CTAB and AA is important. Based upon the constructed 

morphology diagram, we successfully synthesized the rhombic dodecahedron and 

hexaoctahedron for the first time using CTAB and AA. Chapter 5 is devoted to 

describe organothiol assisted growth. In this system, rationally designed organothiol 

molecules are utilized to induce crystal morphology that appropriate for each 

function. The role of organothiol has two fold in directing the crystal growth. Thiol 
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group in the molecule acts as anchor that tightly binds the molecule onto the metal 

surface. Various functional groups in organothiol make characteristic attachment 

onto the surface determining the direction of growth. Using benzenethiol group, we 

fabricate several intriguing high index nanocrystals. The benzenethiol co-existing 

with precursors in growth solution is gradually attached to seed and significantly 

alters the growth pathway of seed. Depending on the bonding energy between gold 

and thiol, position of functional group, and presence of benzene ring, the resultant 

crystal show numerous morphologies. Most of all, 4-aminothiophenol (4-ATP) that 

have strongest bonding energy with gold due to electron withdrawing property of 

amine results in fascinating morphology, concave RD that has never been reported 

before. Furthermore, addition of cysteine leads to chiral nanoparticle shape which 

has never been achieve before. Nature has remarkable ability to control the shape of 

inorganic material. Direct contact of biomolecule with inorganic surface at specific 

site significantly modifies the direction of crystal growth resulting in macroscopic 

shape change. Inspired from organic modifier in nature, we identified organothiol 

molecule which is capable of directing morphological development through 

distinctive interaction between organothiol and gold surface. Here, we identified 

cysteine peptide to make chiral morphologies. The different conformation of 

cysteine on the gold surfaces results in the chiral twisted edge and even 

enantiomorphic chiral shapes. This organothiol directed growth paves the way to 

fabricate numerous types of novel morphologies and provides design rule to create 

desired shape. In chapter 6, we discussed fabrication of gold nanoparticle assembly 

templated by genentically modified M13. When nanostructures approach one 

another, their far- and near-field properties can be dramatically altered. These 

changes are a result of the strong coupling between the localized surface plasmons 

of the nanostructures during excitation. A new class of surface-enhanced Raman 

scattering (SERS) nanoprobe was demonstrated based on the genetically modified 

bifunctional M13 virus. The M13 virus probe was designed to have an antibody at 

the end of the virus and a gold-nanoparticle-binding peptide sequence on the long 
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coat proteins of the virus. This bifunctional characteristic of the M13 virus allowed 

us to label single antigen-antibody binding events with a strong SERS signal arising 

from the gold nanocube chian attached to the virus. This study introduces this 

multifunctional virus as a novel platform for SERS nanoprobes and provides new 

insight into single and multiplexed protein detection. 

 On the basis of these unique plasmonic nanostructures, we studied optical 

properties and applications of fabricated nanostructures in the Part II. Chapter 7 

presents resonance tuning by structural adjustment of nanostructures. The unique 

property of plasmonic nanostructure is that the plasmonic resonance can be 

specifically tuned by tailoring the nanostructure. Shape of gold nanoparticle is 

directly related with the optical spectrum. The organothiol assisted growth 

previously developed in here allow us to control minute change of morphology by 

changing the concentration of organothiol. Here, we utilized concave RD to study 

resonance modification with the structural change. In the structure of concave RD, 

several partial features are exist. Such partial structure can make constructive 

coupling in the extinction spectrum generating spectrum overlap. Also these 

different partial structure can create distinctive scattering spectrum depending on the 

excitation axis. Such possibilities were evaluated by extinction and scattering 

spectrum measurement with the change of structure. In chapter 8, we present the 

surface-enhanced Raman scattering of nanostructures. Two different structures, 

concave RD and M13 virus templated assembly were studied. Unique structural 

characteristics of concave RD offers several advantages for strong SERS 

enhancement. First, sharp edge and tip just like a star is beneficial to focus 

electromagnetic field. Second, homogeneous edge and tip unlike from star shape can 

generate homogeneous signal intensity. Third, broad spectrum of concave RD allows 

for multiple excitation. Indeed, Raman signal of concave RD indeed showed strong 

intensities at 660 nm and 785 nm laser light compared to the other shape of 

nanoparticles. In chapter 6, we developed a single-antibody SERS nanoprobe that is 

based on a genetically engineered, bifunctional M13 virus. Along the length of the 
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virus, gold nanocubes were closely aligned into chains through a gold-binding 

peptide sequence expressed on major coat proteins. In the later part of this chapter, 

we analyzed the SERS performance of virus templated probe. The nanocube chains 

in a single virus significantly amplified the Raman signals of various reporter 

molecules and thus could serve as a specific label to distinguish different antibodies. 

We successfully applied the virus-based platform to prostate specific antigen (PSA) 

detection and a quantitative immunoassay. Our results suggest a new possibility for 

the use of a multifunctional virus scaffold as a general SERS platform that can 

genetically carry various antibodies and templates for plasmonic nanostructures. In 

chapter 9, a new class of helical nanoparticles with giant chirality at visible range 

was demonstrated using cysteine based peptide. By changing spatial configuration 

of functional group in peptide, we constructed nanoparticle with strong optical 

activity at visible range. The nanoparticle exhibits outstanding anisotropy g-factor 

0.16 at 622 nm and optical rotatory dispersion effect. In addition, tunable optical 

response was achieved through tailoring the structure of nanoparticle modulated by 

spatial control of functional groups. Breaking the symmetry in nanostructure is non-

trivial process. Many efforts has been done to create chiral nanostructures, however, 

most of processes are time consuming and labor intensive. Our peptide based chiral 

nanoparticle synthesis method is facile, aqueous synthesis condition at room 

temperature, and doable in mass production. Therefore, our new synthesis method 

will be a breakthrough in the chiral fabrication methods and pave a way to new class 

of optical components. Chapter 10 describes catalytic activity of concave RD. 

Producing nanoparticle bounded with high index facet remains as a challenge due to 

high surface energy of the facet. Our concave RD nanoparticle is enclosed by 

multiple high index microfacets due to the benzenethiol stabilizer. With this 

advantage concave RD demonstrated outstanding catalytic activity compare to the 

other low index nanoparticles. We believe this new methodology and novel 

morphology will open up new possibilities for not only synthesizing intriguing 

morphology, but also fabricating various catalysts.  
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Chapter 2. Theoretical Background of Plasmonic 
Nanostructure Fabrication and Optical Properties 

 

2.1 Metal Nanoparticle Synthesis  

Surface Free Energy and Mechanistic Understand for Shape Control  

Surface energy consideration is integral part in understanding and 

manipulating the morphology of metal nanoparticle. The morphology of 

nanoparticle is defined by relative growth rate of each crystallographic plane. In 

order to control the relative growth of surface, thus achieve desired morphology, 

energy term of surface formation needs to be considered. The surface energies of 

planes are described by the Gibbs free energy per unit area. The total Gibbs free 

energy of a nanoparticle can be briefly written by the summation of Gibbs free 

energy of the bulk material and the surface free energy:  

	 	 	  

where γ is the specific surface free energy per unit area and A is the surface area. The 

specific surface free energy of crystallographic plane is expressed as following: 

	
1
2

 

where NB is the number of broken bonds per surface unit cell, ε is the bond strength, 

ρA is the number of surface atoms per unit area. This surface free energy (  can be 

understand as the increase in free energy per unit area when a new surface is created. 

As each material has unique intrinsic anisotropy in atomic arrangement, the surface 

free energies of distinctive crystallographic planes are different each other. In the 

case of face-centered cube (fcc) lattice, the surface free energy shows following 

order:  
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When atoms are tightly bound to each other, the bonds between them need to be 

broken in order to create a pair of new surfaces. In a sense, the surface free energy 

reflects the cost in energy when bonds are broken and is thus determined by the 

number and strength of bonds involved. As shown in Figure 2.1, depending on the 

crystallographic plane, the number of bonds determined by the atomic arrangement 

of that plane. In the case of the (110) plane, one additional broken bond from the 

subsurface (labeled as a’ and b′) needs to be included because it is also involved in 

the formation of two (110)-type surfaces. Therefore, this surface exhibit higher 

surface energy than other (111) or (100) surface.  

 

 

Figure 2.1 Low-index planes in a face-centered-cubic metal and the numbers of 

bonds per surface unit cell (NB) that have to be broken in creating a pair of new 

surfaces. The red dashed box represents the surface unit cell for each crystallographic 

plane. 

 

When the atom is newly added to the nanoparticle, it undergoes two path, 

deposition and diffusion. If adatom can migrate to the site lowest in surface free 

energy (global minimum), this results in equilibrium shape which is determined by 

surface free energy. However, in many cases, the surface diffusion is not adequate so 

the nanocrystal will be trapped in a local minima shown in Figure 2.2b, leading to 

the formation of different product.  
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Figure 2.2 Schematic illustration showing (a) path of newly added atom and (b) total 

free energy plot depending on the structure 

 

Taking the growth of a cubic seed (with all of its six side faces being 

completely covered by a capping agent) as an example, the newly formed atoms 

should be deposited onto the corners owing to the high energy of these sites. Upon 

deposition, the adatoms can have two different options: staying at the corner sites 

where deposition occurs or migrating to different sites (e.g., edges and side faces) 

through surface diffusion. The growth pathway of this cubic seed and thereby the 

shape taken by the product have a strong dependence on the ratio between the rates 

for atom deposition and surface diffusion. The deposition rate has a direct correlation 

with the rate at which the newly formed metal atoms are supplied. This rate is largely 

determined by the reduction rate (V) of a salt precursor (A) by a reductant (B) and 

can be described by following equation:  

 

where [A] and [B] are the molar concentrations of A and B, respectively; exponents 

x and y are the reaction orders with respect to A and B; and k is the rate constant of 

the reduction reaction that has a strong dependence on temperature. As a result, rate 

of deposition can be manipulated in a number of ways, including variations of 

reagent concentration and reaction temperature, the choice of a specific type of 

reductant or precursor, and the type of coordination ligand for the metal ion. The rate 
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of surface diffusion which is directly related with diffusion coefficient D can be 

expressed as an Arrhenius-type equation: 

exp ⁄  

where D0 is the diffusion pre-exponential factor, Ediff is the potential energy barrier 

to diffusion, R is the ideal gas constant, and T is the absolute temperature. Ediff is 

determined by a number of factors, including the strength of bond between the 

surface atom and the adatom, the crystallographic plane of the surface, the 

accessibility of the surface (e.g., passivation by a capping agent), and the chemical 

potential gradient. By considering these factors, one can carefully design an 

experiment to achieve the desired shape.  

 

In this work, we are mainly focused on the gold nanostructures prepared in 

the solution phase methods. The scope of this thesis is engineering the shape of 

particles, and assembly of nanoparticles to intensify optical property. In here, we are 

going to review the aqueous synthesis methods for creating nanoparticles, 

assembling methods of nanoparticles, and optical properties with interesting 

applications.  

Capping Agent  

The stability of a dispersion of nanoparticle depends on the repulsive and 

attractive interactions between particles. The repulsive interaction can arise from 

electric double layer of charge particles or from the steric repulsion of organic layer 

surrounding nanoparticles. Utilizing capping agent is indispensable part in the 

formation of nanoparticles. For colloidal synthesis, shape control at the 

crystallographic level can be achieved by employing molecular capping agents that 

selectively adsorb to specific crystal planes. The general strategy to generate shape 

anisotropy during nanocrystal growth is by stabilizing a particular facet through this 

molecular interaction; growth is limited on the crystal plane where binding is strong 
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and promoted on the crystal plane where binding is weak.  

Early colloidal syntheses were characterized by the use of fluxional 

structures such as microemulsions, micelles and vesicles, and reverse micelles that 

were postulated to behave as reactors or templates during synthesis. 1-3 These so-

called soft templates could be composed of a variety of molecules such as liquid 

crystals, block copolymers, and large biological molecules such as fatty acids. For 

the reduction of metal salts such as HAuCl4 or AgNO3, soft templating was typically 

carried out in an aqueous surfactant systems such as cetyltrimethylammonium 

bromide (CTAB), sodium dodecylsulfate (SDS), or bis(2-ethylhexyl) sulfosuccinate 

(AOT). Because they possess a hydrophilic head group and a hydrophobic tail, 

surfactants readily self-assemble into spherical or rod like micelles in water, 

depending on concentration and the presence of other additives such as co-

surfactants. Such structures were thought to promote metal reduction in or around 

the spatially confined hydrophilic volume. Poly(vinyl pyrrolidone) (PVP) is another 

prevalent capping agent to manipulate the shape of nanoparticles. PVP is generally 

added at the start of the reaction or continuously during metal reduction. The role of 

the polymer is twofold: it acts as a stabilizing agent, preventing aggregation of metal 

particles and retaining a uniform colloidal dispersion. In addition, PVP is used as a 

shape-control agent or “crystal-habit modifier,” promoting reduction onto specific 

crystal faces while preventing reduction onto others. For the noble metals, PVP has 

been demonstrated to stabilize the lowest-energy crystal facets of these fcc crystal 

systems to give colloidal structures bounded by {111}, {100}, and {110} planes. 

PVP is believed to bind preferentially to the {111} and {100} planes. 

Reducing Agent  

One of the simplest and prevalent way to synthesize nanoparticle in 

colloidal synthesis is Turkevich method. 4 Diluted solution of gold precursor was 

heated to its boiling point and introduction of trisodium citrate resulted in reduction 

generating 20 nm size of nanoparticle. By changing the reaction condition such as 
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ratio of trisodium citrate to gold, different diameter of nanoparticles are achieved. 

Another procedure is to use rapid reduction by sodium borohydride. As it is a strong 

reducing agent, a large number of nuclei are formed instantaneously as with the 

introduction and results in very small particle size about 2 nm. Hydrazine and 

hydroxylamine have also been used to prepare spherical nanoparticles in aqueous 

solution. 5, 6 These reducing agents, similar to the trisodium citrate case, generated 

nanoparticle larger than 20 nm with high uniformity. Also poly (vinylpyrrolidone) 

(PVP) can be used as a reducing agent by direct abstraction of hydrogen atoms from 

the polymer, organic radical formed by formal process and end hydroxyl groups of 

PVP. Other reducing agent such as sugars have been also used as reducing agent to 

prepare nanoparticles with controllable size ranging from 45 to 380 nm. 7 Liz-

Marzan reported the ability of dimethylformamide (DMF) can act as a reducing 

agent. 8 In the absence of any other reducing agent previously mentioned, DMF, the 

solvent of synthesis method, was shown capable of reducing metal precursor to 

generate nanoparticle. The rate of reduction of precursor by DMF is strongly 

temperature dependent. If the reaction carried out with PVP capping agent, PVP 

protected silver nanoparticle is formed with thin layer onto the nanoparticle surface. 

Dimethylsulfoxid (DMSO) has also been used in the synthesis of nanoparticle. 9 Very 

stable nanoparticles with average diameters close to 4 nm and narrow size 

distribution were prepared by DMSO. It was proposed that the reduction took place 

through the formation of silver-DMSO complex precursor with both DMSO and 

citrate acting as reducing agents. The polyol process is widely used to prepare 

nanoparticle.10 In general, metal precursor is reduced by ethylene glycol in the 

presence of PVP. From these examples, we can see that the chemical reducing agent 

can be either single, or a combination of citrate ion, sodium borohydride, alcohols 

including ethylene glycol, amine groups, sugars, DMF, DMSO can reduce the metal 

precursor. In the electrochemical synthesis of nanoparticle, the electrons for the 

reduction are provided directly from the electrode. On the other hand, in the case of 

chemical synthesis, the electron source to turn metal precursor into nanoparticle 
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provide from the reducing agent. As the concentration of reducing agent directly 

related to the number of electrons that can provided to reduce the metal precursor, 

high flux of metal atom by increased concentration of reducing agent can represent 

another new route for shape and size evolution. The choice of a reducing agent is a 

critical stage in the synthesis of nanoparticles with desired shape. As a matter of fact, 

such choice becomes extremely important for anisotropic growth of nanoparticle, as 

preferential growth of facets is accomplished by inherent differences in the growth 

rates of the chosen reductant.  

Additives 

Additives can serve as an effective mediator for the shape control of 

nanoparticles as they specifically binds to the crystal facets. Additives can adsorb 

onto some facets of the growing nanoparticles dynamically to reduce their surface 

energy and render a controllable growth rate of specific facets for desirable 

morphologies of inorganic nanoparticles. Generally, additives are composed of 

functional groups, which are key to adsorb onto the surface of the growing 

nanoparticles. Thus, the adsorption ability and stability of the functional or 

coordinating groups should be well considered for the selection of additive agents. 

The functional or coordinating groups from small molecules and polymers such as 

hydroxyl groups, 11 amine groups (primary, secondary and tertiary amine groups), 12, 

13 thiol groups, 14, 15 and long alkyl chains are considered as selectively adsorbed 

groups onto special facets of nanoparticles. Selective adsorption onto different 

crystal planes is not limited to large surfactants and long-chain polymers. In several 

instances, metal nanocrystal shape can be effectively modified by the addition of 

small molecules that exhibit the same preferential binding. During the heterogeneous 

overgrowth of Pd onto small Pt seeds, addition of NO2 to the reactant solution has 

been demonstrated to stabilize the {111} faces of the resulting Pd nanocrystals with 

increasing ratios of NO2 to Pd producing an increased ratio of {111} to {100} surface 

facets. Without NO2, Pd nanocubes were produced; upon the addition of NO2, Pd 
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cuboctahedra and octahedra could be synthesized in high yield. Nitrogen dioxide, 

known to be a strong oxidizer, is thought to interact selectively with various Pd 

crystal planes, analogous to the chemical poisoning that occurs for Pt or Pd catalysts. 
16  

Trace amounts of metal ions have also been used to achieve varying ratios 

of {111} to {100} nanocrystal facets. In the polyol reactions used to produce Au and 

Pt nanostructures, shape control was dependent on the addition of AgNO3 to the 

reaction. The addition of a minute amount of Ag impurities (with [Ag+]:[Au3+] 

approximately 1:100) produced a drastic effect, yielding homogenous colloidal 

solutions of Au nanocubes. 17 This foreign ion effect was systematically addressed 

for the case of Pt, where increasing the concentration of Ag impurities present in the 

reaction results in different nanoparticle shapes. With little ([Ag+]:[Pt2+] 

approximately 1:100) or no Ag+ ions added to the Pt polyol reaction, nanocubes 

bounded completely by {100} facets are obtained; for increasing amounts of Ag+ 

ions (1:10, 1:3), cuboctahedral and octahedral nanoparticles were obtained, 

respectively. With increasing amounts of Ag, nanoparticles bounded by larger areas 

of {111} facets could be obtained. This suggests that for both the Au and Pt systems, 

Ag+ ions may limit or enhance growth of particular crystallographic directions either 

through selective binding or galvanic-assisted reduction.  

Strong interactions between halides (Cl−, Br−, I−) from small molecules and 

the surface of the NPs is another common control factor for the modulation of the 

shape of nanoparticles by selective growth, particularly for novel metals. 18-21 

Adsorption of functional or coordinating groups onto different crystal planes of 

nanoparticles is not limited to small molecules. Some solvents with functional or 

coordinating groups also provide similar adsorption abilities as the small molecules 

and polymers, such as N,N-dimethylformamide (DMF) and ethylene glycol. 22 
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As in the general case for colloidal synthesis, the nucleation process is 

critical for obtaining shaped metal nanoparticles. The formation or addition of small 

seed particles – particles that serve as nucleation sites for metal reduction – can not 

only determine the crystallographic growth of the resulting nanoparticle but can also 

drastically change the kinetics of nanocrystal growth. Shape control of metal 

nanocrystals can be carried out via either homogeneous or heterogeneous nucleation. 

In homogeneous nucleation, seed particles are formed in situ and, typically, 

nucleation and growth proceed by the same chemical process. This is the more 

common synthetic strategy due to the practical ease of carrying out a one-pot reaction. 

Heterogeneous nucleation is carried out by adding preformed seed particles to a 

reactant mixture, effectively isolating nanocrystal nucleation and growth as separate 

synthetic steps. Such a strategy is particularly advantageous as it allows thoughtful 

design of nanocrystal shape through the choice of seed particles 

Seed Mediated Growth  

In homogeneous nucleation where nucleation and growth occurred in the 

same one reactor, the reaction conditions, especially the ratio of reducing agent to 

precursor must be carefully controlled in order to avoid secondary nucleation events. 

On the other hand, the reaction conditions for heterogeneous shape control are less 

stringent given that seed particles are pre-formed in a separate synthetic step. In 

addition, the activation energy for metal reduction onto an already formed particle is 

significantly lower than for homogeneous nucleation of seed particles in solution. As 

such, shape control can be considered as an overgrowth process: seed particles are 

added to a growth medium to facilitate the reduction of metal ions. Thus, utilizing 

heterogeneous nucleation for shape control allows a wider range of growth 

conditions that employ milder reducing agents, lower temperatures, or aqueous 

solutions. Murphy and co-workers have shown that the addition of preformed seeds 

to a metal precursor in the presence of a weak reducing agent effectively isolates the 

nucleation and growth events allowing control over the size and shape of the 
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resulting nanoparticles. 23, 24 This method is called seed-mediated method. Small Au 

seeds, 3–5 nm in diameter, are added to an Au precursor solution containing CTAB 

capping agent and ascorbic acid. Ascorbic acid, which is mild reducing agent, 

reduces Au(III) in solution only to its single oxidation state, Au (I), but cannot 

change into gold atom. Thus the nucleation and growth only can be proceeded by 

attachment of gold ions onto the injected preformed seed nanoparticle. The resulting 

structures, rods and wires, as well as a variety of shapes, can be synthesized by 

carefully controlling the growth stage, which is distinctly separate from the 

nucleation event. The reducing agent present in the growth step is only strong enough 

to induce autocatalytic growth on pre-existing nuclei. Therefore, the advantage of 

using seed mediated growth to prepare larger particle is that a greater control can be 

achieved over the size of grown nanoparticles.  
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2.2 Metal Nanoparticle Assembly  

Depending on the methods for nanoparticle assembly, assembled plasmonic 

nanostructures can be categorized. Usually, direct nanoparticle assembly in solution 

and assisted nanoparticle assembly supported by external fields and template 

surfaces are utilized in the formation of plasmonic structures.  

Electrostatically Induced Assembly 

Self-assembly of plasmonic nanoparticles can be induced by suppressing 

their electrostatic stabilization, thereby making attraction forces, that is van der 

Waals or phobic forces, dominant. The electrostatic repulsion between nanoparticles 

can be reduced by changing pH of the system and in this manner, reducing ligand 

ionization, as has been shown for citrate25 or poly([2-(dimethylamino)ethyl] 

methacrylate) ligands,26 by suppressing the double electric layer of the nanoparticles 

with addition of electrolytes,27 or by changing the temperature, as the magnitude of 

the electrostatic repulsion varies linearly with temperature.28 For example, for gold 

nanoparticles functionalized with poly([2-(dimethylamino)ethyl] methacrylate) 

ligands, 26 a decrease in pH was used to protonate the polymer and decrease the 

nanoparticles charge. Adjusting the pH of the system allowed for control of the 

aggregation number of the nanoparticles assemblies. Competition of electrostatic 

repulsion with attraction forces has a profound effect on nanoparticles assembly in 

various types of nanostructures. For example, it is well-established that isotropic 

spherical gold nanoparticles can form chains, due to the anisotropic electrostatic 

repulsion. 25, 29 On the other hand, spherical gold nanoparticles stabilized with 

polystyrene ligands assemble in spherical clusters in a solvent poor for polystyrene, 
30 while DNA-capped gold nanoparticles form 3D lattices. 31 

Ligand Induced Assembly  

Assembly of metal nanoparticles can be driven by hydrogen bonding and 

metal chelation between ligands capping the surface of metal nanoparticles. 



[여기에 입력] 

47 

Hydrogen bonding induces pH-dependent self-assembly and has been used to 

assemble silver and gold nanorods. 32, 33 For example, self-assembly of gold rods was 

mediated by the hydrogen-bonding between mercaptoundecanoic acid (MUA) 

ligands. 34 Also, cyclodextrin was used to generate hydrogen bonding induced 

assembly through hydroxyl groups in cyclodextrin. 35 In this case, the surface of 

nanoparticle can only be functionalized with a few cyclodextrin molecules due to 

small sized of silver nanoparticle. Due to steric repulsion and the geometric position 

of the few cyclodextrin ligands on the surface, the assembly of nanoparticle chains 

can be generated. In another study, formation of chains of gold nanoparticles 

occurred by hydrogen bonding between surface bounded 2-mercaptoethanol ligands. 
36 The choice of solvent was crucial in the formation of nanoparticles chains due to 

the ability of some solvents to hydrogen-bond with the ligands. Chains of 

nanoparticle assembled in dimethylformamide participating in hydrogen-bonding 

with the ligands, whereas 2D nanoparticle aggregates formed in dimethylsulfoxide, 

which had significantly weaker H-bond acceptor abilities.  

Chelation of nanoparticle ligands to ions in solution can be used as a driving 

force for the generation of reversible nanostructures with interesting geometries. 

Gold and silver nanoparticles functionalized with ligands containing carboxylic or 

amino groups have been used to coordinate with Hg2+, Cd2+, and Pb2+ ions. 37-39  

Directional, 1D self-assembly was achieved for gold NRs end-functionalized with 

thiol-terminated terpyridine groups, which coordinated to Fe2+ ions. 40 Linear 

assembly was also achieved at short self-assembly times for gold nanoparticles 

bearing peptide ligands binding to Hg2+, while at longer time intervals chain 

networks and 2D clusters were formed.  

Polymers are easily attached to the nanoparticle surface in the post-

synthesis ligand exchange procedure. The polymer capped nanoparticles are first 

dispersed in a good solvent for the polymer ligand. The addition of less soluble 

solvent, change in temperature, addition of salt results in assembly of nanoparticles 
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due to solubility change of polymer. 41-43 Regiospecific attachment of polymer 

ligands to the surface of gold rod can provide unique assembling features such as 

vesicles, rafts, dumbbell and networks. 44-46 In the case of gold dumbbell-shaped 

nanoparticles coated with polystyrene ligands hydrophobic forces led to the 

formation of dimers in a side by side manner and higher order clusters. Using 

mixtures of polymer ligands, such as, poly (ethylene oxide) (PEO) and poly (methyl 

methacrylate) (PMMA) confers the chemical nature of both ligands to the surface of 

the metal nanoparticle without the need to synthesize multi-block polymer ligands. 
47 To functionalize the surface with hydrophobic and hydrophilic polymers, a mixture 

of preformed thiol-terminated PEO molecules and thiol-terminated atom transfer 

radical polymerization initiators were grafted to the nanoparticle surface, and the 

polymerization of PMMA was initiated from the surface. The resultant nanoparticles 

capped with PEG and PMMA formed nanoparticle dimers and vesicles upon addition 

of non-solvent. 48, 49 

Templated Assembly through Biological Molecules  

An enormous library of biological species exist that can be characterized as 

having extremely well-defined shapes and chemical activity as a result of the specific 

placement of relevant functional groups. These features have motivated many 

researchers in the nanoscience community to take advantage of the complexity 

already present in these materials and manipulate them to function as templates for 

the formation of intricate nanostructures. 50-53 Some of the first examples of metallic 

nanostructures templated from biological molecules took advantage of the 

electrostatic and assembly properties of DNA. As early as 1998, Ben-Yoseph and co-

workers showed the formation of 1-D Ag nanowires from long duplexed DNA 

assembled between two electrodes using complementary oligonucleotides. 54, 55 In 

addition to linear DNA scaffolds, the extraordinary recognition and assembly 

properties of DNA have also been used to generate more complex morphologies that 

can act as templates for the synthesis of plasmonic nanostructures. An early example 
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of this was the construction of elongated ribbons from DNA building blocks 

consisting of a four-armed branched motif known as a 4 x 4 tile. 56, 57 Using several 

other DNA motifs such as triple-crossover tiles58 and three-helix bundle tiles, 59 

LaBean and collaborators have shown the assembly of nanotubes58 and nanowires, 
59 respectively, consisting entirely of DNA that were subsequently metallized to 

produce 1-D Ag nanomaterials. Using a relatively simple approach of hybridizing 

three appropriately designed oligonucleotides, Woolley and coworkers constructed 

a branched DNA nanostructure consisting of three coplanar arms separated by 120°. 
60 Peptides and peptide assembles exhibit a wider range of chemical functional 

groups and depending on their amino acid sequence, can be used to both nucleate 

and stabilize metal nanostructures. Matsui and co-workers first demonstrated their 

utility as templates by using them to synthesize Au nanostructures. 61 The authors 

first adsorbed a histidine-rich peptide to self-assembled nanotubes constructed from 

glycine-based bolaamphiphiles. Incubation of this structure with a gold salt solution 

followed by reduction via NaBH4 resulted in a dense coverage of many ∼6 nm 

AuNPs over the surface of the template. It was later shown that modification of the 

pH could provide a handle for modulating the particle density, 62 while changing the 

sequence of the adsorbed peptide could change the shape of the nucleated particles. 
63 In addition to bolaamphiphile peptides, Rosi and co-workers have shown that 

amphiphilic peptides can assemble into several supramolecular architectures while 

simultaneously templating the formation of unique plasmonic nanostructures. The 

presence of peptides capable of facilitating the reduction of Au allowed this template 

to nucleate ∼8 nm AuNPs along its length in an amazing double-helix arrangement. 

64 Although many of the previous examples highlight man-made approaches to the 

assembly of proteins or their constituents into useful template materials, nature has 

also generated well-ordered arrangements of proteins in viruses and microorganisms 

that can act as templates. One of the first examples of this strategy being applied 

toward metal structures entails the use of an extremely common viral protein coat 
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known as tobacco mosaic virus (TMV). TMV is a rod-shaped supramolecular viral 

protein assembly approximately 300 nm long and 18 nm wide with a hollow ~4 nm 

inner channel. 65 Kern and co-workers first generated a plasmonic nanostructure 

using this template through simple reduction of AgNO3 with formaldehyde, forming 

AgNPs along its length. 66 Under the right experimental conditions, Au has also been 

found to nucleate in a virus’s inner cavity. 67 Other groups have observed spatially 

selective binding of AuNPs to the ends of the viral templates, mediated by the viral 

RNA. 68 These particles could be grown to larger sizes via electroless metal 

deposition, forming dumbbell-shaped nanostrucutres.  

  



[여기에 입력] 

51 

2.3 Optical Properties of Metal Nanostructure  

To model the optical response of a free-electron plasma, one needs to 

determine the constitutive equations relating the currents and charges in the plasma 

to the electromagnetic fields. This is a very difficult undertaking in general because 

of many possible complications, including: the interaction of electrons with the 

underlying periodic structure of ions, the electron-electron correlations and the 

fermionic nature of electrons, the interaction of electrons with impurities and 

phonons, and the possible presence of surfaces. This response can be described with 

various degrees of refinements. The Drude model is the simplest model to describe 

optical response of electrons in metal.  

Under the influence of a constant electric field, a given atom remains 

electrically neutral, but the motion of its bound electrons is slightly affected resulting 

in the creation of an induced dipole moment. Macroscopically, this leads to the 

appearance of a continuous distribution of dipole moments, a static electric 

polarization Ps. The electric response of an isotropic dielectric medium can then be 

described in the linear approximation as following:  

 

where  is called the static relative electric susceptibility. The polarization charges 

and currents can be included in Maxwell’s equations by defining the static electric 

displacement .  can be directly related to E by: 

 

where 1  is the static relative dielectric constant.  

 The linear optical polarizability is entirely determined by the electronic 

structure of the molecule. Given the electronic structure of a molecule, the linear 

optical polarizability can be obtained from first principles starting from the electronic 

orbitals fo the molecule and their coupling to electromagnetic radiation. Such a 
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calculation requires the tools of quantum mechanics and perturbation theory. 

Fortunately, some of the basic results to understand qualitatively the physics 

involved in the problem can be obtained from a classical treatment, first introduced 

by H. A. Lorentz, hereafter called the Lorentz model. This classical treatment then 

only requires a reinterpretation of the meaning of the terms in order to be translated 

into the quantum-mechanical results. It is a unique property of harmonic oscillators 

that some of the results from the quantum-mechanical approach have direct links to 

similar expressions in the classical treatment. The Lorentz model consists in treating 

the interaction of an electromagnetic wave with a specific electronic state as a 

classical harmonic oscillator with a natural frequency. This approximation turns out 

to be successful because the action of the field is a small perturbation to the real 

interactions felt by the electrons. The equation of motion for the coordinate r 

representing a small perturbation of the electrons from the ground state in an external 

electric field E can be described as follows:  

m Γ  

where Γ  is a dissipation coefficient which models phenomenologically all the 

internal and external interactions of the electronic cloud with everything but the field. 

Both –e and m is taken as an effective charge and mass. This equation is that of a 

classical forced harmonic oscillator with damping. This can be solved easily using 

complex notations for harmonic fields. Taking E Re , we seek a 

solution of the from r Re  and obtain: 

⁄

Γ
 

The induced electric dipole moment is then given by . Since by definition 

of the linear optical polarizability,  we can deduce: 
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⁄

Γ
 

which is the classical linear optical polarizability. In quantum mechanics, the 

numerator of this expression is proportional to the matrix element of the dipolar 

transition, it is a measure of the oscillator strength. In addition  is the energy 

difference between two electronic levels that are connected by a dipole-allowed 

transition by symmetry, and Γ represents all dissipative terms coming from higher 

order interactions with the environment and radiation damping.  

 A molecule can have more than one electronic resonance. If that is the case, 

the linear optical polarizability can be generalized to a sum of the form: 

⁄
Γ

 

where  is the oscillator strength of the transition at  with damping constant Γ . 

The oscillator strength satisfy the sum rule ∑ , where Z is the number of 

electrons of the molecule.  

One simple way to introduce the Drude model is by using the Lorentz 

model for the atomic polarizability. This model describes the optical response of an 

electron in an atom or molecule, bound with a restoring force characterized by a 

resonant frequency . The conduction electrons in a metal are not bound and can 

therefore, in a first approximation, be described by the Lorentz model, without 

restoring force ( 0 ). Moreover, because the free electrons are distributed 

uniformly and randomly throughout the metal, their contributions to the total optical 

susceptibility are simply the sum of their individual polarizabilities, without any 

local field correction. The Drude relative dielectric function of a metal can then be 

obtained by taking 0 in the Lorentz model 

ε 1
1
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where n is the number of free electrons per unit volume and m their mass. The 

damping term,	 , here corresponds to the collision rate of free electrons with the 

crystal or impurities (which also leads to the electrical resistivity in this simple 

model). It is usually small compared to	  in the regions of interest here. The optical 

response of the positive ions in the crystal has so far been ignored. In a first 

approximation (which is at least correct at long wavelengths), these contribute to a 

constant background real dielectric function 1 . This affects the optical 

response of the crystal and the dynamics of the free electrons. This can easily be 

incorporated in the Drude model and leads to a slightly modified expression for	ε  

namely: 

ε 1  

where we have defined  as 

 

In the absence of an external perturbation, the charge density of a plasma is uniform 

and zero. It can be shown that  is the natural oscillation frequency of the free-

electron-plasma charge density and it is therefore called the plasma frequency. One 

can also define the corresponding wavelength 2 ⁄ . Taking the real and 

imaginary parts of the previous expression, we have: 

Re 1  

Im  

Keeping in mind that  is small compared to , we see that for a plasma described 
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by a Drude model, the plasma frequency can be obtained from the condition 

Re 0. We also see that in the region where  (wavelength longer 

than ), we have Re 0. Moreover, if  is not too small, the absorption, 

characterized by	Im , is also small in this region. It is these two conditions, 

Re 0and small Im , that make possible a whole range of interesting 

optical effects, including plasmon resonances. These conditions are never fulfilled 

in `standard' dielectrics where real part is typically between 1 and ~10. For many 

metals, the plasma frequency is in the UV part of the electromagnetic spectrum, and 

the region of interest is therefore in the visible (and close UV, or near infrared, 

depending on the metal).  

The Drude model describes in a relatively simple way the optical response 

of a plasma, and in our case of the free conduction electrons of a metal. This 

corresponds to intra-band optical transitions, since the excited electrons remain in 

the same electronic bands (the conduction band). We have already seen that the 

optical response of the fixed ions can also be included simply when their 

contributions are a constant background dielectric function . In a real metal, 

additional optical processes are likely to occur and contribute to the optical response, 

the most common being inter-band transitions, i.e. bound electrons optically excited 

to a higher energy band. Such transitions can for example be described as a collection 

of Lorentz oscillators, or by more complex expressions that take into account the 

band-like nature of these transitions. Their contribution, , adds to the free-

electron contribution (from the Drude model). The dielectric function then takes the 

more general form: 

ε  

where the term  represents the inter-band transitions that coexist with the 

free-electron contribution modeled by the second term. In many cases, inter-band 
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transitions occur at energies in the UV, much higher than the plasma frequency. In 

this case, their contribution to  in the visible is simply constant and real (no 

absorption off resonance), i.e.	 . This is for example approximately the 

case for silver. If, however, there are inter-band transitions close to or below the 

plasma frequency, then their optical response needs to be added to the free-electron 

response as above. This is for example the case for gold. Note that in this case, 

, and the condition Re 0  then no longer yields the free-

electron-plasma frequency , as for the simple Drude model. This means 

physically that the natural oscillations of the free-electron plasma are `affected' by 

the presence of the inter-band transitions. 

In Figure 2.3, a comparison of the optical properties (real and imaginary 

parts of the dielectric function) of various metals is given. The monotonous decay of 

Re  from small values in the UV to negative values in the visible, and very 

negative values in the infrared, is common to all metals and is in fact predicted by 

the Drude model (for typical plasma frequencies in the UV). This is one of the most 

important characteristics of metals, as far as optical properties are concerned, and it 

is a consequence of the optical response of the free (conduction) electrons, as 

explained simply by the Drude model. The negativity of the real part of	ε  at 

visible wavelengths is also the origin of many of the known optical properties of 

metals, including plasmon-related effects. For example, it implies that the refractive 

index is smaller than one and even close to zero, while most `common' materials 

have a refractive index of ~1 or more. The reflection coefficient at a dielectric/metal 

interface can be derived simply from the relative refractive indices, and the small 

refractive index of metals directly leads to a reflection coefficient close to one 

(almost perfect reflector), which is arguably one of the best known and most `visible' 

properties of metals. 
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Figure 2.3 The optical properties of a selection of metals in the visible range. The 

real and imaginary parts of ε are plotted against wavelength. 
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Chapter 3. Experimental Procedures  

 

3.1 Synthesis of Nanoparticles  

Chemicals 

Hexadecyltrimethylammonium bromide (CTAB: 99%), sodium 

borohydride (NaBH4: 99%), L-ascorbic acid (AA: 99%), and tetrachloroauric (III) 

trihydrate (HAuCl4∙3H2O: 99.9%) were purchased from Sigma-Aldrich. 4-

Aminothiophenol (4-ATP: 98.0%, TCI), 4-chlorothiophenol (4-CTP: 98%, Acros), 

thiophenol (TP: 99%, Sigma-Aldrich), 2-aminothiophenol (2-ATP: 95%, TCI), 4-

bromobenzenethiol (4-BBT: 99%, Sigma-Aldrich) and cysteamine (98%, Acros) 

were used without further purification. Dimethyl sulfoxide (DMSO: 99.5%) was 

obtained from Daejung Chemicals. All aqueous solutions were prepared using high-

purity deionized water (18.2 MΩ/cm).  

Preparation of nanocrystals with various shapes 

The different shapes of gold nanoparticles produced here were prepared by 

modification of the seeded growth method.1, 2 First, gold seeds were synthesized by 

rapid reduction of gold salts. 0.25 mL of HAuCl4 (10 mM) was added into 7.5 mL 

of aqueous solution consisting of CTAB (100 mM), and the transparent solution 

turned to yellow solution. Then, 0.8 mL of NaBH4 (10 mM) was injected and the 

color of solution instantly changed to dark brown. Followed by rapid mixing for 2 

min, the seed solution was kept at 28 ℃ for 3 h to decompose the remaining NaBH4. 

The solution was diluted (1:10) in deionized water for the synthesis of larger particles. 

The formation of gold nanoparticles with various shapes was controlled by 

the concentrations of CTAB and AA in the growth solution. Typically a growth 

solution was prepared by adding HAuCl4 (10 mM, 0.2 mL) and AA (0.95 mL) into 
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a solution of CTAB (1.6 mL) in DI water (8 mL). Different concentrations of CTAB 

(100 mM, 200 mM, 300 mM) and AA (5 mM – 800 mM) were used for the different 

morphologies of gold nanoparticles to be synthesized. For example, 50 mM, 100 

mM or 400 mM of AA was injected to the growth solutions for the cuboctahedron, 

cube, and rhombic dodecahedron respectively after adding CTAB (100 mM) in the 

growth solution. The formation of each shape for gold nanoparticles was performed 

by adding 5 µL of diluted Au seed to the growth solution. The growth solution was 

thoroughly mixed and left undisturbed for 15 min. The resultant nanocrystals were 

centrifuged to remove excess reagents and were additionally washed and redispersed 

in water. 

Synthesis of organothiol driven morphology   

In a typical synthesis, 0.8 mL of 100 mM CTAB was added to 3.95 mL of 

DIW. Au precursor (10 mM, 0.1 mL), AA (0.1 M, 0.475 mL), and organothiol 

molecules with various concentration were mixed into the solution consecutively. 

The growth of nanoparticle was started as with the addition of the cuboctahedron 

seed that was previously made. The solution was left for two hours in the 30 °C bath. 

The pink solution originated from a 45 nm seed and gradually became purple with a 

large scattering color within 30 min. The solution was centrifuged twice (5000 rpm, 

40 sec) to remove unreacted reagents.   
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3.2 Fabrication of Assembled Nanostructure  

Production of a mutant VCSM13 phage displaying anti-PSA scFv  

To incorporate a Kpn I restriction site into the gVIII of VCSM13, two 

polymerase chain reactions (PCRs) were performed using VCSM13 double-strand 

DNA as a template and the following primers: 5’ TGT TTC GCG CTT GGT ATA 

ATC G 3’, 5’ GAA AGA CAG CAT CGG TAC CAG GGT AGC AAC GGC TAC 3’ 

and 5’ GTA GCC GTT GCT ACC CTG GTA CCG ATG CTG TCT TTC 3’, 5’ CAA 

ACG AAT GGA TCC TCA TTA AAG 3’, individually. The PCR products were 

subjected to 1%-agarose-gel electrophoresis and purified using a gel extraction kit 

(QiAquick, Qiagen) following the manufacturer’s instructions. In addition, an 

overlap extension PCR was performed using the purified PCR products and the 

following primers: 5’ TGT TTC GCG CTT GGT ATA ATC G 3’ and 5’ CAA ACG 

AAT GGA TCC TCA TTA AAG 3’. The PCR products were purified as described 

above. VCSM13 DNA was purified using a Mini-Prep kit (Qiagen) according to the 

manufacturer’s instructions. The purified PCR products and VCSM13 double-strand 

DNA were digested with SnaB I and BamH I (Both from New England Biolabs, 

USA), subjected to 1%-agarose-gel electrophoresis, purified and ligated using T4 

DNA ligase (Invitrogen). The ligated DNA was transfected into electrocompetent 

ER 2738 cells (New England BioLab, USA). Then, double-strand DNA was 

prepared from the transformed cells using a plasmid DNA purification kit (MG 

Plasmid SV mini-prep kit, Macrogen, Korea). To incorporate the PD sequence into 

the pVIII of VCSM13, PCRs were performed using the VCSM13 double-strand 

DNA as a template and the following primers: 5’ GGG GTA CCG ATG CTG TCT 

TTC GCT GCT GAG CCG GAT GAT CCC GCA AAA GCG 3’and 5’CAA ACG 

AAT GGA TCC TCA TTA AAG 3’. The purified PCR products and VCSM13 DNA 

with Kpn I sites were digested with Kpn I and BamH I and purified and ligated as 

described above. The ligated DNA was transfected into ER 2738 cells. Then, the 

phages were purified from the culture supernatant as described previously and used 
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as helper phages.3  

To obtain a mutant phage displaying anti-PSA scFv, a pComb3x vector that 

contained the anti-PSA scFv gene was transfected into ER 2738 cells (New England 

BioLab, USA), and the mutant phage infected the growing cells, as described 

previously.3 After an overnight culture, a mutant phage that displayed anti-PSA scFv 

was prepared.   

Synthesis of Gold Nanocube Particles  

Gold seeds were prepared via the rapid reduction of HAuCl4 (10 mM, 0.25 

mL) using NaBH4 (10mM, 0.8 mL) in water that contained CTAB (100 mM, 7.5mL). 

The growth solution was prepared by mixing HAuCl4 (10 mM, 0.2 mL), CTAB 

(100mM, 1.6 mL) and AA (100mM, 0.95 mL) into water (8 mL). The synthesis of 

the gold nanocubes was initiated by adding 5 μL of diluted Au seeds into the growth 

solution. The solution was mixed thoroughly and left for 15 min. The synthesized 

nanocube particles were washed twice via centrifugation and re-dispersed in water 

for further use.  

Preparation of V-probes  

Raman-reporter-labeled V-probes were prepared by mixing gold nanocubes 

(AuNC), which were labeled with Raman reporters, and genetically modified virus. 

First, the AuNCs were labeled with Raman reporters (4-CBT or 4-BBT) via the 

adsorption of thiol molecules on the AuNC surfaces. A volume of 1 μL of 4-CBT 

(0.1mM) or 4-BBT (0.1mM) was mixed with 99 μL of AuNC solution (3.45   1010 

particles/mL) and the mixture was left for 1 h. To remove any unbonded molecules, 

the labeled AuNCs were centrifuged (10000 rpm, 1 min) and dispersed in water. 

Next, for the preparation of the V-probes, identical volumes of virus (109 pfu/mL) 

and labeled AuNCs were mixed for a few seconds, and the solution then remained 

undisturbed for 2 h. Because the viruses already contained antibodies, no further 

antibody-conjugation procedure was needed.   
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3.3 Characterization of Nanostructure  

Scanning electron microscopy (SEM) micrographs were obtained using a 

Zeiss Supra 55 VP operating at 2 kV. Samples were prepared by dropping colloidal 

solutions onto silicon wafers. Transmission electron microscopy (TEM) micrographs 

and selected area electron diffraction (SAED) patterns were obtained using a JEOL 

JEM-3000F FEG TEM. UV/vis extinction spectra were taken using Thermo 

Scientific NanoDrop 2000c UV-Vis Spectrophotometer in the 220 – 840 nm 

wavelength region. X-Ray photoelectron spectroscopy (XPS) experiments were 

conducted on an ESCALAB 250 instrument equipped with an Al X-ray source and 

monochromator (Thermo Scientific, UK). The spectra were calibrated with respect 

to the C-1s binding energy (284.5 eV). The atomic percentages of gold and nitrogen 

were evaluated from the corresponding areas of the Au-4f7/2 and N-1s peaks, 

respectively, as explained in the text, with peak fitting obtained using the 

ThermoAdvantage software. A JEM 2100F (JEOL, Tokyo, Japan) transmission 

electron microscope was used to acquire HR-TEM and HADDF-STEM images, 

operating at 200 kV. For dissection of the nanoparticle, a FEI Helios 650 FIB 

instrument was used. 

Measuring the yield of rhombic dodecahedral nanoparticles 

In order to measure the yield of the synthesized particles, SEM images of 

the rhombic dodecahedral particles were collected from different location in same 

samples. Collected SEM images were processed by an imaging software (ImageJ) in 

order to count the number of particles in a single images.  
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3.4 Nanostructure Analysis for Applications 

Raman measurement 

A micro-Raman system (JY-Horiba, LabRam 300) equipped with a 

thermoelectrically cooled (-70 °C) CCD detector was utilized. The signal was 

collected using a  10 objective lens with back-scattering geometry. The 660-nm 

laser line and 785 nm was used as an excitation source. 

Dark field measurement 

A homemade dark-field (DF) microscopic system was used to acquire DF 

images. This system was constructed from a combination of a microscope (Nikon 

Eclipse, TE2000-s), a DF condenser (Nikon, T-CHA, oil 1.43-1.20) and a CCD 

detector (Nikon, DS-Fi1). A halogen lamp (Nikon, LHS-H100P-1) was used as a 

white-light source, and a  100 oil-type objective lens (Nikon, Plan Flour, WD = 

0.16, 0.5-1.3 NA oil iris) was used to collimate the scattered light from the sample. 

The DF images were obtained with 300 ms of CCD acquisition time. 

Sandwich immunoassay procedure 

First, capture-antibody-coated magnetic beads were prepared. Antibodies 

were immobilized on magnetic beads (Invitrogen, Dynabeads M-270 epoxy) via an 

epoxide ring opening reaction using the protocol suggested by the manufacturer. The 

magnetic beads were blocked with bovine serum albumin (BSA), and at each step, 

the beads were washed with TBST to minimize nonspecifically bound proteins. Next, 

the sandwich immunoassay was performed by incubating 20 μL of PSA of a known 

concentration (10 ng/mL, 100 pg/mL, 1 pg/mL, 10 fg/mL, and 0 fg/mL) with 

antibody-coated magnetic beads (2   106) at room temperature for 2 h. Lastly, 200 

μL of Raman-reporter-labeled V-probes (108 V-probes) was added to the immuno-

complex beads and allowed to react for 4 h at room temperature for the antigen 

recognition of the V-probes. All samples were then rinsed with water and re-
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dispersed in 20 μL of water prior to SERS characterization.  

Calculation of number of magnetic beads in focal volume  

 

The SERS measurements of the immunoassay results were performed in a 

capillary; thus, the focal volume of the laser was considered to be a cylinder of 

approximately 10 μm in radius and 0.6 mm in height. Taking into account reflection 

geometry, only the volume above focal plan was calculated. The focal volume was 

200 pL. After the immunoassay was completed, 2   106 magnetic beads were 

dispersed in 20 μL of water. A small portion of this solution flowed into a capillary 

tube, and the Raman spectrum was measured in the capillary. Therefore, based on 

the assumption that all magnetic beads were dispersed uniformly in the solution, the 

number of magnetic beads present in 200 pL of solution was 20.  

Circular dichroism analysis  

Circular dichroism spectra were obtained with a Jasco J-810 circular 

dichroism spectrometer. The cuvette path length was 1 mm. 

Polarimeter measurement 

To excite the nanostructure with polarized light, diode laser was used in 

conjunction with a broadband achromatic quater-waveplate (Thorlabs) and polarizer 

(Thorlabs). QWP and polarizer can modify the beam into desired elliptically, linearly, 

and circularly polarized beam. Then, the beam passes through a nanoparticle sample 

contained in quartz cuvette with 1 cm optical path. The output polarized light was 
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recorded by a polarimeter (Thorlabs, PAN5710VIS) for specific wavelength. 

Electrode preparation  

Two hundred microliters of concave RD solution (7  1010 / mL) dropped 

onto the 0.5 cm  1 cm carbon paper. The solvent on the carbon paper was removed 

by a vacuum pump. The carbon paper deposited with gold nanoparticle was washed 

with ethanol to remove remaining CTAB and was used as a working electrode. 

Electrodes decorated with cube and RD were also prepared in the same way. Cube 

and RD nanoparticles enclosed by (100) surface and (110) surface respectively were 

synthesized by following the previously reported method.4 For a gold film electrode 

where (111) surface mainly exist, Au was sputtered on the carbon paper, and 

annealing was performed at 300 °C for 5 hours.  

Electrochemical methods 

All electrochemical measurements were performed in a three-electrode 

electrochemical cell system. A ALS Ag/AgCl reference electrode (in 3 M NaCl and 

0.01 M AgNO3) and Pt foil (2 cm × 2 cm × 0.1 mm, 99.997% purity, Alfa Aesar) 

were used as the reference electrode and counter electrode, respectively. The applied 

potential of carbon paper with Au nanoparticle was controlled using a potentiostat 

system (CHI 760E, CH Instruments, Inc.) at ambient temperature (21 ± 1°C). The 

potential of the Ag/AgCl reference electrode has a relationship with the RHE: RHE 

= E(Ag/AgCl/3M NaCl) + 0.197 + (0.591 × pH) V. In addition, iR compensation was 

performed by using following equation (V = Vapplied–iR). The electrolyte in all 

experiments was 0.5 M KHCO3 unless otherwise noted. The electrolyte was 

degassed by bubbling with high-purity Argon (99.999%) before the start of each 

experiment then purged with high-purity CO2 (99.999%) for at least 30 minutes. 

Gas chromatography  
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The products were quantitatively analyzed by using flame ionization 

detector gas chromatography (FID-GC, PerkinElmer, NARL8502 Model 4003) 

equipped with an active-carbon-packed column (6' HayeSep N 60/80 SF, carrier gas: 

Ar) at 120 °C. The evolved gas in the head space of the reactor was injected into the 

FID-GC with a volume of 1 milliliter. The molar proportion of the products was 

relatively measured. The exact amount of gas was calculated by multiplying by the 

volume of the head space. The number of moles of CO evolved during electrolysis 

was calculated from the integrated area of the CO peak in the gas chromatogram 

using 0.1 mol% of CO as a standard gas. The Faradaic efficiency for the 

photoreduction of CO2 was measured by running a controlled potential electrolysis 

without stirring and iR compensation.  
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Chapter 4. Morphology Diagram from Rod to 
Rhombic Dodecahedron: Interplay between CTAB 
and Ascorbic acid  

 

4.1 Introduction  

Morphology control of gold nanoparticles is a significant issue because the 

geometry of surface and entire particles is directly correlated with intrinsic properties 

of nanoparticles.1 For the past decades, morphology dependent properties of gold 

nanoparticles were utilized for use in a wide range of applications such as catalysis2 
3, 4, sensing 5-9, and therapeutic agents 10, 11, and particularly their unique optical 

features from surface plasmon phenomena were compelling interests. By controlling 

morphology of gold nanoparticles, their plasmonic properties can be changed and 

enhanced for the wide range of uses such as chemical and biomedical sensing. 5-9 

Therefore, there have been many efforts to advance synthetic methods that easily 

control the shape evolution of gold nanoparticles. 12-15 

For the facile control of nanoparticle morphology, the seed-mediated 

method is regarded as one of the most well-defined approaches. 16-18 In the seed-

mediated method, nanocrystal formation undergoes two stages of seed nucleation 

and subsequent growth. The advantage of the seed-mediated method is that the 

parameters that directly affect the shape evolution can be easily and precisely tuned 

to obtain the desired size and morphology. 17, 18 For example, parameters such as the 

condition of seed particle,19 composition of the growth solution20, 21 temperature,22 

and pH 23 can be modified to synthesize various shapes. 

As one of the strategies to modify the growth stage of gold nanoparticles, 

the composition of the growth solution has been varied for systematic study of shape 

control. The growth solution includes two major components, the capping agent and 
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the reducing agent, and diverse combinations of these agents have been investigated. 
24-34 For example, capping agents that have quaternary ammonium heads24-28 are 

frequently adopted as well as citrate,29-31 and sulfate32-34; chemicals such as citrate, 

and ascorbic acid25, 35, 36 have been used for reducing gold precursors; and other 

techniques 13-15, 37 for reducing these precursors can be used. Additionally, certain 

additives can be included in the growth system to induce shape-directing effects. 

Table 1 describes previous gold nanoparticle synthesis routes using a well-known 

ligand and reducing agent, the cetyltrimethylammonium bromide (CTAB) and 

ascorbic acid (AA) system. Although various shapes have been obtained using the 

seed-mediated methods shown in Table 1, further understanding of the correlation 

between CTAB and AA is required to precisely control the final shape of 

nanoparticles. 

Herein, we investigated the relationship between the capping agent and the 

reducing agent in a simplified system of CTAB and AA. Series of gold nanoparticle 

synthesis were executed by varying the compositions of CTAB and AA. In the 

synthesis of gold nanoparticles with tailored morphologies, it has been accepted that 

the CTAB/AA system has limitations because of the strong binding of bromide 

ions.36 Therefore, alternative methods have been developed that use different ligands 

and include other additives, such as halides and silver ions, to control the synthetic 

process.36, 38, 39 However, we showed that cuboctahedral, cubic, and rhombic 

dodecahedral nanocrystals were synthesized when the concentrations of CTAB and 

AA were precisely adjusted. Furthermore, we demonstrated that the rhombic 

dodecahedral shape was kinetically synthesized in a highly concentrated region of 

AA in our system. To our knowledge, there is no prior report about the synthesis of 

rhombic dodecahedra with or without additives in the CTAB/AA system. Based upon 

these results, a morphology diagram was constructed as a function of the 

concentrations of CTAB and AA. This diagram represents the tendency of specific 

morphology formation; thus, we suggest that the ratio of the CTAB and AA 

concentrations plays a crucial role in the shape evolution of gold nanoparticles. 
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Table 4.1 Synthesis routes based on a single-step, seed-mediated method for gold 

nanocrystals using a CTAB/AA system as the growth solution.  

Gold seed condition Additives Particle shape Ref. 

Citrate capped seed (~3.5 nm) 

- rod (AR 5)a 40 
- sphere (5.5 nm, 8 nm) 41 

AgNO3 
multi-branched shape, 

bipyramid, rod 
42 

AgNO3, HCl Bipyramid 23 
AgNO3, cyclohexane, 

acetone 
spheroid to rod (AR 1 

- 10), ф-shape 
43 

KI sphere (50 nm) 44 
KI triangular prism 21 

KI, NaOH, NaCl Plates 45 
Pluronic F-127 rod (AR 4.2 - 5.4) 46 
Pluronic F-127, 

AgNO3 
rod (AR 12 - 21) 46 

HCl, HNO3, H2SO4 wire (~5 um) 47 

CTAB capped seed (<5 nm)

- rod (AR 6 - 33) 35 

- 
cube, hexagon, 

triangle, star-shape 
48 

KI rod to dumbbell shape 16 
AgNO3 rod (AR 2 - 4) 49 

AgNO3 
cube, tetrapod, 
branched shape 

48 

AgNO3, NaBr cube, ф-shape 50 
AgNO3, HCl rod (AR 2 - 5) 23 

AgNO3, HCl 
elongated 

tetrahexahedron 
51 

Pb(NO3)2 rod (AR ~7) 52 

Cu(NO3)2 
octahedron, 

cuboctahedron, 
triangle 

52 

AgNO3 sphere (30 nm) 53 
CuSO4 cuboid, decahedron 54 

Aromatic additives, 
HCl, AgNO3 

rod (AR 8 - 20) 55 

Commercially supplied seed 
(10 nm) 

AgNO3 star-shape 56 

SDS capped seed (~10 nm) AgNO3 star-shape 57 

Large 
seed 

Citrate capped (20 nm) - large tetrapod 48 
CTAB capped (50 nm) - sphere (115 - 850 nm) 44 

CTAC capped (40 nm) - 
octahedron, cube, 

trisoctahedron 
20 
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4.2 Synthesis of Rhombic Dodecahedral Gold 
Nanoparticles 

Rhombic dodecahedral gold nanoparticles were grown from spherical seeds. 

We synthesized spherical seeds using an aqueous solution containing HAuCl4 and 

CTAB. The gold precursor was reduced by NaBH4, and spherical seeds whose 

diameter was smaller than 5 nm were prepared. After the seed solution was diluted 

in deionized water (1:10), 1.6 mL of 100 mM CTAB, 0.25 mL of 10 mM HAuCl4, 

0.95 mL of 400 mM AA and 5 μL of the diluted seed solution were added to 8 mL 

of deionized water in sequence. These growth solutions were aged for 15 min at 28 ℃ 

to grow gold nanoparticles, after which the solution became red in color.  

Figure 4.1a shows an SEM micrograph of well-ordered rhombic 

dodecahedral nanoparticles on a silicon wafer. This ordered assembly represents the 

high synthetic yield and uniform size of the resultant particles. Average yield of the 

rhombic dodecahedral nanoparticles was 85%. The particles were hexagonally 

arrayed, which is typically observed for uniform-sized rhombic dodecahedral 

nanoparticles.26, 38 Figure 4.1b shows magnified SEM micrographs with illustrated 

models taken at various directions. Each set of a particle image and model is well-

fitted to the geometry of a rhombic dodecahedron that consists of 12 identical 

rhombic faces. The edge length of a single rhombic dodecahedral nanoparticle was 

25 nm with a diameter of 40 nm, and these particles were synthesized with good 

monodispersity. Their good monodispersity originates from the nature of the seed-

mediated method, which makes particles of uniform size during the growth stage.58, 

59 
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Figure 4.1 SEM micrographs of 40nm rhombic dodecahedral gold nanoparticles. (a) 

Low magnification SEM micrograph showing the assembly of rhombic 

dodecahedral particles. (b) High magnification SEM micrograph with illustrated 

images of rhombic dodecahedral nanoparticles. 

 

Figure 4.2a shows a TEM micrograph and the SAED pattern of a 

nanoparticle that proves the geometry of nanoparticles. In the Figure 4.2a, a rhombic 

dodecahedral particle lies on the substrate and shows elongated hexagonal outline 

with a flat rhombic face looking upward. The SAED pattern was obtained by an 

electron beam that penetrated perpendicular to upper rhombic face. This diffraction 

pattern exhibits a typical tendency of gold single crystal along the {110} zone axis 

and well-matched with the geometry of the rhombic dodecahedral gold 

nanocrystal.60 Figure 4.2b is high resolution TEM micrograph and its fast Fourier 

transform (FFT) pattern which shows lattice image projected along <110> direction. 

Figure 4.2c is a TEM micrograph and the corresponding SAED pattern along another 

direction. The midpoint vertex of the particle is one of the vertices in the <100> 

direction of rhombic dodecahedral gold nanocrystal. Interestingly, several diffraction 

spots in Figure 4.2d are not concentrated at the center of each spot but rather are 

separated into five spots so that they appear to be crossed shapes. Such spot patterns 

were also observed for the gold rhombic dodecahedral particles synthesized by Park 

et al. and Huang et al., 61, 62 which may have resulted from double diffraction. 63, 64 
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This distinctive pattern can be regarded as an evidence for the synthesis of rhombic 

dodecahedral gold nanoparticles. 61 

 

 

Figure 4.2 TEM characterization of rhombic dodecahedral gold nanoparticles. (a) 

TEM micrograph with an illustrated model of a single rhombic dodecahedral particle. 

Inset is the corresponding SAED pattern of a rhombic dodecahedral particle along 

the [022 ] zone axis. (b) HRTEM micrograph of a rhombic dodecahedral gold 

nanoparticle. Inset is an overall image of particle and the corresponding FFT pattern 

of given lattice image. (c) TEM micrograph with an illustrated model of a single 

rhombic dodecahedral particle from another viewpoint. Inset is the corresponding 

SAED pattern. (d) SAED pattern along the [022] zone axis, which was obtained from 

the particle shown in the inset micrograph in the upper right corner. The red circle 

indicates a spot from a crossed shape, and its magnified image is located at the 

bottom right corner. 
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4.3 Morphology Diagram  

Key parameters determining the particle shape during the formation of gold 

nanoparticles were the compositions of CTAB and AA. To explain how the shape 

evolution was affected by the composition of the growth solution, we performed 

experiments that systematically adjusted the CTAB and AA concentrations at the 

growth stage. The concentration of CTAB was changed from 15 mM to 45 mM, and 

that of AA was changed from 3mM to 71mM. Figure 4.3 shows SEM micrographs 

of resulting particle shapes that obtained from 9 mM to 71 mM of AA. In this region, 

spherical seeds grew to cuboctahedral, cubic, and rhombic dodecahedral shape. 

When [AA] was lower than 3 mM, however, a rod shape of gold nanoparticles was 

observed with triangular or hexagonal plates (Figure 4.4), which was typically 

reported in the synthesis of a gold nanorod shape without silver. 

 

 

Figure 4.3 SEM micrographs of gold nanoparticles with varying the concentrations 

of CTAB and AA, ranging from 9 mM to 71 mM of AA and from 15 mM to 45 mM 

of CTAB. 
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Figure 4.4 SEM images of gold nanoparticles with varying AA concentration from 

0.3 mM to 4.4 mM of AA and fixing CTAB concentration at 15 mM. 

 

For the clear description of shape evolution trends of gold nanoparticles, a 

morphology diagram (Figure 4.5a) was constructed as a function of [CTAB] and 

[AA] in growth solution. The shaded areas indicate the concentration ranges of 

resulting particle shapes, and the approximate borders between the areas are drawn. 

Figures 4.5b – e are representative SEM micrographs of rod, cuboctahedral, cubic 

and rhombic dodecahedral nanocrystals accompanied by illustrated images. The 

diameter of a cuboctahedron particle was 40 nm and the edge length of a cubic 

particle was 46 nm. 

Focusing on the effect of CTAB, we found that with increasing CTAB 

concentration, cubes were easily synthesized at a wider range of AA concentrations. 

A cubic shape was obtained for AA concentrations of 9 mM to 18 mM at a CTAB 

concentration of 15 mM, which is shown in Figure 4.5d. When the CTAB 

concentration increased to 30 mM, a cubic shape was formed for AA concentrations 

from 18 mM to 35 mM, which is a wider range than the case of 15 mM CTAB. At 

45 mM CTAB, cubes were formed, and no other morphologies were found above 35 

mM AA under our experimental conditions. This observation supports that CTAB 

promotes the formation of cubic particles via a stabilizing effect which was widely 

reported by many researchers. Murphy et al. reported that CTAB tends to bind 

preferentially to {100} planes and reduces their surface energy. 65  To further 
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understand the effect of CTAB, the concept of halide adlayers was introduced. Halide 

anions such as Cl-, Br- in solution readily adsorb to the gold surface, and the 

positively charged ammonium head of CTAB adsorbs to the negatively charged 

adlayer via electrostatic forces. 66, 67 Consequently, the halide ions, which directly 

bind to the gold surface, induce CTAB to build surfactant layer which hinder the 

reduction of gold ions onto surface of gold nanoparticles. Also, it has been reported 

that the bromide ion, in particular, passivates {100} facets of gold. 26, 65, 68 Therefore, 

the tendency of cube formation described in Figure 4.5a can be explained by 

considering the bromide ions of CTAB which influence the {100} facets. 

For a fixed concentration of CTAB, it was observed that the final shape of 

gold nanoparticles was determined by the concentration of AA. At a CTAB 

concentration of 15 mM, the final shape variously changed in sequence from a 

cuboctahedron to a cube and finally to a rhombic dodecahedron as the AA 

concentration increased from 3 mM to 71 mM. A similar tendency was also 

demonstrated at 30 mM CTAB. To account for this tendency, the correlation of AA 

with CTAB should be considered. Although CTAB stabilizes the {100} planes of the 

gold surface, AA accelerates the reduction of gold ions and influences the kinetic 

growth of nanoparticles. Previous studies suggested that AA facilitates the reduction 

of metal nanoparticles and the formation of kinetically driven shapes.20, 69 When 

CTAB and AA coexist in the growth solution, it was well known that their 

competition affects the difference in the relative growth rate along a specific 

crystallographic direction for each gold nanoparticle.70 By controlling the relative 

growth rate, various shapes of metal nanocrystals can be synthesized,17, 49, 71 and here 

we observed the diverse shape evolution that depends on the concentrations of CTAB 

and AA. In the presence of CTAB, the {100} facets have the lowest surface energy 

among low index facets due to the binding effect of CTAB. 48, 65, 72 When the 

concentration of AA is low and the reduction rate slows, growth rate along the <100> 

direction becomes lower than other directions because {100} facets are strongly 

bound by CTAB, causing the disappearance of other facets. Finally, the gold 
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nanocrystals grow to the cubic shape enveloped with {100} facets. At high AA 

concentrations above 27 mM, however, rhombic dodecahedral gold nanocrystals 

were synthesized exposing {110} facets. This result implies that AA kinetically 

encourages the formation of {110} facets by accelerating growth along the <100> 

direction. 

If AA concentration is lower than that of cube formation, the final product 

can be an intermediate shape of cubic nanoparticles due to slow reduction rate. 40 

nm cuboctahedral gold nanoparticles (Figure 4.5c) were found when the AA 

concentration was 9 mM, which exposing {111} facets and {100} facets 

simultaneously. At such low [AA] condition, growth rate of gold nanoparticles 

becomes slower and an addition of gold atoms along the specific growth direction 

decreases. In fact, it was reported that cuboctahedral nanoparticles were found in the 

intermediate stage of cube formation, and a metal atom addition along <111> 

direction lead to the formation of cube.72 Thus, the lower AA concentration retarded 

the growth along <111> direction and caused the formation of cuboctahedral gold 

nanoparticles. 

Collectively, Figure 4.5 represents the morphology diagram as a function 

of CTAB and AA and demonstrates that the competition of CTAB and AA affects 

the morphology formation. As the CTAB concentration increases, it is difficult to 

accelerate the reduction rate of gold atoms because of increased the steric hindrance 

of surfactant bilayer. On this account, it is insufficient to synthesize rhombic 

dodecahedral shape when [CTAB] was 45 mM, even though the AA concentration 

increased to 71 mM. Instead of various shapes, the cubic shape with stable {100} 

planes was synthesized dominantly in a wider range of the AA concentration. At the 

lower CTAB concentration, however, the reduction rate can be increased easily as 

the AA concentration increases and consequently various morphologies including 

the kinetically driven rhombic dodecahedral shape were obtained. Therefore, the 

concentration of AA should be adjusted simultaneously with the CTAB 
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concentration to obtain desired morphology. Our study emphasizes the importance 

of relative ratio of CTAB and AA in controlling the shape evolution of gold 

nanoparticles. By using this concept along with the morphology diagram, a final 

morphology of a specific composition can be predicted. 

 

 

Figure 4.5 (a) Morphology diagram of gold nanoparticle shapes as a function of the 

CTAB and ascorbic acid concentrations. RD indicates rhombic dodecahedron. The 

small elliptical area near the y-axis represents the synthetic conditions of the rod and 

plates. (b) –(e) Representative SEM micrographs with illustrated images. (b) Rod 

and plate (length: 180 nm), (c) Cuboctahedron (40 nm), (d) Cube (46 nm), (e) 

Rhombic Dodecahedron (40 nm). 
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4.4 Comparison of Synthesis Condition- Morphology 
Diagram for Generality  

The morphology diagram constructed here can be used to explain the 

previous results obtained by others, thus proving its generality. In Table 4.2, we 

summarized the compositions of other systems previously reported and those of the 

current study. Several papers reported that a rod shape was formed at high 

concentration of CTAB (95 - 99.3 mM) and low concentration of AA (0.5 - 3 mM). 

Due to the high concentration of CTAB the value of ratio [CTAB]/[AA] is large (31-

148). This is well matched with our value ([CTAB]/[AA] : 17 - 50) where rod is 

synthesized in our morphology diagram. From this result it is concluded that rod 

shape is formed at high concentration of CTAB and high value of [CTAB]/[AA]. On 

the other hand, when the [CTAB]/[AA] is low, various shapes can be formed. In our 

experimental condition, cuboctahedron ([CTAB]/[AA] : 3.37 - 5.61), cube 

([CTAB]/[AA] : 0.84 - 1.68), and RD ([CTAB]/[AA] : 0.21 - 0.56) shape were 

synthesized. Also various shapes reported in the Ref. 12 which is similar to our 

[CTAB] range, and shape transition trend from hexagon to cube is similar to that of 

our study. However, the concentration range for each shape is slightly deviating from 

our system. For example, the 66 nm cube was obtained when [CTAB]/[AA] ratio 

was 2.67 in Ref. 12, but this ratio corresponds to the cuboctahedron in our system. 

We believe that this discrepancy originates from different seed concentration because 

the amount of CTAB and AA associated per particle at the given seed concentration 

changed. Therefore we think that different seed concentration results in such a shift 

in the concentration range of our morphology diagram. In order to prove the effect 

of seed concentration, we performed experiments by varying the concentration of 

seeds in the condition of [CTAB] = 15 mM and [AA] = 4.4 mM where the 

cuboctahedral nanoparticles were synthesized. We set the higher and lower 

concentration of seeds than the initial concentration used in the morphology diagram 

because the seed concentration can be calculated to be 1.03 x 10-8 or 3.24 x 10-8 

depending on the assumption described in experimental section. Even though these 
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values are in the same order of magnitude, the effect on the growth stage is 

significant so that the resulting morphology can be very different. Figure 4.6a, b, and 

c are results of particles obtained in the cubocatahedron synthetic composition at 

high seed concentration (2 Cs), standard (Cs), and lower concentration (0.5 Cs) 

respectively (  means the original seed concentration). In the case of higher 

concentration of seed, a small size of cubocatahedron shape was formed (Figure 

4.6a). We think that small size was formed due to the higher concentration of seed 

and the cuboctahedron shape was achieved due to the reduced effect of CTAB and 

AA. On the other hand, when we decreased the seed concentration, a cubic shape 

with large diameter was obtained. We believe that this is due to the increased CTAB 

and AA effect on each particle. The diameters of synthesized particles were 34 nm, 

43 nm and 61 nm at the seed concentration of 2 Cs, Cs, and 0.5 Cs respectively. 

Figure 4.6d is the UV/vis spectra of each particle. In the case of the lower seed 

concentration, synthesized particles became larger with the diameter of 61 nm and 

consequently resonance peak position was red-shifted. It is noticeable that we 

successfully synthesized 61 nm Cube at 0.5 Cs using the same [CTAB] and [AA] 

condition that produced 40 nm cubooctahedron at Cs. Indeed, synthesized 61 nm 

cube is similar to the 66 nm cube in the Ref. 12, which was synthesized at the seed 

concentration of 2.49 x 10-8 using the concentration of CTAB (16 mM) and AA (6 

mM). This result supports that concentration range in the morphology diagram can 

shift depending on the seed concentration. It suggests that our morphology diagram 

can be generalized and extended, and it explains the overall trends of morphology 

changes observed by others. However, for further generalization of the morphology 

diagram suggested in here, the seed concentration should be considered as another 

important parameter. A three dimensional diagram as a function of [CTAB], [AA], 

and [Auseed] will improve understanding the interplay of all these parameters in 

morphology control.  

  



[여기에 입력] 

90 

Table 4.2 Synthetic conditions based on a single-step, seed-mediated method for 

gold nanocrystals using a CTAB/AA system without any additives as the growth 

solution and the resulting major morphologies. The concentrations of seed were 

produced by two ways. Seed concentration produced by calculating a the total 

amount of gold ions in the seed solutions and the number of gold atoms in each seed 

or b the total amount of gold ions in the growth solutions and the number of gold 

atoms in a 46 nm cubic particle.  

Ref. [Auseed], mM
[CTAB], 

mM 

[AA], 

mM 

[CTAB]/[AA] Particle shape 

This 

work 

a1.03 x 10-8 

b3.24 x  10-8

 

15 0.3 - 0.9 17 – 50 rod 

15 0.9 - 1.3 12 – 17 hexagon and triangle 

15 3 - 5 3.37 - 5.61 

cuboctahedron 30 9 - 11 2.41 - 3.37 

45 9 5.05 

15 9 - 18 0.84 - 1.68 

cube 30 18 - 35 0.84 - 1.68 

45 35 - 71 0.63 - 1.26 

15 26 - 71 0.21 - 0.56 
RD 

30 44 - 53 0.56 - 0.67 

41  
4.7 x 10-5 59.7 0.5 119.4 sphere (5.5 nm) 

1.88 x 10-5 71.6 0.5 143.2 sphere (8 nm) 

40  4.69 x 10-7 99.3 0.5 198.6 rod(74 nm x 16 nm) 
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35, 48 

1 x 10-6 95 0.64 148.43 rod (475 nm x 15 nm) 

1 x 10-6 95 3 31.7 rod (90 nm x 15 nm) 

3 x 10-6 95 3 31.7 rod (75 nm x 10 nm) 

5 x 10-6 95 3 31.7 rod (50 nm x 10 nm) 

48 

2.49 x 10-8 16 3 5.33 hexagon (70 nm) 

2.49 x 10-8 16 6 2.67 cube (66 nm) 

2.49 x 10-8 16 12 1.33 star-shape (66 nm) 

2.49 x 10-7 16 6 2.67 triangle (35 nm) 

 

Calculation of seed concentration 

aMethod 1 

We assumed that all Au ions in the seed solution were consumed during the 

formation of seed particles and the diameter of each particle is 3.5 nm. The crystal 

structure of gold is face centered cubic so each unit cell contains 4 atoms of gold. 

The lattice parameter of gold is 0.40786 nm and thereby the number of atoms in the 

unit volume and in each particle can be calculated. According to the calculated result 

a 3.5 nm seed particle consists of 1324 gold atoms. Finally the particle concentration 

of the seed solution is produced from dividing the molar concentration of Au ions by 

1324, and [Auseed] of the growth solution is 1.03 x 10 -8 mM 
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bMethod 2 

Concentration of seed was obtained from calculating the number of gold 

atoms contained in the 46 nm cubic gold nanoparticles. We assumed that all the gold 

ions were consumed in the growth solution for formation of cubic nanoparticles. The 

crystal structure of gold is face centered cubic, and each unit cell contains 4 atoms 

of gold. The lattice parameter of gold is 0.40786 nm and thereby the number of atoms 

in the unit volume can be calculated. According to the calculated result a 46 nm cubic 

particle consists of 5738523 gold atoms. Finally the particle concentration of the 

seed solution is produced from dividing the molar concentration of Au ions by 

5738523, and then [Auseed] of the growth solution is 3.24 x 10-8 mM. 

 

 

 



[여기에 입력] 

93 

 

Figure 4.6 (a) – (c) SEM micrographs of gold nanoparticles with varying the 

concentrations of seed ([CTAB] = 15 mM, [AA] = 4.4 mM). The concentrations of 

seed particles in each growth solution were (a) 2 Cs (cuboctahedron, 34 nm), (b)  

(cuboctahedron, 43 nm), (c) 0.5  (cube, 61 nm).  means the original seed 

concentration. (d) UV-vis extinction spectra of (a) – (c). Each spectrum was 

normalized to its maximum value at resonance peak. 

 

 One of the interesting features of our study is the simplicity of the 

CTAB/AA system without using any additives. Commonly, it has been reported that 

it is difficult to control and synthesize uniform shapes at high concentrations of 

bromide ion due to its strong binding to the gold surface.36 In order to circumvent 

the strong binding of bromide ions, CTAC which had chloride counterions with small 

amount of bromide ion has been introduced instead of CTAB.36 Here, we 

demonstrate that various shapes of gold nanoparticles can be synthesized only using 

CTAB and AA. Modulating the ratio between CTAB and AA allows modification of 

the relative growth rate along directions. Using simple CTAB and AA system can 
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facilitate the shape control of gold nanoparticles and our morphology diagram will 

be useful to predict desired morphology. 
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4.5 Extending Morphology Diagram - Two Step Growth  

If the seed particles possess well-defined shapes themselves, nanocrystal 

growth via heterogeneous nucleation can not only produce monodisperse 

nanocrystal sizes but can also influence (and in some cases template) the shape of 

the resulting nanocrystal after the final growth step. Gold nanoparticles as large as 

18 nm effectively seed the growth of Au rods,19 and Au rods themselves, either 

produced by electrochemical or chemical methods, have been used as substrates for 

overgrowth of both Au as well as other metals such as Ag and Pd. 73, 74 In these cases, 

it is apparent that the shape of the seed affects the resulting overgrowth kinetics. For 

example, reduction of Pd on the {110} and {100} side facets of Au nanorods, as 

shown by Wu and co-workers, 73 exhibits competitive growth rates on the two facets 

where energy minimization dictates the dominance of {100} terminated Pd rods 

following overgrowth. Here, we synthesized high index nanoparticle by consecutive 

growth of nanoparticle (Figure 4.7). Usually, in order to create high index crystal 

complex synthetic condition require. However, in here we fabricate hexoctahedron 

by growing cube nanoparticle. As the seed already contains preformed facet we can 

manipulate growth direction resulting in more complex structure. From this results, 

it is suggested that the surface structure of the seed determines the overgrowth 

morphology. 
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Figure 4.7 (a) Schematic of two step growth (b) SEM and TEM image of synthesized 

hexoctahedron 
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4.6 Conclusion 

In conclusion, uniform rhombic dodecahedral gold nanoparticles, which 

were enclosed by {110} facets, were synthesized in a simple system consisting of 

CTAB and AA. To further understand the relationship between CTAB and AA, a 

series of experiments was carried out, and cuboctahedral and cubic nanocrystals 

were also obtained. Based on these observations, a morphology diagram that shows 

the trends in shape evolution was constructed as a function of the concentrations of 

CTAB and AA. This diagram implies that CTAB affects the {100} gold surface and 

suppresses growth on that plane and that AA promotes the growth of gold 

nanoparticles, especially along the <100> direction. As a result of the cooperative 

effects of CTAB and AA, the final shape of the gold nanoparticles is determined by 

the ratio of CTAB and AA concentrations. We believe that improved understanding 

of gold nanoparticle synthesis with a simple CTAB/AA system will contribute to the 

sensible design of morphologies. Our morphology diagram can be used to predict 

and create various other morphologies of nanoparticles that may be difficult to 

achieve using a conventional approach. 
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Chapter 5. Organothiol as a New Class of Shape 
Directing Additive 

 

5.1 Introduction  

Anisotropic noble metal nanoparticles have attracted a great deal of 

attention and research effort due to their shape- and size-dependent physical and 

chemical properties. These properties have led to the development of numerous 

applications in areas such as spectroscopy, 1-3 catalysis,4 energy, 5 and biology. 6 

However, to take full advantage of the unique physical and chemical attributes of 

these nanostructures, it is necessary to have synthetic methods for rationally 

controlling their size, shape, and composition. 4 Of these characteristics, shape has 

proven to be one of the most challenging to deliberately control, yet it is arguably 

among the most useful parameters for tailoring the properties of a nanoparticle, 

particularly for particles comprised of gold. One of the most versatile methods for 

generating gold nanoparticles of a desired shape is the thermal seed-mediated 

synthesis, 7 which has led to the production of a vast library of nanostructures, 

ranging from Platonic solids such as octahedra and cubes, 8, 9 to plates and prisms, 2, 

10 to more exotic structures with high-index surface facets. 11, 12  It is acknowledged 

in the literature that additives, most commonly halides and silver ions, play a key 

role in directing the growth of anisotropic nanostructures in this synthetic method. 
10, 13-15 Silver ion has been frequently used to synthesize various high-index facets 

like {720},16 {310},17 and {037}18 Au nanocrystal. Methylamine and KBr were also 

exploited to generate different high-index of Pt nanoparticle with {411}19 and 

{720}20 surface respectively by selective binding of additives on the surface. 

Thiol groups are considered to show the highest affinity to noble metal 

surfaces, in particular to gold (approx. 200 kJ mol−1). 21 While this binding is often 

termed ‘chemisorption’, sometimes also noted as covalent bond, the exact processes 
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and the microscopic nature are still subject to research and discussion. Due to strong 

interaction with gold, thiol group has been used as a tool for functionalization of gold. 

Self-assembled monolayers (SAMs) is one of the most well-known example of 

organothiol usage.  

Contrary to the case of self-assembled monolayers (SAMs) on a well-

defined planar crystal face, the surface of a nanoparticle consists of not only a 

number of different crystal facets, but also a large part of edges, terraces and vertices, 
22 resulting in binding sites with different affinities for the ligand molecules. This 

complicates the characterization of the ligand shell compared with ‘classical’ SAMs, 

like the well-studied Au–alkanethiol system 21. In addition, bound ligands appear to 

be mobile on the surface, i.e. able to diffuse to some extent on the particle surface 

after having bound. 22 These facts suggest that organothiol attached on the surface of 

gold nanoparticle can be used in shape control.  

Here we newly established organothiol assisted growth system and 

demonstrated novel morphologies displaying unprecedented properties. In this 

system, rationally designed organothiol molecules are utilized to induce crystal 

morphology that appropriate for each function. The role of organothiol has two fold 

in directing the crystal growth. Thiol group in the molecule acts as anchor that tightly 

binds the molecule onto the metal surface. Various functional groups in organothiol 

make characteristic attachment onto the surface determining the direction of growth. 
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5.2 Organothiol Assisted Growth – Giant Leap in 
Morphology Control  

Thiols or called as mercaptans are organosulfur compounds that contain a 

sulfur-hydrogen bond, analogous to an OH. There are diverse organothiol molecules 

exist depending on the type of functional group and thiol group (mono or bidentate). 

Diverse organothiol molecules are reported for different purposes. Alkyl and aryl 

thiols/mercaptans including halogenated derivatives, as building blocks for organic 

synthesis used as oxidations and reductions, alkylations, Michael additions, and 

cross-coupling reactions. Compounds with multiple thiol/mercaptan functional 

groups make it possible to prepare derivatives with multiple functionalities, such as 

Boc- protected amine functional groups. Biomolecules derivatized with thiols, such 

as glycosyl disulfides, have shown interesting biological activities, including 

anticancer properties. Here we utilize this organothiol molecule as a shape directing 

additives. Figure 5.1 shows numerous synthesized nanoparticles prepared with 

different type of organothiols. In order to prepare organothiol driven shape CTAB, 

ascorbic acid and gold precursor was first mixed. In this solution small amount of 

organothiol additive is injected. It was reported that gold-thiol molecules can create 

Au-S bonding even these component dispersed in solution phase. The chemical 

nature of the gold was further investigated by x-ray photoelectron spectroscopy of 

growth solution before addition of seed. Insight into the bonding state of the gold 

atoms was obtained by monitoring the Au-4f peak in the XPS spectra. Figure 5.2 

shows the results of XPS and main Au-4f7/2 peak appears at 84.6 eV shifted suggest 

the formation of Au-S bonding. The growth solution consisted with three component, 

CTAB, ascorbic acid and organothiol. To identify the constituent component effect, 

we also changed the concentration of CTAB. Figure 5.3 display the concentration 

change result. The concentration of 100 mM of CTAB is the original condition to 

synthesize nanoparticle. As the concentration decreased, the edge part become 

thinner while at higher concentration thicker edge created. Based on this 

experimental results, it is suggested the shape is determined by competitive effect of 
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organothiol molecule and CTAB.  

 

 

Figure 5.1 Numerous morphologies synthesized by different organothiol additives 
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Figure 5.2 High resolution XPS spectrum of the Au-4f peak for gold. Experimental 

results are shown in red. Fitted curve (dark blue) shows that the spectrum is 

comprised of 2 doublets of metallic gold and a more ionic state of the gold. 

 

 

Figure 5.3 Effect of CTAB concentration on the formation of organothiol directed 

nanoparticle 
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5.3 Effect of Benzenethiol as a Nanoparticle Shape 
Modifier and Stabilizer  

First, we tried benzenthiol group as a shape controlling additive as the 

group is good model system that can prove the effect of interaction energy between 

thiol and gold surface. The nanoparticle was prepared by using a modified seed-

mediated method (Figure 5.4). In the growth solution, hexadecyltrimethyl 

ammonium bromide (CTAB) and gold (III) chloride trihydrate (HAuCl4) were mixed 

to create the AuBr4
– complex, and this complex was reduced to Au+ by adding 

ascorbic acid (AA). To this typical growth solution, different kinds of benzelthiol 

molecules were added as shape modifiers. Another unique feature of our method is 

that pre-synthesized 45 nm size cuboctahedron Au nanoparticles were used as seeds. 

In the presence of benzenethiol molecules, these seeds started to grow into various 

shapes, directed by the involvement of Au-S bonding and the molecular interactions 

of these shape modifiers. A more detailed description of the relationship between the 

functional groups and shape change is provided in the next section. Among the shape 

modifying benzenethiol molecules, 4-aminothiophenol (4-ATP) produced the most 

astonishing nanoparticle shape. 
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Figure 5.4 Growth procedure of nanoparticle mediated by benzenethiol 

 

Figure 5.5 presents a morphological characterization of the concave RD. 

The synthesized particle was first confirmed by scanning electron microscopy 

(SEM).The size of the particle was 120 nm and the yield of the nanoparticle was 

about 72 %. In Figure 5.5a, the edge parts of the nanoparticle were observed to be 

brighter than the inner surface of nanoparticle. This contrast difference in the SEM 

image indicates that the nanoparticles contain many cavities on their surfaces. With 

careful observation, we can see that the nanoparticle resembles the outline of a 

rhombic dodecahedron (RD) and has a dented surface on each facet of the RD. This 

structure can be more clearly understood by directly comparing a single concave RD 

nanoparticle (Figure 5.5b-d) with an RD model (Figure 5.5e) oriented along the same 

axis. In the [110] projection (Figure 5.5b and e), the elongated hexagon contour in 
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the RD matches the outline of the concave RD. We can also observe characteristic 

hexagonal and square outlines of the RD when it is aligned with [111] zone axis 

(Figure 5.5c) and [100] axis (Figure 5.5d), respectively. In contrast, the inner surface 

of the frame have rugged surface, which differs from an RD with a flat (110) surface. 

The shape of the nanoparticle also can be described as RD excavating out two 

trigonal pyramids from each (110) surface. To confirm this interpretation, we 

investigated this structure using high-angular annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) projected along the [110] zone 

axis. In Figure 5.5f, concave features are clearly seen at the margin of particle (red 

arrows and marked with 1 in the model). The deep dents show decreasing intensity 

due to existence of fewer atoms at the concave site, and the remaining edges where 

higher number of atoms exist are observed with strong intensity in between the two 

arrows. Another characteristic of the concave surface can be found in location 2. 

Small triangular cavities are apparent in the STEM image, indicated by yellow 

arrows. The concave feature at location 2 can becomes more evident when tilted. 

Before tilting the nanoparticle (Figure 5.5g), four dented parts (red arrows) are seen 

from the image. When the particle is tilted by 30 degrees, two parts of site 1 at the 

top left disappear and site 2 emerges (green arrow), showing a cavity (Figure 5.5h).  

To further observe concave feature of particle at different locations, we deliberately 

cut this nanoparticle by using a focused ion beam (FIB). The top of the concave RD 

was cut with different angle (Figure 5.5i and j) and analyzed by HAADF-STEM. As 

shown in Figure 5.5i, the observed cavities match perfectly with the concave RD 

schematics. These cavities can exist only when the surfaces are concave. The 

concave features can be more distinctively visualized by using a slanting cut (Figure 

5.5j). Only one arm of the crossing line protrudes in this fragment because of height 

difference between the crossing line and the bottom facet created by the concave 

feature. Also, the two triangles in Figure 5.5j (red dashed line) provide additional 

evidence for the dented surface of this particle. If the facet is flat, the cut end would 

show a single flat appearance rather than two separate triangles. Based on these 
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analyses, we conclude that the concave RD was successfully synthesized.  

 

 

Figure 5.5 Morphological characterization of the concave rhombicdodecahedron 

(RD). (a) large-area SEM image of the concave RD. (b-d) High-magnification SEM 

images of a single nanoparticle with models projecting along (b) [110], (c) [111], and 

(d) [100]. (e) Illustrative model showing how the concave RD was built: two trigonal 

pyramids are carved out from each facet of the RD. Models are oriented with 

different axes [110], [111], and [100] (from left to right). (f) HAADF STEM image 



[여기에 입력] 

115 

of concave RD along the [110] zone axis and corresponding model. Concave parts 

are indicated with arrows (Red : location 1 in the model, Yellow : location 2 in the 

model). (g, h) Tilted HAADF STEM images together with the model. In panels g 

and h, the concave part is shown with red arrows (indicated as 1) and the newly 

apparent concave part is shown with a green arrow (indicated as 2) after tilting the 

particle by 30 degrees. (i, j) HAADF STEM images of a fragment of the concave RD 

obtained by cutting the top at a different angle. 
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5.4 Effect of Organothiol Structure on Nanoparticle 
Shape 

To understand the role of benzenethiol molecules as a shape determinant, 

we investigated how the strength of thiol binding affects the final morphology. The 

synthesized nanoparticle in the absence of additives shows a trisoctahedral (TOH) 

shape (Figure 5.6a). We added p-phenylenediamine, which is known to interact with 

gold but interacts more weakly than thiol group (Figure 5.7). The resulting 

nanoparticle still shows TOH morphology, indicating that a small interaction energy 

cannot affect the morphology. We tried three different types of benzenethiol 4-

aminothiophenol (4-ATP), thiophenol (TP), and 4-chlorothiophenol (4-CTP) that 

have different functionalities at the para position. According to Hammett 

substitution theory23 and previous simulations24, by changing the functional group at 

the para position, the interaction energy of the thiol group can be tuned. For the case 

of 4-ATP, binding energy of thiol is significantly increased, since the amine has 

electron donating property. With this strong interaction energy on the gold surface, 

the direction of growth is significantly altered resulting in the concave surface of 

nanoparticle (Figure 5.5). In the case of TP (Figure 5.6b), interaction energy is 

slightly decreased as only hydrogen exists instead of amine. The resultant crystal 

shows very different morphology, a tetrahexahedron, but it does not have dents or a 

concave surface due to the binding energy being lower than that of 4-ATP. In the case 

of 4-CTP with the electron-withdrawing chlorine, the interaction energy of thiol is 

dramatically reduced, and the resulting shape is similar to that made without any 

additives (Figure 5.6c). In addition to the thiol group, the position of amine is also 

important in the morphological evolution. When the position of amine is changed to 

ortho (2-aminothiophenol (2-ATP)), a bumpy surface is developed (Figure 5.6d). 

Based on scanning tunneling microscope (STM) studies, it has been known that the 

molecular assembly of 4-ATP and 2-ATP show different pattern on the same Au (111) 

surface.25 Based on this, we think that different assembled structures of these 

additives on the gold surface also affect the growth. We also found that benzene ring 
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plays important role as well as thiol group.  When we add cysteamine, which has 

no benzene ring, irregular nanoparticle shapes are produced (Figure 5.6e).  

 

 

Figure 5.6 (a-e) Effect of organothiol on morphological change. SEM images of 

nanoparticles synthesized with various additives. (a) without additives, (b) 

thiophenol, (c) 4-chlorothiophenol, (d) 2-aminothiophenol, and (e) cysteamine. All 

scale bars are 200 nm. 

 

 

Figure 5.7 SEM image of nanoparticles synthesized with p-phenylenediamine 
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5.5 Effect of Other Constituents on the Growth Solution 

The concentration of each constituent in the growth solution is important 

for the shape evolution. In the growth solution, typical concentrations of HAuCl4, 

AA, 4-ATP and CTAB are 10 mM, 100 mM, 5 mM and 100 mM, respectively. When 

the amount of CTAB is reduced in the growth solution (10 mM, 1 mM, and absence), 

the solution became turbid with the addition of HAuCl4 (Figure 5.8). As the ascorbic 

acid is mixed into the solution (1 mM of CTAB and absence of CTAB), a purple 

color is immediately appeared, indicating formation of nanoparticles (Au0) due to 

the presence of AuCl4
-. In contrast, in the case of 100 mM CTAB (standard 

concentration), the solution stays clear, indicating the generation of  Au+ as a 

complete transition from AuCl4
- to AuBr4

-. The formation of Au+ is a prerequisite for 

fabricating well-defined nanoparticles, as the growth proceeds with spatially defined 

deposition of Au+. Therefore, high concentrations of CTAB should be used, large 

enough to replace all AuCl4
- with the AuBr4

- complex. In the case of 10 mM CTAB, 

the synthesized particles have random morphology (Figure 5.9). It has been 

previously reported that large aggregates of CTAB-gold salt complexes in the growth 

solution produce irregular shapes.26 In this experiment, we found that the 

concentration of CTAB should be higher than 100 mM to synthesize uniform 

concave RD. We also decreased the concentration of AA to determine the effect of 

AA. In the case of 10 mM of AA ([AA] / [HAuCl4] = 3), there is no difference in the 

shape (Figure 5.10). Considering that at least a 1.5 ratio of ascorbic acid to gold salt 

is needed to complete the reduction of gold, 10 mM of AA is still large enough to 

reduce all gold ions. Also, when the concentration of AA is reduced to 1 mM and in 

the absence of AA, as expected, no reduction of Au+ occurs and nanoparticles do not 

grow (Figure 5.11). 

 



[여기에 입력] 

119 

 

Figure 5.8 Top: Photograph of solutions containing various concentrations of CTAB 

(0.1 M, 10 mM, 1 mM and without) mixed with HAuCl4 (10 mM) Bottom: 

Photograph of solution containing various concentrations of CTAB (0.1M, 10mM, 

1mM and without) mixed with HAuCl4 (10mM) and ascorbic acid (0.1 M). 

 

 

Figure 5.9 SEM image of nanoparticles synthesized under low concentrations of 

CTAB (10 mM). 
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Figure 5.10 SEM images of nanoparticle synthesized with 10 mM of ascorbic acid. 

 

 

Figure 5.11 Photograph of growth solutions prepared with different concentration of 

ascorbic acid (1 mM ascorbic acid and without ascorbic acid). 

 

In previous cases, high concentrations of AA have been used as a tool to 

induce kinetic growth of nanoparticle fabricating high-index facet or flower-like 

structure.27-30 We synthesized nanoparticles under high concentrations of AA (Figure 

5.12), however, and there is no difference in the morphology of the resulting 

nanoparticle, even when synthesized at 0.5 M AA ([AA] / [HAuCl4] = 150), which 

is a significantly higher concentration than previously reported27 ([AA] / [Metal 
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precursor] = 4 for {541} facet and [AA] / [Metal precursor] = 20 for flower like 

structure). This indicates that our concave structure does not originate from the 

kinetic control adopted before.  

 

 

Figure 5.12 SEM image of Au nanoparticles synthesized with 500 mM ascorbic acid. 

 

The concentration of 4-ATP significantly modifies the development of 

shape. In the case of 2 mM 4-ATP (Figure 5.13) instead of 5 mM, fewer ridges are 

formed in the nanoparticles. When the concentration of 4-ATP increases up to 10 

mM, the final shape has more rugged surfaces and increased deposition along the 

[111] direction.  
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Figure 5.13 SEM images of Au nanoparticles prepared from different concentrations 

of 4-ATP: (a) 2 mM 4-ATP, (b) 10 mM 4-ATP 

 

In summary, a concentration of CTAB higher than 100 mM and a 

concentration of AA greater than 10 mM should be used to create AuBr4
- and Au+, 

respectively. Even at high concentrations of AA (500 mM), the obtained morphology 

shows no difference from the 10 mM AA case. In contrast, small changes in the 

concentration of 4-ATP (from 2 mM to 10 mM) significantly modify the shape of the 

resulting crystal. In the conventional method used to create high-index nanoparticles, 

a high concentration of AA is used to create kinetic growth by increasing the reaction 

rate. Our concave RD, however, is invariant even under a 50-fold difference in AA 

concentration, but the concentration of 4-ATP significantly affects to the shape. 

These results suggest that a concave RD is derived only by 4-ATP-induced changes 

and not by any kinetic growth.  
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5.6 Proposed Growth Mechanism 

For more detailed observation of the growth mechanism of concave RD, 

we monitored the growth of the concave RD as a function of time (Figure 5.14). To 

terminate the reaction, we collected samples at different times and centrifuged them 

to wash out unreacted agents. Within 2 min, the cuboctahedron nanoparticle changed 

to RD, and the RD continued to grow until 10 min, when it had a size of 80 nm. From 

10 min to 20 min, the projected edges start to emerge, and after 30 min, the concave 

features become prominent because growth occurred only at the edge. Figure 5.14b 

schematically illustrates the growth model of the concave RD. Based on the 

morphological transition, the growth process can be divided into three stages. RD 

shapes that have a high energy of {110} facet is formed at the initial stage (t= 2~10 

min) of growth. Considering the ratio of HAuCl4 and 4-ATP (HAuCl4 : 4-ATP = 

200:1 ), it is presumed that many Au atoms are immediately attached to the seed 

nanoparticle before 4-ATP is attached to particle and creates the RD due to high 

concentration of HAuCl4 at the initial stage. It was reported that increasing the 

concentration of Au precursor results in higher supersaturation and forms 

nanoparticle with higher surface energy.31 We also compared the early stage of 

nanoparticle growth when TP and 2-ATP was used as an additive instead of 4-ATP. 

Surprisingly, in both cases, early stage morphology was RD, suggesting that the 

additive starts to play a major role after the formation of the RD shape (Figure 5.15).  
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Figure 5.14 (a,b) Growth mechanism of the concave RD: (a) SEM images of the 

concave RD at different reaction times. (b) Schematic illustration of the growth 

procedure. All scale bars are 200 nm. 

 

 

Figure 5.15 SEM images of Au nanoparticles after 2 min of reaction time 

synthesized under (a) thiophenol and (b) 2-aminethiophenol. 

 

During the second stage of growth (t= 10-20 min), the nanoparticle 

continues to grow, and the edge of the nanoparticle starts to protrude. To determine 

how 4-ATP interacts with the nanoparticles and direct their shape evolution, we 

varied the injection sequence of 4-ATP. When cubooctahedron seeds were treated 

with 4-ATP molecules before being added to the growth solution, the resulting 

particles exhibited irregular morphologies. In contrast, when 4-ATP treated RD was 
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used as a seed, the contour of the RD was found at some spots (Figure 5.16). From 

this experiment, three explanations for mechanism can be inferred. First, the point 

where 4-ATP molecules adhere is the time after frame of RD is fully formed from 

the evidence that the outline of RD is only observed in the RD seed case. Second, 

the 4-ATP molecules are gradually attached as the growth proceeds rather than being 

immediately attached to the surface. Third, the 4-ATP may assemble on the surface 

of the concave RD. The evidence shows that the 4-ATP attached RD case, where 4-

ATP molecules are randomly deposited with preexisting CTAB, only leads to 

rougher nanoparticles.  In the third stage (t= 30 min), the concave surface starts to 

appear as the growth of edges become dominant. Because flat surfaces were covered 

by the assembled 4-ATP, gold atoms deposit preferentially onto the loosely covered 

edge. 

 

 

Figure 5.16 SEM images of Au nanoparticles after the growing from (a) 4-ATP 

attached cubocatahedron seed (b) 4-ATP attached RD seed. 
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5.7 Cysteine Assisted Growth for Chiral Nanostructure  

Nature has been developed morphology control strategy for million years. 

Nature controls the morphology through adsorption of functional groups along the 

lattice and this results in specifically blocked surfaces allows to direct the growth. 

Winter flounder which live in the arctic region has antifreezing protein in their blood. 

This antifreezing protein contains ice-binding regions and inhibits the ice crystal 

growth in the blood. Furthermore, nature utilize organic-inorganic interaction to 

create inorganic chiral structures. Enantioselective binding of L or D form of tartaric 

acid onto calcite crystal asymmetrically alters growth rate of steps in inorganic 

surface and thus generates helical twisted morphology. Inspired from nature’s 

strategy, here, we utilize organothiol peptide to create more interesting structures. 

Recently, atomic levels of interplay between inorganic surface and chiral molecule 

has been understood. The study reveals that both chiral binding recognition of 

molecule at kink sites and formation of chiral kinks in inorganic crystal facet are the 

integral part in developing chiral morphology. 32 In extension of effort to understand 

influence of conformation of functional groups on morphology, we applied cysteine 

which has chiral configuration of functional groups in our organothiol assisted 

growth. By incorporating peptide-gold enantioselective interaction into particle 

growth, here, we demonstrated novel chiral structure controlled at nanometer 

resolution and achieved new advances in chiral morphology fabrication.  

Figure 5.17 describes fabrication process of chiral morphology through 

cysteine assisted growth. Micromolar concentration of cysteine peptides (0.1 μM ~ 

5 μM) were added into the growth solution consisted by gold precursor, CTAB and 

ascorbic acid and then 50 nm size of cube seed was injected into this additive 

containing solution allowing the cube to grow for two hours at room temperature. 

The cysteine utilized in here has dual role: thiol group tightly binds the molecule 

onto the metal surface just like an anchor; other functional groups make 

characteristic attachment onto the surface adjusting the direction of growth. During 
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the growing process, gold atoms and peptides continuously provided onto the cube 

seed. The peptides make peptide-inorganic stereoselective recognition leads to 

modified growth direction on the surface and consequentially change in shape. 

Through this continuous chiral conjugation at atomistic level, we were able to 

transform achiral nanoparticle into chiral morphologies. 

 

 

Figure 5.17 Schematic diagram of chiral nanoparticle synthesis. Cysteine additive 

in growth solution makes stereoselective binding onto gold nanoparticle and induces 

asymmetric chiral growth of steps transforming achiral nanoparticle into chiral shape. 

 

Figure 5.18a and b show representative SEM images of nanoparticle 

produced by L- and D-cysteine. The synthesized nanoparticle has 180 nm in total 

length and contains arranged chiral edges with 4 fold rotation located at each corner 

of cubic shape. The size of one unit of chiral twisted edges is about 100 nm in length 

and 50 nm width signifying optical activity at visible range due to smaller length 

scale than wavelength of light. The yield of chiral nanoparticle formation accessed 

by SEM images (N=989) was ~81 % (see large area SEM, Figure 5.19). Under the 

existence of L-cysteine additive, left handed (LH) chiral structures were fabricated 

while D-cysteine created right handed (RH).  

To explain the chirality transfer of peptide onto achiral nanoparticle, we 
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first needed to identify the configuration of cysteine on the gold surface responsible 

for chiral edge formation. STM has been an excellent tool to observe molecules or 

surface structure of film. Based on the STM study and theoretical modeling, the 

conformation of cysteine on the (110) gold surface was revealed. 33, 34 As shown in 

Figure 5.20, a the sulfur atom is covalently bound at a bridge site next to a low-

coordinated gold atom in the topmost row, the nitrogen atom coordinates via a lone 

pair to the gold surface, and the carboxylic group is forming H-bonds with the 

carboxylic group of the other molecule in the dimer. Due to the chiral conformation 

of cysteine, amine group located at opposite side of second row of gold surface. This 

difference results in the opposite direction of dimer axis. As the dimers are aligned 

on the gold surface, cysteine molecule covers the gold surface with directionality. 

(Figure 5.20) It is expected that this directional nature of cysteine molecules on the 

gold surfaces determines chiral growth of edge of nanoparticle.  

 

 

Figure 5.18 SEM images of (a) left- and (b) right-handed chiral morphology 

synthesized under L- and D-cysteine, respectively. Scale bar in (a), 200nm. 
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Figure 5.19 Low magnification of SEM images 

 

 

Figure 5.20 (a) binding configuration of L-cysteine and D-cysteine on (110) gold 

surface. (b) Schematic drawing and STM image of dimer of L-cysteine (top) and D-

cysteine (bottom). 
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From these results, we can conclude that chiral conformation of peptide are 

transferred to achiral inorganic material. Especially here we demonstrated chiral 

morphology through chiral imprinting of peptide onto gold nanoparticle in our 

specific organothiol assisted growth system. This cysteine assisted growth method is 

a new class of chiral nanoparticle fabrication. We believe that cysteine directed 

morphology with the nanometer precision can provide a breakthrough in the previous 

chiral structure fabrication limited by resolution of structure. Furthermore, more 

fascinating point of this cysteine assisted growth is that numerous chiral structures 

are generated by different peptide encoding. The more intriguing chiral structures 

and their optical properties will be discussed in the chapter 9.  
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5.8 Conclusion  

We developed a new system that can direct the growth of nanoparticle by 

changing the functional group in the organothiol. This organothiol assisted growth 

system holds great potential in the fabrication of nanoparticle. As there are myriad 

combinations of functional group in organothiol molecule, the system enables one to 

make numerous shape and establish nanostructure library. In addition, this will 

provide important insight for the rational design of nanoparticle. First, we discovered 

benzenethiol system where the interaction energy between thiol and gold can be 

systematically varied and synthesized concave rhombic dodecahedron shape using 

4-aminothiophenol which has maximized binding energy due to electron donating 

amine. Second, we demonstrated a new class of chiral structure with nanometer 

precision in a single nanoparticle. The chiral conformation of cysteine functional 

group was transferred into achiral gold nanoparticle during the growth and chiral 

gold nanoparticle was synthesized in solution phase. These unprecedented 

morphologies can offer benefits for applications in physical coloration, optical 

antenna, imaging, diagnosis, delivery of molecules, chemical sensor, energy 

generation and new type of optical component.  
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Chapter 6. Virus Templated Gold Nanocube Chain 

 

6.1 Introduction  

A surface-enhanced Raman scattering (SERS) nanoprobe is composed of a 

metallic nanostructure that enhances a Raman signal and a recognition element that 

binds analytes selectively. The fabrication of uniform metallic nanostructures of 

precisely defined shape and structure represents an important area of research in 

which much pioneering progress has been made.1-3 As one of the simplest structures 

of SERS nanoprobes, single spherical gold nanoparticles have been used for 

quantitative antigen detection4 and cell imaging5. To enhance the sensitivity of SERS 

nanoprobes, various shapes with sharp corners or tips such as rods,6, 7 cubes,8, 9 

stars,10, 11 hollows,12, 13 flowers,14 nanocorals15 and nanocrescents16 have been utilized 

in strategies for obtaining enhanced local electromagnetic field (EM field) in the 

vicinity of the nanostructures. Clustered or assembled nanoparticles have also drawn 

considerable attention because of their intense EM field enhancement at the junctions 

of the nanoparticles.17-25 For example, dimeric Ag nanoparticles with hot spots in 

their gaps have been applied for the detection of proteins. 26, 27 An aggregated 

structure of gold nanostars has been reported to lower the detection limit to 10 fg/mL. 
28  

While a wide variety of metallic nanostructures have been developed for 

use as SERS nanoprobes, most antibody conjugation on SERS nanoprobes still relies 

on a few conventional conjugation processes, such as carbodimide and maleiamide 

methods.29 The controlled conjugation of antibodies and the facile fabrication of 

metallic nanostructures in a single nanoprobe still remain as important challenges 

for fabricating SERS nanoprobe. Here, we show the genetically controlled, 

bifunctional virus SERS nanoprobe that displays an antibody at one end and the gold 

nanoparticle binding peptides on the body for the nanoparticle assembly. Gold 
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nanocubes closely aligned along the long major coat protein of virus generate 

enhanced electromagnetic field serving as an active SERS nanostructure. 

Simultaneously, an antibody expressed at the end of the virus allows the virus 

templated SERS nanoprobe to label an antigen with strong SERS signal. The easy 

expression of antibody and the uniform structure of virus enable facile production of 

the uniform virus based SERS nanoprobe suitable for multiplexed antigen detection. 

Our results suggest a new possibility for the use of a multifunctional virus scaffold 

as a general SERS platform that can genetically carry various antibodies and 

templates for plasmonic nanostructures. 

M13 virus-based approaches to the synthesis of nanomaterials were first 

pioneered by the Belcher group and have already been utilized in various 

applications, such as lithium-ion battery electrodes,30 dye-sensitized solar cells,31 

fuel cells,32 MRI contrast agents,33 molecular catalysts34, 35 and tissue-regeneration 

biomaterials36. Structurally, the M13 virus has a long rod-like shape of 

approximately 880 nm in length and 6.6 nm in diameter. It consists of a major coat 

protein, pVIII, with 2700 copies of proteins and minor proteins (pIII, pVI, pVII and 

pIX) at each end of the virus. Its uniform shape and the ease with which it can be 

genetically engineered to display functional peptides and proteins make this virus a 

promising prospect to serve as a biological nanoscaffold for hybridizing protein and 

inorganic materials.37, 38 For example, the pIII component has been commonly 

utilized to identify new peptide sequences and/or antibodies against various target 

molecules.39 A combinatorial library of random 12-mer peptides can be fused to the 

pIII protein, providing a diversity of 109 different peptides.40 Because of this 

advantage in displaying targeting ligands on the pIII, the M13 virus has already been 

utilized for high-throughput screening and molecular imaging via the conjugation of 

pVIII coat proteins with visible fluorescent dyes,41, 42 NIR fluorescent carbon 

nanotubes43 and magnetic particles33. Separating the targeting motif (pIII) and the 

imaging component (pVIII) can minimize potential crossover problems with ligands 

and probes.  
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  Here we present a new design and synthesis method for SERS nanoprobe 

based on the bifunctional filamentous M13 virus. At the end of the virus, an antibody 

was expressed with high binding affinity against antigens. Along the 1-µm-long 

length of the virus, gold nanocubes (AuNCs) were closely aligned into chains 

through a AuNCs-binding peptide sequence expressed on major coat proteins.  
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6.2 Fabrication of Virus based Nanocube Chain 

To fabricate the virus-based SERS nanoprobe, named the V-probe, we first 

expressed a short dimer sequence, Pro-Asp (PD), a new specific binding peptide for 

cetyltrimethylammonium bromide (CTAB)-coated AuNCs of 50 nm, on the major 

coat pVIII proteins (Figure 6.1). MHGKTQATSGTIQS44 and VSGSSPDS45 have 

been previously identified as gold-binding peptides via cell-surface display and 

phage display, respectively. Specifically, the peptide sequence Val-Ser-Gly-Ser-Ser-

Pro-Asp-Ser (VSGSSPDS), which is referred to as p8#9, was previously discovered 

by the Belcher group with a type 8 phage library exposed to gold thin films. It was 

demonstrated that 5-nm gold particles could be attached to the p8#9 virus, forming 

a one-dimensional (1-D) array. In this study, we used a short dimer sequence, Pro-

Asp (PD), that has a strong binding affinity specifically for cetyltrimethylammonium 

bromide (CTAB)-coated gold nanocubes of 50 nm in dimension. A cubic shape was 

chosen because it can induce the uniform assembly of particles in close proximity 

and also can concentrate the electromagnetic field at the corner of each particle.46, 47 

We assume that the PD sequence can bind with the CTAB via the hydrophobic 

interaction of proline with a carbon chain of the CTAB and via the electrostatic 

interaction of negatively charged aspartic acid with a positively charged ammonium 

ion of the CTAB. It was observed that the AuNCs capped with 11-

mercaptoundecanoic acid could not bind with the PD viruses (Figure 6.2). As other 

experimental evidence, the excess addition of free CTAB into the solution 

significantly decreased the ability of the CTAB-AuNCs to bind onto the PD viruses 

because of the competition between the CTAB in solution and on the AuNCs (Figure 

6.2). The pIII protein of the PD virus was further genetically engineered to express 

an anti-PSA scFv. As nearly every virus displays a single functional copy of scFv-

pIII fusion among its 4-5 copies of the pIII protein,48 a single anti-PSA on the pIII 

part of the PD virus could be produced. The anti-PSA was chosen as a proof of 

concept because it is one of the most widely used biomarkers. The strategy 

developed here is, nevertheless, not limited only to SERS nanoprobes designed for 
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PSA detection and can be extended further. The targeting ligand or antibody in pIII 

can easily be exchanged for others simply by a genetic modification in a virus 

plasmid. Moreover, because an orientation-controlled single antibody can be 

expressed for each virus without any chemical conjugation, high and uniform 

binding affinity can be obtained, which may potentially be useful for a multiplexed 

quantitative immunoassay.  

 

 

Figure 6.1 Schematic of the virus-based SERS nanoprobe. PD sequence was 

expressed on the pVIII part for attaching gold nanoparticles, and the pIII part was 

functionalized with an antibody for capturing target analyte. 
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Figure 6.2 Photographs of mixtures of PD virus and gold nanocubes. PD virus was 

mixed with (a) gold nanocubes coated with 11-mercaptoundecanoic acid (MUA) and 

(b) gold-nanocube solutions that contained different amounts of CTAB: (left) only 

capping CTAB on the gold nanocubes and (right) an excess amount of CTAB left in 

the solution. Using the round-trip phase transfer ligand exchange method,49 the 

CTAB on the gold nanocubes was replaced by MUA. 

 

A robust and uniform V-probe was spontaneously assembled in aqueous 

solution simply by mixing the bifunctional viruses and AuNC. To fabricate multiple 

1D-assembled AuNCs on virus, we varied the conditions and identified the optimum 

concentration ratio of viruses and AuNCs. The color of the AuNC solution was 

initially pink, with a resonance peak at a wavelength of 540 nm (Figure 6.3a and b). 

Upon mixing with the viruses, a blue tint began to appear in the initial pink color, 

resulting in various final color mixtures depending on the virus concentration. 

According to the UV-Vis spectra, a new broad peak appeared between 600 nm and 

700 nm in wavelength. When 50-nm AuNCs are aligned along an 880-nm-long virus, 

a multiple, longitudinal plasmon mode, which originates from inter-particle 

couplings, can be generated.50 The new peaks at the longer wavelength may be 

attributed to the inter-particle coupling between the assembled AuNCs. The shapes 
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of the constructed V-probes and the tendency of the AuNCs to interact with the 

viruses were analyzed using a scanning electron microscopy (SEM). At low virus 

concentrations below 109 pfu/mL, well-separated, single V-probes could be easily 

observed in various locations. At higher concentrations, however, multiply 

aggregated V-probes were predominantly observed (Figure 6.4). As the virus 

concentration was increased, more entangled or branched structures were observed. 

These trends are consistent with the instant color changes and macroscopic 

precipitation after mixing the viruses higher than 6   109 pfu/mL with AuNCs. At 

a given concentration of 109 pfu/mL, the V-probes existed individually with the 

highest observed virus concentration, and each V-probe held a 1-D arrangement of 

AuNCs in close proximity.  

 

 

Figure 6.3 Fabrication of V-probe. (a) Photographs show the formation of V-probes 

with different concentrations of virus (108, 109, 2 × 109, 4 × 109, 6 × 109, 8 × 109 and 
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1010 pfu/mL). The color of the solution gradually changed from red to blue with 

increasing virus concentration, indicating the interaction of the gold nanoparticles 

with the virus. (b) UV-Vis spectra for V-probe solutions with different concentrations 

of virus. As the virus concentration increased, the resonance peak broadened and 

moved toward longer wavelengths, indicating the alignment of the gold nanocubes. 

(c) Scanning electron microscopy images of V-probes fabricated at 109 pfu/mL of 

virus (scale bar: 200 nm). In general, more than 7 gold nanocubes were assembled 

along the virus. 
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Figure 6.4 Scanning electron microscopy images of V-probes formed at various 

virus concentrations of 108 pfu /mL, 109 pfu /mL, 2 × 109 pfu /mL, 4 × 109 pfu /mL, 
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6 ×  109 pfu /mL, 8 × 109 pfu /mL and 1010 pfu/mL. The ratio of virus and gold 

nanoparticle for each sample was shown. The concentration of gold nanoparticle 

used in here was 3 × 1010 particles/mL. 
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6.3 Analysis of Structural Integrity of Virus based 
Nanocube Chain 

As shown in the representative SEM image (Figure 6.3c), at least 7 AuNCs 

— in most cases, 10-15 AuNCs — were successfully aligned along a single virus. 

At the low magnification of an SEM image, an abundance of the fabricated V-probes 

could be easily found (Figure 6.5). Based on the analysis of 341 particles in the SEM 

image, it was found that most of the viruses were involved in the fabrication of the 

V-probes and produced a high V-probe yield. 

 

 

Figure 6.5 (a) Scanning electron microscopy image of V-probes at low 

magnification and (b) SEM image processed using the Image J program for particle 
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counting. Pixels were counted for each particle, and any particle of fewer than 20 

pixels was considered to be an unassembled individual particle. 341 particles were 

analyzed. They consisted of 106 assembled particles and 235 individual particles. 

The ratio of assembled particles to individual ones is similar to the theoretical value; 

if each virus contained 10 particles, then 109 particles participated in the assembly, 

and 2.45 × 109 particles remained as individual particles under the mixing conditions 

of 100 µL of 109 pfu/mL virus and an AuNC concentration of 3.45 × 1010 

particles/mL.51 

 

The successful fabrication of V-probes was also confirmed in solution via 

dark-field microscopy. Before mixing with the viruses, all AuNCs originally 

exhibited green scattering, indicating their uniformity in size at 50 nm (Figure 6.6a). 

Upon mixing with the viruses, additional yellow and red scattering began to appear, 

and the number of green scattering sites in the AuNC solutions decreased. In the case 

of mixing with 109 pfu/mL viruses, yellow and red spots appeared in the midst of the 

green dots, while brighter and larger yellowish objects appeared without any green 

dots in the case of mixing with 6 × 109 pfu/mL viruses (Figures 6.6b and c, 

respectively). Such yellow and red scattering in the solutions originated from the 

AuNCs assembled along the viruses. We were able to observe the dynamic motion 

of an individual V-probe in solution. The free-floating V-probes moved, rotated and 

sometimes fluctuated, while maintaining the structural integrity of the viruses and 

AuNCs.  

 



[여기에 입력] 

148 

 

Figure 6.6 Dark-field microscope images of (a) gold nanocubes as well as V-probes 

fabricated at virus concentrations of (b) 109 pfu/mL and (c) 6 × 109 pfu/mL virus (all 

scale bars are 10 µm). The green scattering spots indicate 50-nm gold nanoparticles. 

The red dots indicate gold nanoparticles of increased size. 

 

As shown in the previous results, we confirmed the virus templated gold 

nanocube chain was successfully fabricated. In the part II, enhanced SERS property 

from this fabricated virus based nanochain and its applicability as a new SERS 

nanoprobe were discussed in more detail.   
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6.4 Conclusion  

We demonstrated a novel virus-based SERS nanoprobe (V-probe) that 

contains antibody in SERS nanoprobe and generates a large SERS signal. The PD 

sequence expressed on pVIII part of the M13 virus interacting with the CTAB 

capping agent of the AuNCs allows multiple AuNCs to be attached to the virus (7-

10 AuNCs for each virus) with a 1-D chain assembly. This imparts a strong SERS 

signal to the V-probe derived from the interparticle coupling effect of the closely 

assembled AuNCs along the virus. Moreover, the single antibody expressed on the 

pIII part of the virus with the same orientation makes the V-probe an ideal tool for a 

quantitative immunoassay, offering excellent capability in antigen detection. The 

strong and uniform signals obtained from the V-probes and the ease of expression of 

the antibody on the pIII will allow the simple fabrication of numerous types of SERS 

nanoprobes, each labeled with various Raman reporter molecules. This new type of 

SERS nanoprobe will offer a powerful tool for the infinitesimal and multiplexed 

detection of any antigen. 

 

 

 

  



[여기에 입력] 

150 

6.5 Bibliography 

1. Schlucker, S. SERS Microscopy: Nanoparticle Probes and Biomedical 

Applications. Chemphyschem 2009, 10, 1344-1354. 

2. Rodriguez-Lorenzo, L.; Fabris, L.; Alvarez-Puebla, R. A. Multiplex Optical 

Sensing with Surface-Enhanced Raman Scattering: A Critical Review. Anal 

Chim Acta 2012, 745, 10-23. 

3. Wang, Y.; Yan, B.; Chen, L. SERS Tags: Novel Optical Nanoprobes for 

Bioanalysis. Chem Rev 2013, 113, 1391-1428. 

4. Ni, J.; Lipert, R. J.; Dawson, G. B.; Porter, M. D. Immunoassay Readout 

Method Using Extrinsic Raman Labels Adsorbed on Immunogold Colloids. 

Anal Chem 1999, 71, 4903-4908. 

5. Qian, X.; Peng, X. H.; Ansari, D. O.; Yin-Goen, Q.; Chen, G. Z.; Shin, D. 

M.; Yang, L.; Young, A. N.; Wang, M. D.; Nie, S. In Vivo Tumor Targeting 

and Spectroscopic Detection with Surface-Enhanced Raman Nanoparticle 

Tags. Nat Biotechnol 2008, 26, 83-90. 

6. von Maltzahn, G.; Centrone, A.; Park, J. H.; Ramanathan, R.; Sailor, M. J.; 

Hatton, T. A.; Bhatia, S. N. SERS-Coded Gold Nanorods as a 

Multifunctional Platform for Densely Multiplexed Near-Infrared Imaging 

and Photothermal Heating. Adv Mater 2009, 21, 3175-3180. 

7. Orendorff, C. J.; Gearheart, L.; Jana, N. R.; Murphy, C. J. Aspect Ratio 

Dependence on Surface Enhanced Raman scattering Using Silver and Gold 

Nanorod Substrates. Physical Chemistry Chemical Physics 2006, 8, 165-170. 

8. Narayanan, R.; Lipert, R. J.; Porter, M. D. Cetyltrimethylammonium 

bromide-modified spherical and cube-like gold nanoparticles as extrinsic 

Raman labels in surface-enhanced Raman spectroscopy based 

heterogeneous immunoassays. Analytical Chemistry 2008, 80, 2265-2271. 

9. Orendorff, C. J.; Gole, A.; Sau, T. K.; Murphy, C. J. Surface-Enhanced 

Raman Spectroscopy of Self-Assembled Monolayers: Sandwich 

Architecture and Nanoparticle Shape Dependence. Anal Chem 2005, 77, 



[여기에 입력] 

151 

3261-3266. 

10. Rodriguez-Lorenzo, L.; Alvarez-Puebla, R. A.; Pastoriza-Santos, I.; 

Mazzucco, S.; Stephan, O.; Kociak, M.; Liz-Marzan, L. M.; de Abajo, F. J. 

G. Zeptomol Detection Through Controlled Ultrasensitive Surface-

Enhanced Raman Scattering. Journal of the American Chemical Society 

2009, 131, 4616-4618. 

11. Khoury, C. G.; Vo-Dinh, T. Gold Nanostars For Surface-Enhanced Raman 

Scattering: Synthesis, Characterization and Optimization. J Phys Chem C 

Nanomater Interfaces 2008, 2008, 18849-18859. 

12. Sanles-Sobrido, M.; Exner, W.; Rodriguez-Lorenzo, L.; Rodriguez-

Gonzalez, B.; Correa-Duarte, M. A.; Alvarez-Puebla, R. A.; Liz-Marzan, L. 

M. Design of SERS-Encoded, Submicron, Hollow Particles Through 

Confined Growth of Encapsulated Metal Nanoparticles. Journal of the 

American Chemical Society 2009, 131, 2699-2705. 

13. Chon, H.; Lee, S.; Yoon, S. Y.; Chang, S. I.; Lim, D. W.; Choo, J. 

Simultaneous Immunoassay for the Detection of Two Lung Cancer Markers 

Using Functionalized SERS Nanoprobes. Chem Commun (Camb) 2011, 47, 

12515-12517. 

14. Xie, J.; Zhang, Q.; Lee, J. Y.; Wang, D. I. The Synthesis of SERS-Active 

Gold Nanoflower Tags for In Vivo Applications. ACS Nano 2008, 2, 2473-

2480. 

15. Wu, L. Y.; Ross, B. M.; Hong, S.; Lee, L. P. Bioinspired Nanocorals with 

Decoupled Cellular Targeting and Sensing Functionality. Small 2010, 6, 503-

507. 

16. Lu, Y.; Liu, G. L.; Kim, J.; Mejia, Y. X.; Lee, L. P. Nanophotonic Crescent 

Moon Structures with Sharp Edge for Ultrasensitive Biomolecular Detection 

by Local Electromagnetic Field Enhancement Effect. Nano Lett 2005, 5, 

119-124. 

17. Romo-Herrera, J. M.; Alvarez-Puebla, R. A.; Liz-Marzan, L. M. Controlled 



[여기에 입력] 

152 

Assembly of Plasmonic Colloidal Nanoparticle Clusters. Nanoscale 2011, 3, 

1304-1315. 

18. Guerrini, L.; Graham, D. Molecularly-Mediated Assemblies of Plasmonic 

Nanoparticles for Surface-Enhanced Raman Spectroscopy Applications. 

Chem Soc Rev 2012, 41, 7085-7107. 

19. Halas, N. J.; Lal, S.; Chang, W. S.; Link, S.; Nordlander, P. Plasmons in 

Strongly Coupled Metallic Nanostructures. Chem Rev 2011, 111, 3913-3961. 

20. Graham, D.; Thompson, D. G.; Smith, W. E.; Faulds, K. Control of Enhanced 

Raman Scattering using a DNA-Based Assembly Process of Dye-Coded 

Nanoparticles. Nat Nanotechnol 2008, 3, 548-551. 

21. Lim, D. K.; Jeon, K. S.; Kim, H. M.; Nam, J. M.; Suh, Y. D. Nanogap-

Engineerable Raman-Active Nanodumbbells for Single-Molecule Detection. 

Nature materials 2010, 9, 60-67. 

22. Qian, X.; Zhou, X.; Nie, S. Surface-Enhanced Raman Nanoparticle Beacons 

Based on Bioconjugated Gold Nanocrystals and Long Range Plasmonic 

Coupling. Journal of the American Chemical Society 2008, 130, 14934-

14935. 

23. Chen, S.; Yuan, Y.; Yao, J.; Han, S.; Gu, R. Magnetic Separation and 

Immunoassay of Multi-Antigen Based on Surface Enhanced Raman 

Spectroscopy. Chem Commun (Camb) 2011, 47, 4225-4227. 

24. Jun, B. H.; Noh, M. S.; Kim, J.; Kim, G.; Kang, H.; Kim, M. S.; Seo, Y. T.; 

Baek, J.; Kim, J. H.; Park, J.; Kim, S.; Kim, Y. K.; Hyeon, T.; Cho, M. H.; 

Jeong, D. H.; Lee, Y. S. Multifunctional Silver-Embedded Magnetic 

Nanoparticles as SERS Nanoprobes and Their Applications. Small 2010, 6, 

119-125. 

25. Liu, R.; Liu, B.; Guan, G.; Jiang, C.; Zhang, Z. Multilayered Shell SERS 

Nanotags with a Highly Uniform Single-Particle Raman Readout for 

Ultrasensitive Immunoassays. Chem Commun (Camb) 2012, 48, 9421-9423. 

26. Fabris, L.; Schierhorn, M.; Moskovits, M.; Bazan, G. C. Aptatag-Based 



[여기에 입력] 

153 

Multiplexed Assay for Protein Detection by Surface-Enhanced Raman 

Spectroscopy. Small 2010, 6, 1550-1557. 

27. Fabris, L.; Dante, M.; Nguyen, T.-Q.; Tok, J. B. H.; Bazan, G. C. SERS 

Aptatags: New Responsive Metallic Nanostructures for Heterogeneous 

Protein Detection by Surface Enhanced Raman Spectroscopy. Advanced 

Functional Materials 2008, 18, 2518-2525. 

28. Pei, Y.; Wang, Z.; Zong, S.; Cui, Y. Highly Sensitive SERS-Based 

Immunoassay with Simultaneous Utilization of Self-Assembled Substrates 

of Gold Nanostars and Aggregates of Gold Nanostars. Journal of Materials 

Chemistry B 2013, 1, 3992-3998. 

29. Sapsford, K. E.; Algar, W. R.; Berti, L.; Gemmill, K. B.; Casey, B. J.; Oh, E.; 

Stewart, M. H.; Medintz, I. L. Functionalizing Nanoparticles with Biological 

Molecules: Developing Chemistries that Facilitate Nanotechnology. Chem 

Rev 2013, 113, 1904-2074. 

30. Nam, K. T.; Kim, D. W.; Yoo, P. J.; Chiang, C. Y.; Meethong, N.; Hammond, 

P. T.; Chiang, Y. M.; Belcher, A. M. Virus-Enabled Synthesis and Assembly 

of Nanowires for Lithium Ion Battery Electrodes. Science 2006, 312, 885-

888. 

31. Dang, X.; Yi, H.; Ham, M. H.; Qi, J.; Yun, D. S.; Ladewski, R.; Strano, M. 

S.; Hammond, P. T.; Belcher, A. M. Virus-Templated Self-Assembled 

Single-Walled Carbon Nanotubes for Highly Efficient Electron Collection in 

Photovoltaic Devices. Nat Nanotechnol 2011, 6, 377-384. 

32. Lee, Y.; Kim, J.; Yun, D. S.; Nam, Y. S.; Shao-Horn, Y.; Belcher, A. M. 

Virus-Templated Au and Au–Pt Core–Shell Nanowires and Their 

Electrocatalytic Activities for Fuel Cell Applications. Energy & 

Environmental Science 2012, 5, 8328-8334. 

33. Ghosh, D.; Lee, Y.; Thomas, S.; Kohli, A. G.; Yun, D. S.; Belcher, A. M.; 

Kelly, K. A. M13-Templated Magnetic Nanoparticles for Targeted In Vivo 

Imaging of Prostate Cancer. Nat Nanotechnol 2012, 7, 677-682. 



[여기에 입력] 

154 

34. Nam, Y. S.; Magyar, A. P.; Lee, D.; Kim, J. W.; Yun, D. S.; Park, H.; Pollom, 

T. S., Jr.; Weitz, D. A.; Belcher, A. M. Biologically Templated Photocatalytic 

Nanostructures for Sustained Light-Driven Water Oxidation. Nat 

Nanotechnol 2010, 5, 340-344. 

35. Neltner, B.; Peddie, B.; Xu, A.; Doenlen, W.; Durand, K.; Yun, D. S.; 

Speakman, S.; Peterson, A.; Belcher, A. Production of Hydrogen Using 

Nanocrystalline Protein-Templated Catalysts on M13 Phage. ACS Nano 

2010, 4, 3227-3235. 

36. Merzlyak, A.; Indrakanti, S.; Lee, S. W. Genetically Engineered Nanofiber-

Like Viruses for Tissue Regenerating Materials. Nano Lett 2009, 9, 846-852. 

37. Lee, S. W.; Mao, C.; Flynn, C. E.; Belcher, A. M. Ordering of Quantum Dots 

Using Genetically Engineered Viruses. Science 2002, 296, 892-895. 

38. Mao, C.; Solis, D. J.; Reiss, B. D.; Kottmann, S. T.; Sweeney, R. Y.; Hayhurst, 

A.; Georgiou, G.; Iverson, B.; Belcher, A. M. Virus-Based Toolkit for the 

Directed Synthesis of Magnetic and Semiconducting Nanowires. Science 

2004, 303, 213-217. 

39. Scott, J. K.; Smith, G. P. Searching for Peptide Ligands with an Epitope 

Library. Science 1990, 249, 386-390. 

40. Parmley, S. F.; Smith, G. P. Antibody-Selectable Filamentous fd Phage 

Vectors: Affinity Purification of Target Genes. Gene 1988, 73, 305-318. 

41. Li, K.; Chen, Y.; Li, S.; Nguyen, H. G.; Niu, Z.; You, S.; Mello, C. M.; Lu, 

X.; Wang, Q. Chemical Modification of M13 Bacteriophage and Its 

Application in Cancer Cell Imaging. Bioconjug Chem 2010, 21, 1369-1377. 

42. Carrico, Z. M.; Farkas, M. E.; Zhou, Y.; Hsiao, S. C.; Marks, J. D.; 

Chokhawala, H.; Clark, D. S.; Francis, M. B. N-Terminal Labeling of 

Filamentous Phage To Create Cancer Marker Imaging Agents. ACS Nano 

2012, 6, 6675-6680. 

43. Yi, H.; Ghosh, D.; Ham, M. H.; Qi, J.; Barone, P. W.; Strano, M. S.; Belcher, 

A. M. M13 Phage-Functionalized Single-Walled Carbon Nanotubes as 



[여기에 입력] 

155 

Nanoprobes for Second Near-Infrared Window Fluorescence Imaging of 

Targeted Tumors. Nano Lett 2012, 12, 1176-1183. 

44. Sarikaya, M.; Tamerler, C.; Jen, A. K. Y.; Schulten, K.; Baneyx, F. Molecular 

Biomimetics: Nanotechnology Through Biology. Nature materials 2003, 2, 

577-585. 

45. Huang, Y.; Chiang, C. Y.; Lee, S. K.; Gao, Y.; Hu, E. L.; De Yoreo, J.; 

Belcher, A. M. Programmable Assembly of Nanoarchitectures Using 

Genetically Engineered Viruses. Nano Lett 2005, 5, 1429-1434. 

46. Rycenga, M.; Camargo, P. H.; Li, W.; Moran, C. H.; Xia, Y. Understanding 

the SERS Effects of Single Silver Nanoparticles and Their Dimers, One at a 

Time. J Phys Chem Lett 2010, 1, 696-703. 

47. Gao, B.; Arya, G.; Tao, A. R. Self-Orienting Nanocubes for the Assembly of 

Plasmonic Nanojunctions. Nat Nanotechnol 2012, 7, 433-437. 

48. Fernandez, L. A. Prokaryotic Expression of Antibodies and Affibodies. 

Current opinion in biotechnology 2004, 15, 364-373. 

49. Wijaya, A.; Hamad-Schifferli, K. Ligand Customization and DNA 

Functionalization of Gold Nanorods via Round-Trip Phase Transfer Ligand 

Exchange. Langmuir : the ACS journal of surfaces and colloids 2008, 24, 

9966-9969. 

50. Chang, W.-S.; Willingham, B. A.; Slaughter, L. S.; Khanal, B. P.; Vigderman, 

L.; Zubarev, E. R.; Link, S. Low absorption losses of strongly coupled 

surface plasmons in nanoparticle assemblies. Proceedings of the National 

Academy of Sciences 2011, 108, 19879-19884. 

51. Haiss, W.; Thanh, N. T.; Aveyard, J.; Fernig, D. G. Determination of Size 

and Concentration of Gold Nanoparticles from UV-Vis Spectra. Anal Chem 

2007, 79, 4215-4221. 

  



[여기에 입력] 

156 

 

 

 

 

 

 

 

 

 

Part II. Optical Properties and Applications of 
Nanostructures 
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Chapter 7. Tuning Plasmonic Resonance by 
Structural Adjustment of Nanostructures 

 

7.1 Introduction  

As shown in the previous sections, the unique property of plasmonic 

nanostructure is that the plasmonic resonance can be specifically tuned by tailoring 

the nanostructure. The organothiol assisted growth allow us to control minute change 

of morphology by changing the concentration of organothiol. Shape of gold 

nanoparticle is directly related with the optical spectrum. Therefore, in here 

structural color of concave rhombic dodecahedron which is synthesized by 4-

aminothiophenol was described. Moreover, the distinctive optical spectrum 

originated from nanoparticle structure can be used in the sensor application. In the 

later part, the applicability of concave rhombic dodecahedron as a sensor was studied.  

Pigment based coloration has drawback in durability such as scratch-prone, 

deterioration of color under exposure to UV, heat, oxygen, humidity. On the other 

hand, as it can be seen from the Lycurgus Cup, color generated from gold 

nanoparticle shows remarkable stability for external environment which is lasting 

over thousand years. Due to their exceptional durability and intense color, many 

efforts has been done to create and vary color using metal nanostructure. Despite of 

continuous progress, still there are several issues to be solved: variation of color 

spectrum and facile fabrication process.  

In order to create full spectrum of color, blending color is necessary. In 

conventional dye based coloring, variation of color is accomplished by mixing the 

different colors. In the same context, summation of individual spectrum can provide 

wide range of structural color. Recently, Yang group reported that mixed color can 

be created in the metallic nanostructure by mixing two different size of nanostructure. 
1 They placed two different sized nanostructure alternatively created broad spectrum 
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consisted by each individual spectrum.  

Here we uses constructive coupling of partial structure in single 

nanoparticle to create various color tone by spectrum overlap. We demonstrate this 

concept utilizing concave rhombic dodecahedron gold nanoparticle. Concave RD 

which is different from other simple nanoparticles includes several partial features 

in the single nanoparticle. Existence of fractional structure in individual concave RD 

give an access to interference of spectra resulting broaden spectrum with 

combination of color.   

 

 

Figure 7.1 Structure of concave rhombic dodecahedron (a-d) SEM image of concave 

RD: (a) large area, different orientation viewed along (b) [110], (c) [100], (d) [111] 

axis. (Right) Schematic of concave RD showing structural component. 

 

Generally the spectral features of gold nanoparticle follows the Lorentzian 

line. However, when the Fano effect occur in the gold nanostructure, the spectrum 



[여기에 입력] 

159 

transformed into asymmetric line with steep peak and dip. Fano resonance named 

after a physicist, Ugo Fano, who elaborated a theory unifying Wood anomalies in 

metallic gratings with the process of autoionization in atoms under a general 

interference phenomenon, and derived an analytical formula for the resulting 

asymmetric spectral line shape, now known as Fano formula. A proper combination 

of plasmonic nanostructures can also support Fano resonances. 2, 3 These resonances 

arise from the interference between a non-radiative mode and a continuum of 

radiative waves, and are distinguished from their Lorentzian counterpart by a 

characteristic asymmetric line shape. They have attracted significant attention 

because quasi-localized modes with reduced radiative damping can be excited, 

allowing in particular the development of plasmonic nanolasers. 4 They also have 

been observed as extraordinary transmission through metallic films, 5, 6 in metallic 

photonic crystals, 7 and have been used to explain Wood's anomalies in metallic 

gratings. 8 Fano resonances are able to confine light more efficiently and are 

characterized by a steeper dispersion than conventional Lorentzian resonances, 2, 3 

which make them promising for local refractive index sensing applications, 9-11 or 

surface enhanced Raman scattering. 12 Due to their extreme sensitivity to local 

geometrical changes makes, they also have been recently proposed as nanometer 

scale strain monitors or biomolecular rulers. 13, 14 

For complex nanostructures consisting of multiple closely spaced 

nanoparticles or patterned nanostructures, the plasmon modes of the individual 

nanoparticle can interact and form hybridized bonding and antibonding plasmon 

modes. 15-18 The collective modes of these systems can also be classified as “bright” 

or “dark” modes. Bright plasmon modes possess finite dipole moments and can 

therefore be efficiently excited by incident light. Since the bright modes couple to 

light, they also radiate, and their spectral features can be significantly broadened due 

to radiative damping. In contrast, dark plasmon modes possess zero dipole moments, 

do not couple efficiently to light, and are therefore not radiatively broadened. The 

dominant damping mechanism for dark modes is their intrinsic broadening, due to 
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the imaginary part of the dielectric function of the metal: therefore the dark plasmon 

modes can be significantly narrower than the bright plasmon modes. Since most 

experimentally realizable plasmonic nanostructures are somewhat larger than the 

quasi-static, or dipole limit, most of their plasmon modes contain some admixture of 

dipole moments. For these systems the classification of a mode being dark or bright 

will thus depend on whether its dipole moment is small or large, with bright modes 

being those clearly visible in the optical spectrum.  

Fano-like resonances are built from the interference between a continuum 

of radiative waves and a non-radiative (dark) mode that spectrally and spatially 

overlap. Two pathways have to be considered: the direct excitation of continuum and 

the excitation of the dark mode through its coupling to the continuum (Figure 7.2). 

The interference between these two pathways leads to a spectrum with a Fano-like 

asymmetric line shape. 19 The continuum of radiative waves can be constructed from 

the radiative (bright) mode of a plasmonic nanostructure. The bright mode's 

resonance strength follows a symmetric pseudo-Lorentzian line shape as a function 

of the frequency. The symmetric resonance builds a continuum supporting a Fano-

like resonance. The structure generating the symmetric resonance is placed in close 

vicinity to another one supporting the dark mode, 11, 20, 21 alternatively, one can also 

use the strong coupling of two modes hybridizing into a bright and a dark mode. 17, 

22-24 The frequency-dependent phase difference between the direct and indirect 

pathways leads to both a destructive and a constructive interference at the origin of 

the asymmetric nature of the resonance. The dielectric permittivity of metals has an 

imaginary part accounting for intrinsic losses. In this case, the dark mode's resonance 

frequency has an imaginary part, and the phase difference between the two direct 

and indirect pathways does not lead to a complete destructive or constructive 

interference (Figure 7.3). This effect is quantified by the modulation damping 

parameter(b). The damping (b) and asymmetry parameters(q) are shape parameters 

describing the Fano-like interference, and as such they depend on how the resonance 

is monitored.  
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Figure 7.2 Mechanism of Fano–like interferences between a resonant dark mode 

with complex resonance frequency and a flat continuum of radiative waves. Two 

pathways have to be considered: the direct excitation of continuum and the excitation 

of the dark mode through its coupling to the continuum. The frequency–dependent 

phase difference between the direct and indirect pathways leads both to a destructive 

and a constructive interference. 
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Figure 7.3 Mechanism of Fano interference between a resonant mode and a 

continuum of scattered waves. Around the resonance frequency , the dark mode 

shifts its phase by π. The phase dependence of the mode reemission induces 

destructive or constructive interference, resulting in an asymmetric response. (a) q > 

0 and b = 0, (b) q < 0 and b = 0, (c) q = 0 and b = 0, (d) q < 0 and b ≠ 0. 

 

The fundamental requirement for a Fano resonance is a weak coupling and 

interference between a dark and bright plasmon mode. This coupling can be 

controlled by symmetry breaking. 25 Three-dimensional metallic sphere-shell 
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structures displays Fano type interference spectrum (Figure 7.4). 26 In planar ring-

disk geometries or nanoparticle clusters can introduce a coupling between the dark 

quadrupolar and bright dipolar modes of the structure (Figure 7.5). 17, 22, 24, 27-29 In 

adjacent nanoparticle pairs, changing the size or gap of the nanoparticles can 

introduce a coupling between its collective dark and bright dimer modes shown in 

figure 7.6. 30-33 

 

 

Figure 7.4 The nanocut is introduced on top of the metallic sphere. SEM images of 

three silver nanoparticles with diameters of 170 nm and a cut width of 15 nm. 

Scattering spectra of the nanoparticles for incident light with s (perpendicular to the 

cut) and p (parallel to the cut) polarizations. 
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Figure 7.5 Fano resonances in plasmonic nanoparticle clusters. (a) Calculated dipole 

amplitudes of the bonding and antibonding collective dipolar plasmon modes in a 

gold nanoshell heptamer. Measured (b) and calculated (c) scattering spectra of a gold 

nanoshell heptamer. (d) Transmission spectra showing the effects of coupling in 

lithographically fabricated gold nanodisk heptamers. (e) Extinction spectra showing 

how the Fano resonance in silver nanosphere hexamers and octumers depend on the 

size of the central particle. (f) Effect of a surrounding dielectric medium on the 

extinction spectrum of a silver nanosphere heptamer. (g) Example of a large-scale 

substrate consisting of lithographically fabricated gold nanodisk heptamers. Scale 

bar: 1 μm. 
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Figure 7.6 Influence of modes coupling on the resonance line shape for dolmen gold 

nanostructures. The coupling is changed by tuning the gap size g: (a–c) g = 15 nm 

(d–f) g = 30 nm (g–i) g = 55 nm. (a,d,g) Reflectance at normal incidence for an x–

polarized electric field propagating in the −z–direction, as a function of the 

illumination energy. The red dot indicates the Fano resonance frequency position. 

(b,e,h) Normalized intensity enhancement in a plane through the center of the 

structure at the Fano resonance frequency: black → 0 and white → 1. (c,f,i) 

Maximum in intensity enhancement. 

 

 The geometry and gap of nanoparticle assemblies are the key factor to 

determine the Fano interference spectrum. This unique characteristic of Fano 

resonance can be a useful three dimensional spectroscopic nanosensor. When the one 

or multiple visible emitting or scattering object placed in close proximity to 'bright' 

metallic nanoparticle, the asymmetry of the coupled two nanoparticles establishes a 
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optical axis that carries the information about the unknown spatial arrangement and 

thus provide a sharp Fano resonance (Figure 7.7). The newly attached particle has a 

dark, quadrupole resonance and interferes with the bright, dipole resonance of a 

bright nanoparticle. Detection of the dark nanoparticle is enabled by the enormous 

enhancement of its scattering cross-section in close proximity to the underlying 

bright nanoparticle and significant change in the scattering spectrum generated by 

Fano interference. This concept has been known as plasmonic ruler or protractor.  

 

 

Figure 7.7 Conceptual schematics of three dimensional spectroscopic nanosensor 

based on Fano interference. The strength of the Fano resonance is strongly dependent 

on the polarization of the incident and scattered radiation. 

 

There has been a long-standing effort to extend the one-dimensional nature 

of fluorescent resonant energy transfer (FRET) to three dimensions by measuring the 

polarization of anisotropic fluorescent molecules. 34-36 The development of a 

plasmonic ruler is mainly motivated by the desire to search for new optical labels 
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that can be distributed over longer distances, and are more photochemically stable to 

allow longer observation periods. The plasmonic ruler has been successfully applied 

to investigations of the kinetics of DNA hybridization, 37 the dynamics of DNA 

bending and cleavage, 38 and the activity of enzymes. 39 The plasmonic protractor 

utilize strong anisotropic optical response ensured by combining a bright and a dark 

nanoparticle. This combination also allows greater flexibility in choosing the 

labeling nanoparticles or molecules. Even poorly absorbing or weakly scattering 

nanoparticles can be used as labeling nanoparticle. As the scattering cross-section is 

not completely extinguished by photobleaching and does not change during 

fluorescence blinking, this method is advantageous over fluorescence-based imaging. 

 Figure 7.8 shows the sensitive spectrum change depending on the location 

of added (dark) nanoparticles. Few nanometer shift of labeling nanoparticle makes 

significant change in scattering spectrum. 40 Moreover, depending on the shape of 

underlying (bright) nanoparticle distinctive spectrum features created (Figure 7.9). 
41 Therefore, based on these facts we tried to apply the concave rhombic 

dodecahedron nanoparticle as a new class of Fano resonance based three dimensional 

spectroscopic nanosensor.  
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Figure 7.8 Plasmonic responses of heterodimers with different configuration. SEM 

images and corresponding experimental and simulated scattering spectra. 

 

 

Figure 7.9 Influence of heterodimer structure in extinction spectrum. (a) 
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Experimental extinction spectra of two-arm nanocrosses (b) Experimental extinction 

spectra of three-arm nanocrosses 
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7.2 Extinction Spectrum of Concave Rhombic 
Dodecahedron - Tunable Structural Color   

We synthesized the nanoparticles with different synthetic condition. Two 

factors were varied: precursor concentration and 4-ATP molecule concentration. 

Figure 7.10 shows the SEM images and UV-Vis spectra with photo image showing 

the color of solution. All these two components effect on the shape and spectral 

feature. Higher concentration of 4-ATP makes more red shifted and the resultant 

particle have more broad width. This spectral change comes from the increase 

amount of 4-ATP molecule on the surface of nanoparticle and increase sharpness of 

edges (4-ATP creates concave surface by blocking the surface, thus higher 

concentration of 4-ATP results in projecting edges). Also it is observed broaden 

spectral width as the size of concave RD increase. The spectral width become larger, 

rather than red shift of max SPR peak. Conventionally as the particle size getting 

larger, the whole spectrum shifted. However, in this concave RD, the width just 

become wider on the basis of 650 nm (4-ATP 7 mM) and 710nm (4-ATP 10mM). It 

is expected that such broadening comes not only from size increase but also 

developing sharpness of frame and tip. Also resonance for partial structures are 

located in lower wavelength, thus it is suspected that prominent partial structure, as 

size getting larger, results in larger contribution to extinction spectrum. Based on this 

results, it is suggested that the concave RD can be a facile tool to achieve structural 

plasmonic color.   
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Figure 7.10 Spectral change with increasing the size of concave rhombic 

dodecahedron (a) SEM image of concave RD synthesized under 7 mM of 4-ATP 

with varying gold precursor concentration (4 mM, 8 mM, 10 mM) (b) SEM image 

of concave RD synthesized under 10 mM of 4-ATP with varying gold precursor 

concentration (4 mM, 8 mM, 10 mM). UV-Vis extinction spectra and photograph of 

different sample produced with (c) 4-ATP 7 mM and (d) 4-ATP 10 mM. 
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7.3 Scattering Spectrum of Concave Rhombic 
Dodecahedron   

 In order to further analyze the optical property of concave rhombic 

dodecahedron (RD), we measured scattering spectrum of concave RD. For single 

nanoparticle scattering measurement, only one nanoparticle needs to be existed in 

the beam path. We first disperse the nanoparticle in ethanol to minimize surface 

tension of water and used spin coating method to locate the particle sparsely. We also 

used motorized slit to limit the light with 50 micrometer width. Scattering spectrum 

of single nanoparticle was measured by dark field microscopy setup. To locate the 

nanoparticle, we marked the silicon substrate and measured the spectrum of 

nanoparticle and then the detailed shape of nanoparticle was addressed by matching 

dark field microscope image and SEM image (Figure 7.11). In figure 7.12, scattering 

spectra of different nanoparticles are compared. Surprisingly, in the case of concave 

RD two Fano like resonance spectrum was observed. Two distinctive peaks 600 nm 

and 800 nm were appeared. On the other hand, the nanoparticle without detailed 

nanostructure, rhombic dodecahedron, only showed single resonance peak at 600 nm. 

We also measured the scattering spectrum of silicon wafer and the spectrum did not 

show any peak around 800 nm. From this result, it is expected that the concave RD 

structure might support Fano interference from the nanoparticle itself.  

 

 

Figure 7.11 (a) Dark field image of marked substrate with nanoparticles, (b) matched 
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SEM image (c) measured single nanoparticle. 

 

 

Figure 7.12 Scattering spectra of nanostructures: (a) concave rhombic dodecahedron, 

(b) rhombic dodecahedron, (c) silicon wafer. 

 

 As shown in Figure 7.13, the concave RD has different partial structure 

depending on the viewing axis. Such different partial structure can generate different 

Fano resonance features just like we discussed in the introduction part. Based on this 

fact we can apply our concave RD nanoparticle to locate nanoparticle on the concave 

RD with excellent resolution. Imagine that when the additional particle located 

somewhere in the partial structure, the resonance spectra of three partial structure 

would be different depending on the location of the additional particle. By obtaining 

the excited spectra of three partial structure, we can deduce spatial information of 

this additional nanoparticle. Fano resonance can only be excited at specific optical 

axis where two nanoparticles are in-plane. Resultant spectrum is totally different 

depending on which partial structure is coupled to the additional nanoparticle. In the 

case of nanoparticle located in the center of two triangle partial structure (Figure 

7.14 (a)), the two triangle spectrum will show Fano resonance due to coupling 

between two triangle structure and nanoparticle. Meanwhile four triangle and six 

triangle spectrum will show no difference as the additional nanoparticle is not located 

in the optical axis of these two partial structures. In the case of nanoparticle located 
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one edge of two triangle partial structure (Figure 7.14 (b)), all three spectra of partial 

structure will show Fano resonance as the additional nanoparticle is now located in 

the optical axis of these partial structures. For figure 7.14 (c) case where nanoparticle 

located at the center tip of the four triangle structure, two triangle spectrum will be 

the same while four and six triangle structure creates Fano spectrum. In the case of 

figure 7.14 (d) where nanoparticle located at the center tip of the six triangle structure, 

spectral changing only occur to four and six triangle structure just like the (3) case, 

but the spectral feature of these two is not the same as their configuration is different. 

By measuring and comparing difference of scattering spectrum of three partial 

structure we can get a spatial information of nanoparticle. With these three spectral 

combination, we can speculate the location of nanomaterials even at nanoscale. This 

idea is currently under investigation.  

 

 

Figure 7.13 Concave rhombic dodecahedron has several partial structure depending 

on the axis, two triangle for [110], four triangle for [100], and six triangle for [111]. 

By changing the polarization axis we can excite these partial structure separately. 
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Figure 7.14 Expected arrangement of additional nanoparticle on the concave 

rhombic dodecahedron (red particle) 
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7.4 Conclusion 

We demonstrated unique optical property of concave rhombic 

dodecahedron. The plasmonic resonance can be tuned by geometrical adjustment of 

nanostructures. In the organothiol directed growth, the nanoparticle structure 

specifically determined by organothiol. Therefore, by tuning the concentration of 

organothiol and gold precursor, minute change of structure is possible and thus this 

change allows tailoring the optical spectrum with color change. Different 

combination of growth condition changes in size and edges of nanoparticle resulting 

in diverse spectrum features. It is suggested that the concave RD can be a facile tool 

to achieve various structural plasmonic color. Another optical property of concave 

RD that we focused on is its scattering spectrum. The different partial structure in 

concave RD can create distinctive scattering spectrum depending on the excitation 

axis. First, we measured the scattering spectrum and surprisingly the spectrum 

showed Fano like resonance. Furthermore, different structure of concave RD 

depending on the viewing axis can be used as a plasmonic ruler. Interaction of 

spherical nanoparticle with different partial structure of concave RD will lead to 

distinctive scattering spectrum, thus from this differences we can deduce the location 

of spherical particle. This plasmonic ruler application is now under investigation. 
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Chapter 8. Surface-Enhanced Raman Scattering of 
Nanostructures   

 

8.1 Introduction 

In the chapter 1 and 2, we have briefly mentioned about plasmonic and 

SERS. This chapter presents more detailed description about Raman scattering and 

SERS enhancement. Raman spectroscopy is a vibrational spectroscopy technique 

that has great promise for the identification of solids, liquids, and gases. Similar to 

infrared (IR) spectroscopy, Raman spectroscopy is a technique used to study 

molecular vibrations. One advantage that Raman spectroscopy has over traditional 

IR spectroscopy is that it avoids elaborate sample preparation. Despite this advantage, 

Raman spectroscopy was not initially as popular as IR spectroscopy due to difficulty 

in detecting Raman scattering. Statistically, for every 1–10 million photons 

bombarding a sample, only one will result in Raman scattering. 1 Thanks to 

technological advances such as mercury lamps, lasers, spectrometers, and charge-

coupled devices (CCDs), Raman has gained popularity as a means of chemical 

identification. Raman continued to gain traction with the aid of signal enhancement 

methods. In 1974, three scientists, Fleischmann, Hendra, and McQuillan, observed 

that the Raman spectrum of pyridine on a roughened silver electrode showed 

unusually large inelastic light scattering. 2 The phenomenon, later termed surface-

enhanced Raman spectroscopy (SERS), can enhance the inelastic light scattering 

events by a factor of 106 or more. 3 This enhancement allows researchers to develop 

extremely sensitive methods for quantification and identification of small molecules 

and molecular biomarkers. 

Understanding the mechanisms of SERS has been a struggle since the early 

days of its inception, when the primary goal was merely explaining the 106 fold 

intensity enhancement of the normal Raman scattering cross-section. At the time, the 
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enhancement factor, EF SERS = 106, could be understood as the product of two 

contributions: (i) an electromagnetic enhancement mechanism and (ii) a chemical 

enhancement mechanism. These two mechanisms arise because the intensity of 

Raman scattering is directly proportional to the square of the induced dipole moment, 

which, in turn, is the product of the Raman polarizability, and the magnitude of the 

incident electromagnetic field, E. As a consequence of exciting the localized surface 

plasmon resonance (LSPR) of a nanostructured or nanoparticle metal surface, the 

local electromagnetic field is enhanced by a factor of 10, for example. Because 

Raman scattering approximately scales as E4, the electromagnetic enhancement 

factor is of order 104. Researchers viewed the chemical enhancement factor of 102 

as arising from the excitation of adsorbate localized electronic resonances or metal-

to- adsorbate charge-transfer resonances (resonance Raman scattering).  

When an electromagnetic wave interacts with a metal surface, the fields at 

the surface are different than those observed in the far field. If the surface is rough, 

the wave may excite localized surface plasmons on the surface, resulting in 

amplification of the electromagnetic fields near the surface. If one assumes that there 

is enhancement of the intensity of the incident and scattered fields, then the 

possibility of a large enhancement of Raman scattering intensity arises. This notion 

is commonly known as the electromagnetic enhancement of SERS and has served as 

an important model in the understanding of SERS. 2, 4-6 In Raman spectroscopy, the 

scattered intensity is linear with the incident field intensity. 7 Because this field 

intensity is magnified at the nanoparticle surface, the Raman intensity is therefore 

related to the absolute square of E. In Raman scattering, the applied field induces an 

oscillating dipole in the molecule on the surface. This dipole then radiates, and there 

is a small probability that the radiated light is Stokes shifted by the vibrational 

frequency of the molecule. Therefore, the incident field and the emission of radiation 

from the dipole both affects to the enhancement. This is commonly referred to as E4 

enhancement or the fourth power of field enhancement at the nanoparticle surface.  
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Although this theoretical treatment of SERS is useful in determining the 

origin of the often-stated E4 enhancement approximation, in practical use, it is often 

simpler to experimentally measure the EF analytically than to predict it theoretically. 

The EF for a SERS system can be described by  

EF
⁄
⁄

 

which, evaluated at a single excitation wavelength, describes the average Raman 

enhancement and accounts for the enhancement of both the incident excitation and 

the resulting Stokes-shifted Raman fields, where ISERS is the surface-enhanced 

Raman intensity, Nsurf is the number of molecules bound to the enhancing metallic 

substrate, INRS is the normal Raman intensity, and Nvol is the number of molecules in 

the excitation volume. 8 Practically, for a given molecule, one must measure ISERS 

and INRS independently and be careful when evaluating spot size and probe volume 

to determine the EF analytically. 

Despite this enhancement, which made SERS orders of magnitude more 

sensitive than normal Raman spectroscopy, the full power of SERS unfortunately 

was not utilized until this past decade. Early systems suffered immensely from 

irreproducibility owing to ill-defined substrates fabricated by electrochemical 

roughening. The ability to control the size, shape, and material of a surface has 

reinvigorated the field of surface-enhanced Raman spectroscopy. Because excitation 

of the localized surface plasmon resonance of a nanostructured surface or 

nanoparticle lies at the heart of SERS, the ability to reliably control the surface 

characteristics has taken SERS from an interesting surface phenomenon to a rapidly 

developing analytical tool.  

Variations in particle shape can expand the LSPR range. For example, gold 

nanorods with aspect ratios from 1 to 19 have a LSPR peak range from 508 nm to 

2135 nm. 9 Controlling particle shape and size allows researchers to accurately tune 
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nanoparticles for a specific LSPR peak and optimize EF. Shape also influences SERS 

enhancement due to locations of high curvature such as sharp corners or tips. These 

locations produce unusually large electromagnetic enhancement. This enhancement 

is referred to as the lightning rod effect because similar to a pointed lightning rod, 

the electric field induced at the tip will be much stronger than other areas on the 

surface. 10 The influence of the lightning rod effect can be observed near high 

curvature points on many different shapes. 11-13 The lighting rod effect allows 

nanostructures to act as an optical antenna providing an enhanced electromagnetic 

field. 14  

Another approach to SERS enhancement is due to SERS hot spots. They 

are locations between particle aggregates which amplify the electromagnetic field 

near the particle. Researchers have often used nanoparticle junctions or aggregates 

to create repeatable hot spot locations for single molecule SERS measurements. 15, 

16 By carefully controlling the placement of the reporter molecule within the particle 

junction, a maximum SERS EF is observed. 17 

There are two SERS methodologies, intrinsic and extrinsic SERS. Intrinsic 

SERS involves the direct measurement of the target molecule. In this process, a 

unique spectrum of the molecular vibration is acquired, which is referred to as a 

Raman signature. Intrinsic SERS is advantageous in understanding structural 

information about the target molecule and providing qualitative differences between 

similar samples. Intrinsic SERS has been used for many biological applications such 

as detecting small molecules like glucose, 18, 19 antioxidants, 20 and amino acids. 21 

It has also been used to detect macromolecules such as proteins 22 and DNA 23. 

Drawbacks to intrinsic SERS include insensitivities of the molecule to Raman shifts 

and difficulty in detecting low concentrations. In cases of very dilute samples or 

where the sample is fairly Raman insensitive, extrinsic SERS provides an alternative 

mode of detection. 

Extrinsic SERS is an indirect method of measuring target molecules 
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because the acquired spectrum is of a Raman reporter rather than the target itself. A 

Raman reporter is a molecule that has inherently strong Raman active modes. 

Nanoparticle used for extrinsic SERS is consisted by a Raman reporter molecule is 

bound to the metal surface and encased in a protective layer. This protective layer 

prevents nanoparticle aggregation and reporter leaching by steric hindrance and 

charge neutralization. The nanoparticle is then functionalized with an antibody or 

other ligand to target specific molecular sites. Nanoparticles for extrinsic SERS can 

be applied in a variety of situations where it is difficult to take intrinsic SERS 

measurements. For example, nanoparticles used for extrinsic SERS can target 

specific cell biomarkers 24 and cancer cells 25, while intrinsic SERS applications do 

not have targeting capabilities. In addition, nanoparticles for extrinsic SERS are 

synthesized to prevent aggregation in a variety of environments. This trait 

accommodates in vivo measurements. For example, extrinsic SERS has been used 

to measure in vivo liver function. 26 In contrast, nanoparticles used in intrinsic SERS 

applications are susceptible to aggregation, preventing analysis in certain 

environments. The nanostructures that we used in this chapter fall into extrinsic 

SERS category.  

In the first part of this chapter, we studied SERS enhancement of concave 

RD. SERS enhancement is highly dependent on the localized field in the vicinity of 

metallic structure. Intensity of Raman scattering is proportional to square of incident 

field intensity. Thus, enhanced Raman intensity generated from metal nanoparticle 

is determined by the near field intensity of nanoparticle. Together with emission from 

the dipole of Raman analyte, the Raman scattering enhancement scales with the local 

electric field to the fourth power. In order to achieve intense local electromagnetic 

field, various structural design of nanoparticles were reported such as sharp tip and 

edges, gap between particles, bumpy surface, shell, and cavity. Here we examined 

remarkable enhancement efficiency of concave RD experimentally originating from 

its shape uniqueness. 
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In the later half of the part, SERS property of M13 virus based assembled 

structure and its immunoassay application were described. The fabrication of 

uniform metallic nanostructures of precisely defined shape and structure represents 

an important area of research in which much pioneering progress has been made.27-

29 We show the genetically controlled, bifunctional virus SERS nanoprobe that 

displays an antibody at one end and the gold nanoparticle binding peptides on the 

body for the nanoparticle assembly. The PD sequence expressed on pVIII part of the 

M13 virus interacting with the CTAB capping agent of the AuNCs allows multiple 

AuNCs to be attached to the virus (7-10 AuNCs for each virus) with a 1-D chain 

assembly. This imparts a strong SERS signal to the V-probe derived from the 

interparticle coupling effect of the closely assembled AuNCs along the virus. Our 

results suggest a new possibility for the use of a multifunctional virus scaffold as a 

general SERS platform that can genetically carry various antibodies and templates 

for plasmonic nanostructures.  
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8.2 SERS Measurement of Concave RD  

Unique structural characteristics of concave RD offers several advantages 

for strong SERS enhancement. Figure 8.1 shows the SEM and TEM image of 

concave RD with UV-Vis spectrum and Raman measurement with 660 nm 785 nm 

laser line. Concave RD has several advantages to increase electromagnetic field. 

First, sharp edge and tip just like a star is beneficial to focus electromagnetic field. 

Second, homogeneous edge and tip unlike from star shape can generate 

homogeneous signal intensity. Third, broad spectrum of concave RD allows for 

multiple excitation. This means that concave RD particle can enhance field at various 

light. The broad spectrum originated from the several partial structures in concave 

RD and this suggest that several partial structures included in concave RD can be 

excited through single excitation. Lastly, it has been known that multipolar plasmon 

modes are generally nonradiative but decay through evanescent near field. As 

concave RD has multipole excitation peak, this can contribute SERS enhancement 

through strong near field. With these structural merit, Raman signal of concave RD 

indeed strong intensities at 660 nm and 785 nm laser light compared to the other 

shape of nanoparticles. (Figure 8.1) 
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Figure 8.1 Structure of concave RD and optical properties. (a-d) SEM image of 

concave RD: (a) large area, different orientation viewed at (b) [110], (c) [111], (d) 

[100] axis. (e) TEM image of concave RD. (f-h) optical spectrum of concave RD : 

(f) extinction spectrum, (g) SERS spectra of concave RD (black), star (red), rod 

(blue), and sphere (green) excited by 660nm laser line, (h) SERS spectra excited 

through 785nm laser. 
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Figure 8.2 SEM images and UV-Vis spectra of star, rod, and sphere nanoparticle that 

used in the SERS measurement. 

 

 It is important to locate the Raman molecule in the place where local 

electromagnetic field is maximized which is called hot spot. Tips and edges are the 

well-known part that can increase field. In order to find out the origin of strong 

enhancement in concave RD, one needs to address the location of molecules whether 

the molecules are indeed located in the hot spots. Figure 8.3 shows the morphology 

of concave RD depending on the concentration of 4-ATP. Significant changes are 

occur as the concentration increase and this suggests that coverage density of 4-ATP 

is high. We also added 4-ATP molecule after finishing the synthesis of nanoparticle 

in order to fully cover the surface of concave RD and measure the SERS intensity of 

these two samples (Figure 8.4). There was no noticeable intensity change indicating 

the hot spots are already covered with Raman molecule. 
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Figure 8.3 SEM images of concave RD nanoparticle synthesized under (a) 2 mM, 

(b) 5 mM, and (c) 10 mM 4-ATP molecule. 

 

 

Figure 8.4 SERS intensity comparison of as prepared concave RD (black) and 

additional addition of 4-ATP molecule into concave RD (red). 
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8.3 SERS Measurement of Virus based Nanocube Chain 

To evaluate the Raman signal generated by the V-probes, we analyzed the 

SERS intensity of the V-probes and single AuNCs. As a Raman reporter, 4-

chlorobenzenethiol (4-CBT) was fixed via thiol on the AuNC surface before mixing 

it with the virus. A Raman map was constructed from the 4-CBT peak at 1569 cm-1, 

and the map was merged with the corresponding SEM image (Figure 8.5a). A strong 

SERS signal intensity was generated in the region of the V-probes, while no 

distinguishable intensity was detected for the single AuNCs. The full Raman spectra 

of the various particles indicated in Figure 8.5a are shown in Figure 8.5b. Prominent 

characteristic peaks of 4-CBT at 1063, 1083, 1100 and 1569 cm-1 were observed in 

the V-probe spectra (red lines), consistent with the literature.30 On the contrary, no 

discernible SERS signal was detected from a single AuNC (black lines), indicating 

that the signal generation in the V-probes originated from the assembled AuNCs. The 

SERS intensity of 4-CBT at 1569 cm-1 was plotted to construct the intensity 

distribution (Figure 8.5c). The intensities of the V-probes show small deviations 

from the average value indicated by the black line. We also performed Raman 

measurements of a solution of V-probes introducing a different Raman reporter 

molecule (4-bromobenzenethiol (4-BBT)) into the V-probes (Figure 8.6). 

Fingerprint peaks for 4-BBT (492, 722 and 1071 cm-1)30 were clearly detected, 

proving the multiplex capability of V-probes. 
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Figure 8.5 SERS spectra of V-probes and gold nanocubes labeled with 4-CBT. (a) 

Overlay of the scanning electron microscopy image and the Raman map created from 

the 4-CBT peak at 1569 cm-1. Raman mapping was performed on the prepared 

substrate with a 0.5-μm step size with a sample power of 0.6 mW and 3 s of 

acquisition time using a 647-nm laser. (b) Corresponding Raman spectra of the 

particles shown in a), indicating the SERS intensities of V-probes (red lines) and 

gold nanocubes (black lines). From 920 to 1010 cm-1 peak was originated from 

silicon. (c) The SERS-intensity distribution of all V-probes. The intensities of 1569 

cm-1 fingerprint peaks were plotted to construct the distribution. 
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Figure 8.6 SERS spectra of V-probes labeled with different Raman reporter 

molecules (4-bromobenzenethiol (4-BBT) and 4-chlorobenzenethiol (4-CBT)). The 

SERS spectra were obtained using a 647-nm excitation laser with a sample power of 

27.2 mW and 1 s of acquisition time.  
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8.4 Immunoassay using Virus based SERS Nanoprobe  

To demonstrate the performance of V-probes in protein detection, a 

sandwich-type immunoassay was performed using magnetic bead as substrate. First, 

antibodies were immobilized on epoxy-functionalized magnetic beads, and a target 

molecule, PSA, was then captured by an antibody. Following the subsequent addition 

of V-probes, the captured PSA was labeled with AuNCs aligned on a virus via a 

detecting antibody expressed in a V-probe. After the immunoassay procedure was 

completed, the beads were dispersed in solution, and the SERS intensity was 

measured in a capillary. The amount of PSA could be quantified by measuring the 

SERS signal arising from the V-probes. Figure 8.7a shows the results of the 

immunoassays for PSA at various concentrations (10 ng/mL, 100 pg/mL, 1 pg/mL, 

10 fg/mL and 0 fg/mL). As the PSA concentration increased, the intensity of the 

characteristic 4-CBT peak was enhanced attributed to the increasing quantity of V-

probes present on the magnetic beads. The intensity of the 541 cm-1 peak was 

selected to plot the intensity of the SERS peaks and clearly shows that the 

concentration of PSA is proportional to the signal intensity (Figure 8.7b). 

Representative SEM images at PSA concentrations of 10 ng/mL and 0 fg/mL are 

presented in Figures 8.7c and d. Numerous aligned AuNCs on the magnetic beads 

can be seen for the case of 10 ng/mL of PSA (Figure 8.7c), for which the most 

prominent 4-CBT peak was detected. On the other hand, neither assembled 

nanoparticles nor discernible signals were observed in the absence of PSA (Figure 

8.7d). These results clearly constitute a successful demonstration of protein detection 

using V-probes.  

The limit of detection (LOD) of PSA using this platform was 1 pg/mL. 

Although our LOD result is slightly higher than those found in previous reports of 

SERS nanoprobes, 31, 32 which range from 1 fg/mL to 100 fg/mL, we believe that this 

limit can be further improved by employing different readout methods. The number 

of beads in a focal volume (200 pL) is estimated to be twenty (described in 
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experimental section). Because the PSA concentration is 1 pg/mL (~ 2   105 of 

PSA), one tenth of the number of magnetic beads (2   106), it is estimated that 

there are approximately two magnetic beads with attached V-probes in the focal 

volume and that the SERS signal can be generated via laser irradiation. When the 

PSA concentration is lower than 1 pg/mL, which is the LOD of our platform, there 

are fewer beads in the focal volume. Based on our current study, we assume that the 

LOD is determined mostly by the number of beads present in the focal volume. We 

are currently investigating a method of further decreasing the LOD for a given focal 

volume by increasing the number of beads. 

 

 

Figure 8.7 Immunoassay using V-probes. (a) SERS spectra of magnetic-bead-
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captured V-probes for various PSA concentrations (10 ng/mL, 100 pg/mL, 1 pg/mL, 

10 fg/mL, and 0 fg/mL). (b) Plot of the SERS signal at 541 cm-1 as a function of PSA 

concentration. The error bars indicate the standard deviation of 5 measurements for 

each concentration. The SERS spectra were obtained using a 647-nm excitation laser 

with a sample power of 22 mW and 10 s of acquisition time. (c) and (d) Scanning 

electron microscopy images of immunoassay results. Several V-probes on magnetic 

beads can be observed for (c) a PSA concentration of 10 ng/mL (top: magnified 

image), while no V-probes are observed in the absence of PSA, (d) 0 fg/mL. (all scale 

bars are 200 nm). 
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8.5 Conclusion 

 In this chapter, surface enhanced Raman scattering signal was evaluated for 

two different plasmonic nanostructures, concave RD and virus templated cube 

assembly which are fabricated in the previous sections. The concave RD structure 

have several advantages for strong SERS enhancement: (i) sharp edge and tip just 

like a star, (ii) homogeneous edge and tip resulting homogeneous signal generation, 

(iii) several intensified near field area and all these area are located at edge and tip, 

(iv) multipole excitation in concave RD which can contribute SERS enhancement 

through strong near field. With this unique structural characteristics, concave RD 

indeed remarkable SERS signal compared to the other shapes. Also it is important to 

locate the Raman molecule where the electromagnetic field is maximized. In the 

additional attachment of 4-ATP experiment, we concluded that the hot spots of 

concave RD are already covered with Raman molecule as there was no noticeable 

intensity change. Based on these results, it is expected that concave RD is suitable 

nanostructure for SERS applications. Previously we have demonstrated V-probes 

with gold nanocubes for prostate specific antigen (PSA) detection. In the later part 

of this chapter, via the Raman measurement of each V-probe, we observed that the 

V-probes produced a strong SERS signal attributable to the interparticle coupling of 

the gold nanocubes, which were closely aligned on each virus with a chain 

nanostructure. Based on the PSA immunoassay results, which demonstrated the 

linear dependence of the SERS signal on the PSA concentration, we confirmed the 

capability of this new nanoprobe in quantitative antigen detection. Because V-probes 

are fabricated simply by mixing with pre-made gold nanoparticles, nanoprobes with 

assemblies of nanoparticles of numerous shapes can be achieved, and multiplexed 

nanoprobes can also be easily obtained by incorporating Raman reporter molecules 

in the gold nanoparticles. Importantly, the ease of expression of various antibodies 

in the virus provides an attractive platform for multiplexed and quantitative detection 

of any antigen. We have successfully demonstrated new type of SERS nanoprobe by 

utilizing the bifunctional M13 virus and have proven its potential as a new tool for 
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quantitative and multiplexed protein detection. We believe that this study introduces 

this multifunctional virus as a novel platform for plasmonic nanostructure and 

provides new insight into SERS nanoprobe fabrication. 
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Chapter 9. Tailoring Optical Activity of Chiral 
Plasmonic Nanoparticle  

 

9.1 Introduction 

Chirality refers non-superposable conformation from its mirror image. 

Chiral structures are extensively observed in various biological phenomena ranging 

from building block of organism like DNA and protein to complex structure of life 

such as soft and hard tissue. The chirality is not only omnipresent in nature, but 

essential for life. 1 The chirality is a prerequisite for self-replication. 2 Hierarchical 

interlocking of chiral building blocks constrains mechanical damages. 3 Furthermore, 

chiral structure on the wings of butterfly and shells of beetle display iridescent color 

and polarized reflection which are used in mate recognition. 4, 5 With these distinctive 

properties, it has drawn great attention and leads to continuous endeavor to create 

chiral structure. 

Just like a butterfly wing, chiral structure can modify the polarization state 

of light. Natural chiral materials such as quartz, amino acids, and sugars, have optical 

activity which refers the rotation of polarization of a linearly polarized light. 

However, due to weak electro-magnetic coupling in dielectric material, optical 

activity is weak. Plasmonic nanostructure can dramatically enhance the electro-

magnetic coupling through specifically designed metallic structures. Artificially 

engineered chiral metamaterial can bring about strong optical activity and further 

negative refractive index. To obtain large optical activity in chiral metamaterials, a 

variety of designs have been proposed and the structures can be categorized by two 

depending on the single nanoparticle and assembled nanoparticle. For single chiral 

nanoparticle, a simple example of such a geometry is the so-called split-ring 

resonator (SRR), which is depicted in Figure 9.1. When the structure is excited 

parallel to the gap, an electric dipole moment is induced in the gap. However, the 
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charge oscillation must follow the bend of the structure. This leads to an induced 

ring current. Therefore, the structure also exhibits a magnetic dipole moment 

pointing out of the plane. The orthogonality of the dipole moments can be eliminated 

when one of the ends of the SRR is uplifted. In this case, a helical geometry, which 

is geometrically chiral, is achieved. The magnetic dipole moment will still point 

along the axis (as in a coil), but the electric dipole moment is rotated to point from 

one end to the other of the structure. Thus, both dipole moments feature parallel 

components. This will lead to a chiroptical response in the plasmonic structure. 

 

 

Figure 9.1 (a) A SRR exhibits an electric (red) and magnetic (blue) dipole moment. 

(b) When one of the ends is bent upwards, both dipole moments are not orthogonal 

anymore. The resulting helical geometry is chiral.  

 

When the mirror symmetry is broken in light propagation direction, 

chiroptical response is created. However, fabrication of geometrically chiral 

plasmonic structures is non-trivial. Figure 9.2 shows some examples of 

nanostructures fabricated with different methods. 6-8  
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Figure 9.2 Different examples for complex geometrically chiral nanostructures 

fabricated with different methods. (a) E-beam lithography, (b) Glancing Angle 

Deposition, (c) Direct laser writing of 3D polymer structures. 

 

Another way to break symmetry is assembling nanoparticles and induce 

plasmonic coupling. The “atoms” of plasmonic molecules are single nanoparticles, 

whose collective response is studied. The response of such complex plasmonic 

molecules can be obtained by the plasmon hybridization model. It has been 

suggested to use similar particles, but arrange them in a way that leads to geometrical 

chirality. Such structures are called chiral plasmonic oligomers. 9 The chiral 

plasmonic oligomer is based on a bi-layer structure. Each layer consists of three gold 

disks which are arranged in an L-shaped configuration. The second layer is twisted 

by 90◦ to emulate the chiral layout of a helix.(Figure 9.3) Also, self-assembly 

techniques have been adopted to fabricate geometrically chiral nanostructures that 

are fully three-dimensional. In these methods, small nanoparticles are linked together 

to a precisely controllable geometry, for example via a DNA template.(Figure 9.4)  

Both tetrahedral arrangements of differing nanoparticles 10, 11 as well as 

geometrically chiral arrangements of similar building blocks 12, 13 have been 

demonstrated. 
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Figure 9.3 (a) Chiral plasmonic oligomer. The arrangement of the gold disks mimics 

the geometrically chiral structure of a left-handed helix. (b) Calculated transmittance 

difference for different chiral plasmonic oligomers. 

 

 

Figure 9.4 Assembly of DNA origami gold nanoparticle helices. (a) Left- and right-

handed nanohelices (diameter 34nm, helical pitch 57 nm) are formed by nine gold 

nanoparticles each of diameter 10nm that are attached to the surface of DNA origami 

24-helix bundles (each of diameter 16 nm). Each attachment site consists of three 

15-nucleotide-long single-stranded extensions of staple oligonucleotides. Gold 
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nanoparticles carry multiple thiol-modified DNA strands, which are complementary 

to these staple extensions. (b) TEM image of assembled left-handed gold nanohelices 

(scale bar, 100nm). 

 

In order to control morphology of inorganic crystal, nature has been 

developed organic-inorganic interaction strategy that can induced desired shape. 

Functional groups in biomolecule precisely matched to the atomic arrangement of 

inorganic surface are the key for the shape control. Enantioselective binding of 

functional groups in L or D form onto different Miller index surfaces asymmetrically 

alters growth rate of steps in inorganic surface and thus generates morphological 

momentum for helical twist.(Figure 9.5a) Recently, atomic levels of interplay 

between inorganic surface and chiral molecule has been understood and the study 

reveals that both chiral binding recognition of molecule at kink sites and formation 

of chiral kinks in inorganic crystal facet are the integral part in developing chiral 

morphology (Figure 9.5b). 14  

 

 

Figure 9.5 (a) Calcite crystal grown under L-tartaric acid and D-tartaric acid, (b) 
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Structure model of the observed hemifullerene-decorated steps along [334] and 

[334]. M enantiomers decorate R kinks, and P enantiomers decorate S kinks. 

 

Herein, inspired by peptide-inorganic material interaction in nature, we 

developed a novel strategy to synthesize chiral nanoparticle and demonstrated 

numerous chiral structures depending on the types of peptide and synthesis condition. 

Previously we constructed morphology diagram that can produce facetted 

nanoparticle based on the simple variation of ratio between CTAB and ascorbic acid. 

On the basis of defined shape formation we introduced organothiol additive during 

the growth and developed a new system that can systematically modify the 

morphology with the types of organothiol molecules. In this organothiol additive 

growth, continuous attachment of organothiol on gold surfaces during the evolution 

of particle mediates the crystallographic growth direction. Particularly, depending on 

the functional group in organothiol, binding energy onto gold surface and assembly 

characteristic of molecule can be modulated and this uniqueness enables us to 

achieve diversified morphological development. We use this control over shape to 

address facile fabrication of chiral structure with nanometer controllability. In 

extension of effort to control the morphology by functional groups, we applied 

cysteine based peptide in our nanoparticle growth system. By incorporating peptide-

gold enantioselective interaction into particle growth, here, we demonstrated various 

novel chiral structures controlled at nanometer resolution with strong optical activity 

and achieved new advances in chiral morphology fabrication.  
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9.2 Synthesis of Diverse Chiral Nanomorphologies  

Figure 9.6 shows synthesis condition of chiral morphology and schematic 

of resultant chiral morphology. In a typical synthesis condition, micromolar 

concentration of cysteine based peptides (0.1 μM ~ 5 μM) were added into the 

growth solution consisted by gold precursor, CTAB and ascorbic acid. By adding 50 

nm size of cube seed into this additive containing solution, reaction was started and 

the cube allows to grow for two hours at room temperature. During the growing 

process, gold atoms and peptides continuously provided onto the cube seed. The 

peptides make peptide-inorganic stereoselective recognition leads to modified 

growth direction on the surface and consequentially change in shape. In order to 

modulate chiral structures, several synthesis parameter was introduced. First, isomer 

with different handedness generated enantiomorphic gold nanoparticles. Moreover, 

alteration of peptide structure and synthesis parameters allow us to produce 

numerous morphology of artificial metamolecules controlled at nanometer precision. 

Diverse functional group depending on the peptide sequence introduced 

polymorphic chiral structures. Also different concentration of additive peptide 

applying various morphological twisting momentum made distinct convoluted chiral 

edges. In addition, other type of starting seed significantly modified the trend of 

chiral structure providing another controllability in shape control.  
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Figure 9.6 Schematic diagram of diverse artificial helioid nanoparticle synthesis. (a) 

Cysteine additive in growth solution makes stereoselective binding onto gold 

nanoparticle and induces asymmetric chiral growth of steps transforming achiral 

nanoparticle into chiral shape. Utilizing different enantiomers of peptide induces 

opposite handedness of morphologies. (b) Numerous chiral morphologies were 

achieved by changing the type of peptide and synthesis condition. 

 

  



[여기에 입력] 

212 

9.3 Effect of Enantiomer in Chiral Morphology  

In chapter 5, we discussed the effect of L-cysteine and D-cysteine on gold 

nanoparticle morphology. Enantiomer of cysteines indeed generated gold 

nanoparticles with opposite handedness. In here, we mainly focus on the optical 

response and its tailoring. Figure 9.7a show representative SEM images of 

nanoparticle produced by L- and D-cysteine. Under the existence of L-cysteine 

additive, left handed (LH) chiral structures were fabricated while D-cysteine created 

right handed (RH). Geometrical chirality in plasmonic nanostructures can lead to 

unique optical responses such as circular dichroism or optical rotatory dispersion. 

Circular dichroism (CD) measures the difference in absorption of light with left or 

right circular polarization. Positive CD signal indicates left circular polarized light 

(LCPL) is absorbed to a greater extent than right circular polarized light (RCPL), 

while negative CD signal means RCPL is absorbed to a greater. In our structure, the 

chiral structural integrity and handedness in nanoparticle was also confirmed by CD 

spectroscopy measured in solution phase of nanoparticle (Figure 9.7). Distinctive 

chiral peaks at 568 nm and 699 nm were observed in CD spectrum and the spectrum 

of LH and RH structure were perfectly inverted with similar intensity showing a 

fidelity of our peptide assisted growth system for chiral structure fabrication.  

Mixture of L- and D-cysteine with different ratio of isomer allow us to 

quantitatively tune the optical activity of nanostructures. Dissymmetry factor, g-

factor, is a CD value divided by absorbance and shows effective circular dichroism 

at the same absorbance. Figure 9.7b shows the g-factor spectra of nanoparticles 

grown under different L : D ratio of cysteine from 1 : 3 = D : L to 3 : 1 = D : L. As 

the ratio reach to 1:1, the intensity of resonance peaks are gradually decreased but 

with the same spectral feature. At the same L and D ratio, CD peaks become flattened 

and only non-twisted straight edges are produced (Figure 9.7b). The straight edges 

of nanoparticle is regarded as a result of L and D pair of cysteine which has no slanted 

axis compare to the same isomer dimer (Figure 9.7c). These results corroborate 
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enantiopure cysteine is the origin of chiral edges and CD signal.  

 

 

Figure 9.7 (a) the measured CD spectra of LH (black) and RH (red) morphologies 

showing opposite handedness of structures. (b) Systematic intensity change of CD 

spectra by changing the ratio between L- and D-cysteine additive ranging from 3 : 1 

= L : D to 1 : 3 = L : D (total additive concentration remained the same for all ranges). 

(c) SEM image of nanoparticle prepared under the same ratio of L- and D-cysteine 

and schematic drawing of cysteine dimer with same handedness and opposite 

handedness. 

 

The temporal evolution of chiral nanoparticle was also investigated by 

observing structure and CD spectrum at certain period of time and comparing g-

factor and absorbance over entire reaction. At initial stage, a crystal is developed 

containing protrude corners without chirality. After 20min, twisted edges started to 

emerge from the corner of particle and these chiral edges continuously grow until 

60min (Figure 9.8a). Such growth characteristics are also well reflected in g-factor 

and absorbance plot and explains chiral twisted edges are the origin of the strong CD 

signal (Figure 9.8b). While the absorbance showed continuous increase, the g-factor 

exhibited instantaneous increase at specific time where chiral edges are created and 

saturated after 60min. This indicates the chirality genuinely originated from the 

twisted chiral edges of nanoparticle rather than whole structure.  
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Figure 9.8 Morphological development of chiral nanoparticle: (a) SEM images with 

corresponding CD spectra at specific time; (b) plotted g-factor and absorbance at 

maximum resonance over entire reaction time. 
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9.4 Effect of Peptide on Chiral Formation 

The degree of chirality in the nanoparticle highly depends on the amount of 

cysteine used (Figure 9.9). In the low concentration of peptide only achiral 

nanoparticles are created, but with incremental addition, chiral edges start to appear 

and more thinner with curved chiral edges are created for higher concentration. 

Whereas excess amount of peptide only results in overgrowth of edges with 

significantly diminished CD signal indicating there is an optimal point for chiral 

formation.  

 

 

Figure 9.9 SEM images and CD spectrum of nanoparticles synthesized under 

different cysteine concentration. 

 

In order to have chiral conformation, three spatially different points need to 

be defined. Cysteine is the smallest unit to constitute chiral configuration as it 

consisted by thiol, amine, carboxylic acid functional group that can make bond with 

gold surface. Interaction of each functional group and the configuration of cysteine 

on the gold was described in the previous chapter 5. Based on the fact that functional 

groups play pivotal role in oriented attachment of cysteine, we performed blocking 

experiment for cysteine functional groups and confirmed three functional groups are 

important in chiral formation (Figure 9.10). When we use L-Cysteine ethyl ester 

where carboxylic acid is blocked, g-factor significantly dropped about 10 times. 
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Furthermore, blocked amine group of acetylcysteine only bring achiral morphology 

out suggesting crucial role of amine in chirality. This blocking experiment proves 

the importance of functional groups in chiral formation.  

 

 

Figure 9.10 Effect of functional group in chirality. Comparison of g-factor (a) and 

SEM image (b) of nanoparticle synthesized under cysteine, acetylcysteine (N-

blocking), and cysteine ethyl ester (C-blocking) additives. 

 

In an extended effort to understand the influence of functional group on 

chiral morphology, we also introduced different peptide sequence. Types of peptide 

is integral part in the formation of diversified chiral shape as each peptide has 

different spatial arrangement of functional groups. First, we tried different dipeptides 

with modification of N-terminal and introduced alanine, cysteine, isoleucine, 

tyrosine, and proline which have different binding affinity onto the gold surface. 

Overall, the newly added sequence dramatically modified the morphology and 

texture of the surface.(Figure 9.11) Such significant difference is considered as a 

result of various binding sites and contrasting conformation of functional groups 

imparted by side chain in dipeptides. These results indicate the importance of N-



[여기에 입력] 

217 

terminal sequence on the determination of chiral structure.  

 

 

Figure 9.11 Synthesized nanoparticle grown under different dipeptide: alanine-

cysteine (Ala-Cys), cysteine-cysteine (Cys-Cys), isoleucine-cysteine (Ile-Cys), 

tyrosine-cysteine (Tyr-Cys), and proline-cysteine (Pro-Cys). 

 

Next we tried another cysteine containing tripeptide, glutathione, which has 

γ-glutamic acid at N-terminal, cysteine in the middle and glycine at C-terminal. 

Existence of γ-glutamic acid at N-terminal is consequential in chiral shape. 

Distinctive chiral morphology was created which is differ from the mono and 

dipeptide case. The nanoparticle has 180 nm size of cubic shape but at each side of 

cube diagonal groove has carved in making inclined bar on six faces. In Figure 9.12, 

tilted STEM images shows diagonal bars on each side. These arranged diagonal bar 

on each cubic face can emulate the chiral layout of a helix and leads to geometrical 

chirality with strong CD signal.  
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Figure 9.12 Schematic illustration, SEM, and tilted STEM image of the chiral 

nanoparticle synthesized by glutathione using cube nanoparticle as starting seed. 

 

In order to examine the influence of glutathione on the nanoparticle 

morphology, we altered each sequence located at different position.(Figure 9.13) 

First, we replaced γ-glutamic acid (γ-Glu) to α-glutamic acid and glycine (Gly) to 

identify the role of gamma amino acid. Without the gamma form, the diagonal bar 

shape cannot be properly formed and the g-factor of resultant shape was significantly 

decreased. Next, by substituting the C-terminal sequence, the effect of Gly in 

glutathione was studied. Dipeptide where glycine was removed brings about similar 

trend of shape to cysteine case which has four rotating edges but the edge showed 

wider thickness. When we block the carboxylic acid of glycine, only achiral structure 

was created. However, as alanine was located instead of glycine (γ-Glu-Cys-Ala), 

chiral twisted edge was appeared which is different from other chiral structures. 

According to these results it is expected that γ-Glu generate thick chiral edges which 

is important to make large cross section that can interact with light and Gly have a 

tendency to make long chiral groove on the nanoparticle. Furthermore, the γ-Glu-
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Cys-Ala result indicates possibility that we can generate more diversified chiral 

structures by changing C-terminal sequence while γ-glutamic acid and cysteine 

remained the same.  

 

 

Figure 9.13 Influence of peptide sequence on the morphology. Additives with 

different sequence were used: Glu-Cys-Gly (E-C-G), Gly-Cys-Gly (G-C-G), γ-Glu-

Cys (γE-C), GSH ethyl ester (C terminal block), and γ-Glu-Cys-Ala (γE-C-A). 
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9.5 Effect of Synthesis Condition on Geometrical 
Chirality  

Along with the modification of peptide, diverse seed morphology was 

introduced for different morphological development. When spherical seed 

nanoparticle was utilized, only random shape of nanoparticle was created with 

significant decreased CD intensity. (Figure 9.14) This shows that utilizing faceted 

nanoparticle is crucial to achieve well-defined chiral morphology. Surprisingly, 

different shape of seed nanoparticle, octahedron grown under the glutathione was 

developed into a new type of chiral structure. The resulting nanoparticle has 

gammadion shape with highly curved arms and the total size of gammadion was 

about 180 nm including 40 nm width of arms. The gammadion shape constructed on 

all 6 faces of cubic base making the nanoparticle more isotropic to incident light 

angle. Large cross section of chiral arms and high degree of chirality of gammadion 

shape leads to strong CD signal.(Figure 9.15) The g-factor value of numerous 

nanostructure are compared in Figure 9.16 for quantitative evaluation of quality of 

chiral structure. Our newly synthesized structure show 50 times larger than natural 

α-helix protein structure and 10 times larger than other reported chiral structures.  

 

 

Figure 9.14 Effect of sphere seed on the final shape. Spherical seed was grown in 

the peptide containing growth solution resulting in random shape with low CD 

intensity. 



[여기에 입력] 

221 

 

 

Figure 9.15 Schematic illustration and SEM image of the chiral nanoparticle 

generated under glutathione with octahedral seed instead of cubic seed. Converted 

g-factor spectrum of nanoparticle synthesized by cube seed (red) and nanoparticle 

synthesized by octahedron seed (blue) from CD spectrum. 

 

 

Figure 9.16 Comparison of g-factor of various chiral structures. 
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The shape development at early stage was analyzed in order to identify the 

reason for geometrical difference between the nanoparticle evolved from cube and 

octahedron seed.(Figure 9.17) In the case of octahedron seed, along [100] direction, 

more protrude edges of nanoparticles are created than cube seed at the same 10 min. 

Fast evolution of edges expedite formation of chiral twisted arms and this chiral 

frame at early stage become decisive for further chiral growth resulting in four 

rotating arms. This suggest that different preformed facet of seed alters of growth 

rate on different crystallographic direction and thus leads to manipulation of chiral 

structure.  

As the amount of gold precursor is fixed for the same growth solution, the 

size of chiral nanoparticle is inversely proportion to the number of seed that we used. 

Figure 9.18 shows how changes in the seed concentration let us tune the plasmonic 

resonances of nanoparticle over the visible spectrum range. For diluted seed in a half 

concentration, substantially redshifted spectral response was observed due to the 

larger structural size while blue shifted for the increased seed number. 

 

 

Figure 9.17 SEM images of the chiral nanoparticles at different reaction times. The 

chiral nanoparticles developed from different starting seed, cube and octahedron 

shape. 
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Figure 9.18 Spectral shift of the peak position in the CD spectrum by changing seed 

concentration used in the growth and corresponding SEM images. 
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9.6 Rotatory Optical Activity in Chiral Nanoparticle  

3D gammadion shape exhibited strong optical activities observed as 

significant CD intensity around plasmonic resonance wavelengths. The sample 

positively rotates the light for 580 nm and negatively for 670 nm. These different 

rotation angle depending on the wavelength significantly manifested by polarization-

resolved transmission image. Solution of samples containing 3D gammadion 

nanoparticle and achiral nanoparticle were placed between cross polarized filter. As 

shown in Figure 9.19, the gammadion particle rotate the angle of linear polarized 

light making the light pass through the cross polarized analyzer (0° of analyzer). On 

the other hand, for achiral control sample which do not have optical activity, no light 

was transmitted at the 0° of analyzer. Rotating analyzer angle from -10° to +10° 

allows different wavelength of light to propagate rendering different color of 

transmitted light in the case of chiral nanoparticle. The achiral sample only shows 

intensity difference without color change. For more detailed polarization study of 

light, polarization state of light was measured for different wavelength. The incident 

beam was linearly polarized in the horizontal direction. The polarization states of 

transmitted wave are displayed in Figure 9.19 for four different wavelengths, 561 

nm, 635 nm, 658 nm, and 690 nm. At 561nm (i) and 690 nm (iv) wavelength, the 

azimuth angle of light showed opposite value. Especially 690 nm where ORD value 

close to the maximum the light rotated up to 29°. For strong CD intensity at 635 nm 

(ii), the incident linear light turned into elliptical polarized light with 29° of ellipticity. 

In the case of 658 nm, large rotation of the long axis and ellipticity both observed 

due to strong CD and ORD value. The polarization resolved transmitted image, 

together with polarization state analysis, provide direct evidences that synthesized 

chiral nanoparticle exhibits a genuine optical activity behavior suggesting possibility 

for a new class of optical metamaterial.  
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Figure 9.19 The chiroptical response of chiral nanoparticle. (a) Measured CD 

spectrum (black) and ORD (red). (b) Photographs of transmitted light of right handed 

chiral sample (top) and achiral sample (bottom) under different analyzer angle. The 

transmission set-up for polarized light as follows: white light from LED lamp, linear 

polarizer, sample, and linear polarizer (analyzer). (c) The polarization state of 

transmitted light at 561 nm (i), 635 nm (ii), 658 nm (iii), and 690 nm (iv), respectively, 

also indicated in (a). (incident beam : a linearly and horizontally polarized light). 
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9.7 Conclusion  

By incorporating peptide-gold enantioselective interaction into particle 

growth, we demonstrated novel chiral structures controlled at nanometer resolution. 

Alteration of peptide structure and synthesis parameters allow us to produce 

numerous morphology of artificial metamolecules: Isomer with different handedness; 

Different concentration of additive peptide; Number of amino acid in peptide and 

peptide sequence; Other type of starting seed. Moreover, the fabricated chiral 

nanoparticles exhibit strong optical activity at visible wavelength (g factor 0.16 at 

620nm). These findings allows one to outline general strategy for the formation of 

chiral shapes with giant chirality in a single particle level that can be synthesized at 

room temperature with aqueous synthesis condition. We believe that this new chiral 

nanoparticle fabrication method can provide novel building block for optical 

manipulation, miniaturize optical component active at visible light, and open new 

ways to create more complex hierarchical chiral structures. 
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Chapter 10.  Other Application of Concave Rhombic 
Dodecahedron   

 

10.1 Introduction 

Nanoparticles enclosed by high-index facet have attracted the attention of 

researchers due to their unexpected catalytic and optical properties.1-5 The 

fascinating catalytic properties of high-index facets result from the high density of 

atomic steps that can serve as active sites for chemical reactions. It is challenging to 

fabricate high-index facet as these surfaces possess higher surface energy than low-

index facet. Continuous efforts to create nanoparticles with high-index surfaces has 

led to the development of various strategies such as etching the specific surface,6-8 

kinetically controlling the growth,9-11 and utilizing adsorbate12-16. As an example of 

adsorbate, silver ion has been most frequently used to synthesize various high-index 

facets like {720},12 {310},13 and {037}14 Au nanocrystal. Methylamine and KBr 

were also exploited to generate different high-index of Pt nanoparticle with {411}15 

and {720}16 surface respectively by selective binding of additives on the surface. 

Here we developed a new way to produce high-index nanoparticles by using 

organothiol as a shape-controlling additives. Typically organothiol has been used for 

fabricating a self-assembled monolayer,17 functionalizing the nanoparticles,18 and 

encoding the Raman signal19 by attaching an SH molecule to the premade 

nanoparticle. However, in this strategy, we add organothiol with precursor in the 

growth solution to induce the intriguing morphology. As a result, we create a new 

high-index nanoparticle, a concave rhombic dodecahedron (RD), which has never 

been reported before.  

The increasing dependence on fossil fuels has accelerated the imbalances 

between energy production and demand. In the concept of carbon-based energy 

cycles, converting carbon dioxide (CO2) into reusable chemical feedstock is critical. 
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In particular, the recycling of carbon monoxide (CO) could become very important 

for sustainability.20, 21 Among many different approaches to reconvert CO2 into CO, 

electrochemical reduction of CO2 at the expense of renewable energy is considered 

to be an environmentally benign method. However, a potential for activating inert 

CO2 molecule into CO2∙ radical requires -1.9 V vs. RHE , resulting in low conversion 

efficiency.22 Nanostructured gold has been known to be a promising catalyst for CO2 

reduction.22-24 In 1987, it was found that gold nanoparticle less than 5 nm have 

unexpected catalytic properties.25 It was proposed that the catalytic activity of gold 

can be attributed to the low-coordinated gold atoms in the nanoparticles.26 Based on 

DFT simulation and experimental evidence, it was shown that a gold surface can 

adsorb and stabilize the intermediates required for CO2 reduction while also 

weakening the binding of CO.27, 28 Specifically, the edge site of the nanoparticle is 

beneficial for CO2 reduction owing to the many atoms with low coordination number 

localized at the edge.29 Recently, Sun reported (211) nanowires with increased 

density of edge site can improve reduction kinetics of CO2.24 

In this study, we created an intriguing morphology featuring a concave RD 

by using 4-aminothiophenol as a shape modifier. The individual nanoparticles 

contain 24 cavities, allowing diverse curvature of the surface and high-index facets. 

Surprisingly, we found out that multiple types of high-index facet exist in the single 

concave RD nanoparticle consisted by various combination of (111) terrace and (111) 

step subfacets. As a result, the concave RD exhibits superior catalytic activity for 

CO2 reduction compared to low-index nanoparticles.   
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10.2 Surface Facet Crystallographic Analysis  

The surface structure of concave RD was further examined by high-

resolution TEM. Figure 10.1a shows representative TEM images of concave RD 

oriented with the [110] axis. The atomic arrangement of concave RD can be directly 

seen when viewed along the [110] direction. As clearly shown in the Figure 10.1 

section A-1 ~ C-3, many of the terraces and steps are directly observed in the 

projected atom images. According to the microfacet nomenclature30, high-index 

facet can be characterized by combination of low-index subfacet. For instance, the 

microstructure of (331) can be divided into two units of (111) terrace and one unit of 

(111) step. We carefully examine the composition of subfacets in the surface to 

determine the index of the surface. Three different parts in the nanoparticle, vertex 

(A), edge (B), and bump (C) are carefully examined. Each part is subdivided by three 

sections depending on the curvature. Interestingly, the nine different surfaces are 

terminated with various types of steps and terraces according to local curvature. To 

clarify the position of the surface atoms, each atom is marked with a colored sphere. 

In the case of section A-1, there is an elevated inclination of surface at the right side, 

and the increased slope comes from the higher index of a facet like (332) 

[ 111 111 ] and (775) [6 111 1 111 ]. In contrast, for the 

highest positive degree of curvature (Section A-2), the surface mainly consists of a 

relatively low-index terrace unit such as (110), (331), and (221) to minimize surface 

tension. For section A-3 case where various degree of inclination exists, even seven 

different types of facet are founded within 15 nm distance. Though in the location B 

there is not much change in the gradient, different high facets like (331), (221), (553), 

and (332) are alternately observed. In location C, where positive and negative 

curvature with various gradients constitutes the surface, the highest number of types 

of high-index facets is observed. The distribution of diverse high-index facets was 

analyzed and displayed in a histogram. The facets of (110), (331), (221), and (553) 

were found most frequently (N=371). In the concave RD, assorted facets with 
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various terrace units from (110) [ 111 111 ] to (443) [ 111

111 ] were observed, and a different type of (331) surface consisting of (110) 

terrace and (111) step was also discovered.  

 

 

Figure 10.1 Atomic structures of concave rhombicdodecahedron (RD). (a) TEM 
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images of individual concave RDs viewed along the [110] direction, and magnified 

images of a concave RD at the vertex (A), edge (B), and bump (C). Each different 

part is subdivided by three sections. (A-1~C-3) HRTEM images of nine different 

sections displaying atomic arrangements. Each atom is marked with a colored sphere. 

Different colors were assigned to each type of facet (various terrace units from (110) 

[ 111 111 ] to (443) [ 111 111 ] and different type of 

(331) [ 2 110 1 111 ] surface, which is denoted by an asterisk, were 

identified), and the indexes of these colors are shown in section A-3. (b) Histogram 

of facets that consist of concave RDs. N= 371. 
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10.3 Electrocatalytic Performance for CO2 Reduction  

To evaluate the concave RD as an electrocatalyst for CO2 conversion, cyclic 

voltammetry (CV) measurements were conducted in CO2-purged 0.5 M KHCO3 (pH 

7.3). The electrode was prepared by the conventional drop-casting method of Au 

nanoparticles on carbon paper. As shown in the Figure 10.2, the chemical selectivity 

of the electrodes was significantly affected by the amount of loaded Au nanoparticles. 

To avoid this effect, the number of drops was kept constant on the carbon paper, and 

a controlled size was used. To compare the catalytic activity of each Au nanoparticle 

(concave RD, RD, cube, and Au film), the potential to attain catalytic current density 

of 0.15 mA/cm2 was defined as an onset potential. On an Au film electrode, as shown 

in Figure 10.3a, the current density increases gradually from -0.42 V vs. RHE and 

reaches 6.4 mA/cm2 at -1.2 V vs. RHE as the potential is negatively applied. As the 

carbon paper is decorated with RD Au nanoparticle, the onset potential is positively 

shifted by 0.22 V, while it is anodically shifted by 0.1 V in case of cube Au 

nanoparticle. This implies that the exposed facets on the Au nanoparticles can affect 

the electrocatalytic activities for CO2 reduction. Indeed, the overall J-E curve is much 

more positively shifted by 0.21 V compared to that of Au film, when the electrode is 

decorated with concave RD. Among Au nanoparticles, concave RD exhibits the 

lowest onset potential at -0.23 V vs. RHE with the current density increasing up to 

10.6 mA/cm2 at -1.2 V vs. RHE which is 1.2 times higher than that of Au film. 

Compared to previously reported polycrystalline Au nanoparticle, the onset potential 

is reduced by approximately 0.18 V.29 This result demonstrates that the 

electrocatalytic reduction of CO2 can be facilitated by introducing more facets on the 

Au nanoparticles. However, it is also known that the current density measured in the 

solution saturated with CO2 is attributable to both CO2 reduction and a hydrogen 

evolution reaction (HER).23 Therefore, the effluent gas from the Au nanoparticle 

dropped electrode was subjected to gas chromatography (GC), which can analyze 

CO, H2, CH4, and C2H4.  
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Figure 10.2 Chemical selectivity of the electrodes depending on the loading amount 

of concave RD. (a) GC results, (b) Faradaic efficiency for CO. 

 

The GC analysis shows that the catalytic reduction of CO2 is strongly 

shape-dependent, and the concave RD exhibits the most outstanding performance 

for CO formation. The Au nanoparticles yielded CO as the main product with 

balance H2 and small amount of CH4. As shown in the Figure 10.3b, the breadths of 

faradaic efficiency for CO against applied potential curves of concave RD were 

broad compared with RD and cube nanoparticles. RD exhibits approximately 41% 

faradaic efficiency at -0.37 V vs. RHE, and an even lower selectivity of 24% is 

shown from cube. The saturated faradaic efficiencies of both particles are also 

positioned far below that of the concave RD, achieving 86% (RD) and 61% (cube). 

In addition, the Au film exclusively produced H2 at low applied potential and small 
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amount of CO was detected above -0.8 V vs. RHE. Additionally, in the case of the 

concave RD, approximately 52% of the CO is generated at a potential of -0.26 V vs. 

RHE which is 0.14 V lower than the theoretical equilibrium potential (-0.11 V vs. 

RHE). As the higher potential is applied, faradaic efficiency for CO arises gradually 

and almost reaches saturation at -0.57 V vs. RHE, exhibiting 93 % of CO selectivity. 

In particular, a significant change in the faradaic efficiency of CO is observed on 

concave RD at -0.37 V vs. RHE, producing 73 % of CO which is approximately 3 

times higher than that of Au nanoparticle exposed with low-index facet. Compared 

with the previously reported polycrystalline Au nanoparticle, the chemical 

selectivity from the concave RD is remarkable. It is known that polycrystalline Au 

nanoparticle catalyze CO2 into CO with faradaic efficiency of 90 % at −0.67 V vs. 

RHE, while the selectivity is dramatically decreased less than 20 % at -0.37 V vs. 

RHE.31, 32 Therefore, the high faradaic efficiency observed for the concave RD is 

noteworthy in the aspects of both the onset potential and the chemical selectivity. 

Taken together, the CV analysis and GC results provide insights into the 

effects of a high number of facets on CO2 reduction. Recently, energetics for CO2 

reduction depending on Au facet was computationally simulated for (111) and (211) 

plane in fcc structure, suggesting (211) as the origin of the enhanced catalytic 

activity.28, 29 Similarly, it was empirically proven that the (110) plane exhibits the 

highest electrocatalytic activity for CO evolution followed by (111) and (100) on an 

Ag electrode. This provides a clue for understanding the tendency toward CO 

evolution observed for RD (covered with (110)) and Cube (covered with (100)). 

However, the catalytic reduction of CO2 on a much higher index has not been shown. 

Interestingly, concave RD is enclosed with high-index of facet such as (332) and 

(775). This indicates that a higher-facet index can introduce a favorable route for 

CO2 reduction.  

To confirm the stability of the synthesized Au nanoparticle during the 

catalytic reaction, bulk electrolysis was conducted for 5000 sec. As shown in Figure 
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10.3c, the electrodes with Au nanoparticles under the same bias potential of -1.0 V 

vs. RHE exhibit consistent current densities over the whole electrolysis period. The 

spiky plot observed for the concave RD originates from product bubbles sticking to 

the electrode until a sudden burst occurs. This result indicates that no chemical 

change occurs during the reaction. After the electrolysis, partial agglomeration is 

shown between the nanoparticles, but the concave shape is still clearly observed by 

SEM analysis (Figure 10.4).  
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Figure 10.3 Electrochemical performance of the concave rhombicdodecahedron 

(RD). (a) Cyclic voltammetry curves of carbon paper decorated with concave RD 

(blue), RD Au NP (red), cube Au NP (green) and Au film (olive) (b) Faradaic 

Efficiency for CO vs. applied potential of Au film and Au nanoparticles (c) Stability 

test for Au nanoparticle for 5000 sec. All electrolysis experiments were conducted at 

-1.0 V vs. RHE.  
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Figure 10.4 SEM images of concave RD after 5000 sec of electrolysis. 
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10.4 Conclusion  

We synthesized a concave RD, which has never been achieved before, by 

using 4-aminothiophenol as an additive. We found that changing the binding energy 

of Au-S and the functional group in benzenethiol induces dramatic morphology 

changes, because these benzenethiol additives are gradually incorporated into the 

nanoparticle and modify the growth pathway of the Au atoms during the growth of 

the nanoparticle. The single concave RD possesses multiple high-index facets, which 

are terminated by numerous atomic steps. Eight different types of high-index facets 

were recognized in an individual concave RD, and (110), (331), (221), and (553) 

were observed most frequently. As a consequence of the high density of atomic steps 

on the surface, the concave RD exhibits enhanced catalytic activity compared to low-

index nanoparticles. Moreover, this concave RD shows superior stability for long-

term electrocatalytic performance. This new methodology and novel morphology 

will open up new possibilities for not only synthesizing intriguing morphology, but 

also fabricating various catalysts.  
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Chapter 11. Concluding Remarks  

 

The morphology and assembly control of metal nanostructure has been a 

significant issue as the geometry of particles is directly related with the properties of 

the nanoparticles. The catalytic property such as reaction yield and selectivity is well 

known example of morphology dependent property. Most of all, metallic 

nanostructures show wide variety of unique optical properties, including 

extraordinary light transmission, strong field enhancement, negative refraction, and 

gigantic optical activity. The surface plasmon of the metal nanoparticle is the origin 

of these interesting optical properties. Surface plasmon resonance spectral position 

and feature can be adjusted by varying the particle size, and shape of nanoparticles. 

Brilliant color of nanoparticle originating from absorption and re-emission of visible 

light leads to the tunable structural color with excellent stability and many 

researchers demonstrated physical coloration through morphological change of 

nanostructures. The confinement of a surface plasmon to a small volume results in 

an oscillating electromagnetic field that resides very close to the particle surface and 

this localized surface plasmon resonance generate high local field enhancements 

with large scattering coefficient and a large extinction cross-section. This 

electromagnetic-field enhancement can act as optical nano-antennas, concentrating 

incident radiation to a subwavelength physical region. Such properties have been 

exploited in applications ranging from surface-enhanced Raman spectroscopy to 

photothermal tumor treatment. Furthermore, the polarization state of light forms can 

be controlled by shape of plasmonic structures. Plasmonic structure can strongly 

couple the electric and magnetic field through structure adjustment which in turn 

results in significantly increased optical activity. These plasmonic structures further 

provide advanced light manipulation such as polarization tuning, phase control, 

superchiral field generation and negative refractive index. With these compelling 

optical properties and applications, many researchers put a lot of effort to control 
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morphology and assembly of nanostructures. In this thesis, we investigated new 

methodologies to fabricate plasmonic nanostructures with novel design, created 

unprecedented plasmonic nanostructures, and included detailed scientific discussion 

which can be helpful to provide design rule for plasmonic nanostructures.  

First, we described the mutual interaction of cetyltrimethylammonium 

bromide (CTAB) and ascorbic acid (AA) in controlling the shapes of gold 

nanoparticles. There are many previous works to obtain the various shapes of gold 

nanoparticles. But in many cases, the results still remain phenomenological and are 

hard to be predicted and translated into new synthesis developments. We have chosen 

the well-known ligand, CTAB and the reducing agent, AA and studied the role of 

them thermodynamically and kinetically. We have found that the relative ratio of 

CTAB and AA is important to determine the relative growth of different 

crystallographic facet. By analyzing the role of ligands and controlling the growth 

kinetics, we have synthesized all the possible morphologies of gold nanoparticles. 

Based upon the discoveries, the morphology diagram was constructed as a function 

of CTAB and AA concentration. Furthermore, we successfully synthesized the 

rhombic dodecahedron and hexaoctahedron for the first time without any additives. 

This work can provide a useful guideline to control the morphology simply by 

controlling the relative ratio of CTAB and AA. 

Next, we revisited the role of organothiol in shape control which is usually 

used for functionalization of nanoparticle and developed unprecedented nanoparticle 

morphologies through this organothiol assisted growth. In this system, rationally 

designed organothiol molecules are utilized to induce crystal morphology that 

appropriate for each function. Thiol group in the molecule strongly binds the 

molecule onto the metal surface and at the same time various functional groups in 

organothiol make characteristic attachment onto the surface determining the 

direction of growth. In this organothiol additive growth, continuous attachment of 

organothiol on gold surfaces during the evolution of particle mediates the 
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crystallographic growth direction. Particularly, depending on the functional group in 

organothiol, binding energy onto gold surface and assembly characteristic of 

molecule can be modulated and this uniqueness enables us to achieve diversified 

morphological development. In the case of 4-aminothiophenol (4-ATP) where the 

strongest bonding energy with gold due to electron withdrawing property of amine,  

fascinating morphology, concave rhombic dodecahedron (RD) was created that has 

never been reported before. Moreover, inspired from organic modifier in nature, we 

identified peptide organothiol molecule which is capable of directing morphological 

development through distinctive interaction. By incorporating peptide-gold 

enantioselective interaction into particle growth, here, we demonstrated various 

novel chiral structures controlled at nanometer resolution with strong optical activity 

and achieved new advances in chiral morphology fabrication. 

We demonstrated nanoparticle assembly based on the genetically modified 

M13 virus. We fabricated a novel virus-based SERS nanoprobe (V-probe) that 

contains an antibody in one SERS nanoprobe and generates a large SERS signal. The 

genetically modifiable M13 virus enables the rational design of the SERS nanoprobe. 

The pVIII part of the M13 virus, which expresses the proline and aspartic acid 

sequence and interacts with the CTAB capping agent of the gold nanocubes, allows 

multiple gold nanocubes to be attached to the virus (7-10 nanoparticles for each virus) 

with a 1-D chain assembly. This imparts a strong SERS signal to the V-probe, which 

is derived from the interparticle coupling effect of the closely assembled gold 

nanocubes along the virus.  

On the basis of these unique plasmonic nanostructures, we studied optical 

properties and applications of fabricated nanostructures. Here, we utilized concave 

RD to study resonance modification with the structural change as the organothiol 

assisted growth allow us to control minute change of morphology by changing the 

concentration of organothiol. In the structure of concave RD, several partial features 

are exist which make constructive coupling in the extinction spectrum generating 
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spectrum overlap. Shift or changing of spectrum characteristic is directly related to 

the color of the solution which can be applied to physical coloration. Also the 

different partial structure can create distinctive scattering spectrum depending on the 

excitation axis. These possibilities were evaluated by extinction and scattering 

spectrum measurement with the change of structure. In addition, we evaluated 

surface-enhanced Raman scattering property of nanostructures. Due to the sharp 

edges and tip where electromagnetic field is intensified, Raman signal of concave 

RD indeed showed strong intensities at 660 nm and 785 nm laser light compared to 

the other shape of nanoparticles. Clearly, the V-probes strongly enhanced the Raman 

signals of the 4-CBT and 4-BBT molecules. Moreover, the antibody expressed on 

the pIII part of the virus with the same orientation makes the V-probe an ideal tool 

for a quantitative immunoassay. Indeed, the immunoassay results obtained using V-

probes demonstrate the quantitative detection of PSA. Because of the strong and 

uniform signals that can be obtained from the V-probes, this new type of SERS 

nanoprobe not only provide a new class of template for nanoparticle assembly but 

also can easily be applied for the infinitesimal and multiplexed detection of any 

antigen. Lastly, we demonstrated a new class of chiral nanoparticle with giant 

chirality at visible range using cysteine based peptide. With the chiral structure 

controlled at nanometer precision, the synthesized nanoparticle exhibited 

outstanding anisotropy g-factor 0.16 at 622 nm visible range and optical rotatory 

dispersion effect. In addition, tunable optical response was achieved through 

tailoring the structure of nanoparticle modulated by spatial control of functional 

groups. Due to the resolution limitation in nanometer scale, achieving optical activity 

at visible light has been a challenging task. Therefore, our new synthesis method will 

be a breakthrough in the chiral fabrication methods and pave a way to new class of 

optical components. 

We believe our findings will contribute to develop novel plasmonic 

nanostructures and create new opportunities for light manipulation.  



[여기에 입력] 

249 

초  록 

 

파티클의 형상은 입자의 특성으로 직결되기 때문에 메탈 나노구

조의 형상과 배열을 조절하는 것은 매우 중요하다. 서로 다른 모양과 배

열은 다양한 광학적 특성을 제공한다. 메탈 나노파티클의 표면 플라즈몬

이 이러한 특징적인 광학 특성의 원인이고 구조를 조절하는 것은 이러한 

표면 플라즈몬 모드를 조절할 수 있게 해준다. 가시광 영역의 빛과 상호

작용 할 수 있는 표면 플라즈몬은 뛰어난 안정성을 가지는 놀라운 색을 

제공해주며 구조 변화를 통해서 다양한 물리적인 색을 만들어 낼 수 있

다. 작은 부피에 표면 플라즈몬을 모으게 되면 빛 보다 작은 범위에 전

자기장을 국지화 시킬 수 있고 이는 강하게 증가된 표면 증강 라만 산란 

신호를 얻을 수 있게 된다. 이러한 흥미로운 광학적 특징과 응용 특성으

로 인해 나노구조의 형상과 배열을 조절하고자 하는 많은 노력이 있어왔

다. 그러나 그 방법과 얻을 수 있는 모양이 한정적이었다. 이 연구를 통

해서 우리는 기존의 나노구조체 제작의 한계를 뛰어넘고자 하였다. 본 

논문에서는 기존에 없었던 디자인의 플라즈모닉 나노구조체를 만드는 새

로운 방법에 대해 연구하였고 이를 통해 전례 없는 나노구조체를 만들었

으며 이러한 구조체들의 광학 특성평가를 진행하였다.  

먼저, cetyltrimethylammonium bromide (CTAB) 과 

ascorbic acid (AA) 의 비율을 조절하여 다양한 골드 나노입자의 모양

을 만들었다. 잘 알려진 리간드인 CTAB과 환원제인 AA를 선택하였고 

이것들이 모양에 미치는 영향을 연구하였다. 두 물질의 비율은 서로 다

른 결정학적 면의 상대적인 성장 속도를 결정하기 때문에 매우 중요한 

요소였다. 이러한 발견을 바탕으로 morphology diagram을 만들었고 
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더 나아가 CTAB과 AA 조건에서는 만들어진 바가 없는 rhombic 

dodecahedron 과 hexaoctahedron 모양을 만들어 냈다. 이러한 연

구는 간단히 CTAB과 AA를 통해 모양을 조절할 수 있는 방법에 좋은 

가이드라인을 줄 것이다. 

본 연구에서는 organothiol assisted growth 라고 불리는

organothiol 분자의 작용기를 조절함에 따라 나노파티클의 성장을 조

절할 수 있는 새로운 시스템을 개발 하였다. 일반적으로 organothiol

은 나노파티클에 작용기를 붙이는데 이용된다. 그러나 본 연구에서는 모

양 조절에 있어 organothiol의 새로운 역할을 재조명 하였고 흥미로운 

특성을 가지는 기존에 없었던 새로운 모양을 만들어 냈다. 

Organothiol의 thiol group은 분자를 금속 표면에 강하게 붙여주고 

동시에 분자의 작용기들은 표면에 특징적인 결합을 만들어 결정 성장 방

향을 바꿔주게 된다. 이러한 시스템에서 우리는 합리적으로 

organothiol 분자를 디자인하여 각 기능에 적합한 결정 모양을 만들어 

내기 위하여 디자인 된 분자를 이용하였다.  

Thiol 과 금 사이의 상호작용 에너지를 체계적으로 변화 시킬 

수 있는 benzenthiol 시스템을 찾아내었고 다양한 high index 나노

입자들을 만들어 내었다. 특히 전자를 주는 특성을 가진 amine group

으로 인해 binding 에너지가 극대화된 4-aminothiophenol 을 이용

하여 새로운 concave rhombic dodecahedron (RD) shape을 만들어 

내었다. Concave RD의 뾰족한 모서리와 여러 개의 high index facet

은 강한 전자기장과 뛰어난 촉매적 특성을 보였다.  

 더 나아가서 chiral 형상을 만들어 낼 수 있는 펩타이드 기반 

organothiol 분자를 발견해 내었다. 본 organothiol assisted 
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growth 는 파티클의 성장 동안 지속적으로 금 표면에 붙는 

organothiol을 통해서 결정학적 성장 방향을 조절할 수 있게 된다. 성

장 과정 동안에, 금 원자와 펩타이드는 cube 시드에 지속적으로 제공이 

되고 펩타이드는 금 표면 위에서 peptide-inorganic 

stereoselective recognition 을 만들어 결과적으로 모양을 바꾸면서 

변화된 성장 방향을 유도한다. peptide-gold enantioselective 

interaction 을 파티클 성장에 결합시킴으로써, 본 연구에서는 뛰어난 

광학 활성을 가지는 나노미터 수준에서 조절된 다양한 chiral 구조들을 

만들어 내었고 이는 chiral 모양 제작에 새로운 진보를 가져다 주었다. 

합성된 파티클은 가시광 영역대에서 뛰어난 광학 활성을 보여줌과 동시

에 선형 편광된 수직의 빛을 28 도 가량 회전 시켰다. 이 organothiol 

assisted growth 는 나노파티클 제작 발전에 아주 큰 잠재력을 가지고 

있다. Organothiol 분자는 다양한 작용기의 조합이 가능하기 때문에 

이러한 시스템은 다양한 모양을 만들 수 있게 해주며 나노구조 라이브러

리를 만들 수 있게 해준다. 또한 이 방법은 나노파티클 디자인에도 중요

한 통찰력을 줄 것 이다.  

 유전자 조작이 된 M13 바이러스를 배열하는 템플렛으로 이용하

여 가깝게 배열된 금 나노큐브 체인을 만들었다. 잘 정렬된 나노구조와 

항체의 결합을 가지는 surface-enhanced Raman scattering (SERS) 

나노프로브를 디자인하는 것은 정량 다중 분석에 중요하다. 본 연구에서

는 유전자 조작된 두가지 기능을 동시에 가지는 M13 바이러스를 이용, 

항체가 포함된 SERS 나노프로브를 개발하였다. 1 마이크로 미터의 긴 

바이러스의 한 쪽 끝에는 항원에 강한 친화력을 가지는 항체가 발현이 

되어 있다. 바이러스의 길이를 따라서는 major coat proteins 에 발현

된 gold-binding peptide sequence 를 통해서 가깝게 배열되어 붙



[여기에 입력] 

252 

은 금 나노큐브들이 붙어 있다. 한 개의 바이러스에 붙어 있는 이 체인

은 신호를 만들어 내는 분자의 Raman 신호를 증폭시켜 주었고 이는 

항체를 구별 할 수 있는 라벨로 사용이 되었다. 우리는 이러한 플랫폼을 

prostate specific antigen 정성 분석에 성공적으로 도입을 하였다. 

이러한 결과는 다양한 바이러스를 유전적으로 가지는 SERS 플랫폼과 

플라즈모닉 나노구조 템플렛에 다기능성 바이러스가 이용될 수 있는 새

로운 가능성을 제시해준다. 

본 연구에서 개발된 새로운 방법론들과 다양한 모양과 배열들은 

새로운 플라즈모닉 나노구조 개발에 길을 열어줄 것이라 생각하며 빛 조

작에 새로운 가능성을 가져다 줄 것이라 생각한다. 

주요어: 플라즈몬, 메탈 나노구조, 형상, 배열, 유기티올, 고지수 나노입

자, 카이랄 나노입자 

학번: 2011-30941         
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