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Plasmonic nanostructures have received great attention due to their unique optical 

properties that originated from localized surface plasmon resonance (LSPR), which is a 

coherent oscillation of free electrons through the interaction between plasmonic nanoparticles 

and electromagnetic (EM) waves. The LSPR position depends on the size, shape, composition, 

and inter- (or intra-) nanogap structure as well as the surrounding medium. Furthermore, two 

or more nanoparticles generate enhanced properties not seen in a single particle through 

plasmonic coupling according to the distance between the particles. In particular, the strongly 

enhanced near-field generated at the plasmonic nanogap structures can produce unprecedented 

optical phenomena such as a dramatic increase in the signal intensity in surface-enhanced 

Raman scattering (SERS). Among various plasmonic nanostructures, plasmonically coupled 

nanogap structures generate highly enhanced EM field with strong, controllable SERS signals 

within a very small nanogap (typically,~1–2 nm hot-spot), allowing even for single-molecule 

detection and multiplexed detection while none of SERS probes have been widely used for 
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practical applications mainly due to poor controllability in SERS signal amplification and low 

data reproducibility. Therefore, precise control of plasmonic nanogap structures with 

homogeneous hot-spots in high yield is a key issue to obtain highly uniform and reproducible 

SERS signals. This thesis presents strategies to construct plasmonic nanocube dimer structures 

with inter-nanogap in high yields, showing uniform and reproducible SERS signals with 

narrowly distributed enhancement factors and their potential applications. 

In chapter 1, the fundamentals and introduction of plasmonic structures with nanogap 

for SERS are described. The previous reported synthetic strategies, plasmonic properties, 

SERS applications of plasmonic nanogap structures, and perspectives are discussed. 

In chapter 2, the synthetic strategy to form gold nanocube (AuNC) dimers with a 

well-defined in a high yield is described. Palladium nanoframe was selectively grown and 

removed on the edge of AuNC through the introduction of halide ions for face-selective ligand 

modification. Compared to AuNCs in which ligand modification was not controlled, the 

AuNCs showed a highly improved yield of 93.3% with dimers assembled in a perfectly face-

to-face orientation. The nanogap formed by the assembly of flat nanocube faces generated 

homogeneous hotspots, leading to a narrowly distributed SERS enhancement factors. 

Importantly, with this strategy, even single-molecule level SERS signals were quantitatively 

reproducible due to highly uniform hot-spots. 

In chapter 3, a synthetic strategy is described that introduces a silica shell to form 

AuNC dimers with fixed interparticle distances (~1 nm). AuNC dimers formed through DNA 

hybridization cause SERS signal deviations due to the uncontrolled distance between particles 

in the drying state and solution phase. Compared to face-to-face AuNC dimers, the AuNC 

dimer@SiO2 achieved stronger and narrower distributed SERS enhancement factors owing to 

their uniform hot-spots and fixed nanogap distances. In particular, the silica shell maintains 

SERS stability in glutathione solution that exists inside cells, and SERS imaging from HeLa 
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cells treated with AuNC dimer@SiO2 show potential applications for SERS-based bio-

applications. 
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1.1. Plasmonic nanogap structures 

Sub-wavelength-scale metal particles have received great attention because of their 

unique optical properties that originate from localized surface plasmon resonance (LSPR), a 

phenomenon in which the interaction between metal nanoparticles and electromagnetic waves 

leads to free electron oscillations.[1, 2] As the LSPR position and strength depend on the size, 

shape, and composition of nanoparticles as well as the surrounding medium, a range of different 

types of metal nanoparticles have been synthesized to obtain tunable and improved plasmonic 

properties.[3-6] Furthermore, coupling between two or more nanoparticles clustered at short 

distances gives rise to new collective properties that cannot be seen in isolated particles.[7-9] 

Such collective phenomena range from well-studied distance-dependent spectral shift[10, 11] and 

near-field enhancement[12, 13] to higher-order modes, [14, 15] Fano resonances,[16-18] chirality,[19, 

20] and optical magnetism.[21] As such, the coupling between plasmonic nanoparticles provides 

a powerful strategy toward tunable optical properties and the discovery of new optical 

phenomena. For example, the assembly of plasmonic nanoparticles in particular patterns can 

induce metamaterial properties that are not observed in nature.[22, 23] Moreover, the significantly 

enhanced near-field generated at the gap between closely spaced nanoparticles can produce 

unprecedented optical phenomena such as a dramatic increase in the signal intensity in surface-

enhanced Raman scattering (SERS).[24, 25] With advances in the design, synthesis and analysis 

of various metallic nanoparticles and substrates, SERS with plasmonic nanostructures has been 

extensively studied, and numerous SERS applications have been demonstrated in various 

applications including biomedical applications; however, the mechanism of SERS is not 

completely understood yet, and many challenges, including structural and spectral 

reproducibility, exist to achieve quantitative SERS analysis for practical and reliable use of 

SERS. Since SERS signal reproducibility mainly stems from structural reproducibility of 
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targeted nanostructures, single-particle SERS analysis is highly beneficial in understanding 

SERS signals generated from different plasmonic nanostructures and provides analytical 

insights that cannot be obtained with ensemble-average spectrum-based analysis. Single-

particle analysis is typically composed of single-particle images and spectra, and the statistical 

results show the single-particle SERS enhancement factor distribution of SERS signals and 

precise structure-spectrum relationship. In particular, studying and evaluating single-molecule 

SERS results require single-particle analysis to fully understand how single-particle images 

and spectra are correlated with how the position, orientation and resonance of a Raman dye 

affect single-molecule SERS signals from individual nanoparticles, and this is often correlated 

with computational simulation results. The nanogap particle-based SERS platforms can be 

broadly classified into two different classes – plasmonic nanogap structures with an intragap 

(the gap formed inside a single-particle; intragap nanoparticles) and plasmonic nanogap 

structures with an intergap (the gap between two structures; intergap nanoparticles). Among 

various plasmonic nanogap structures, plasmonically coupled nanogap structures generate 

highly enhanced EM field with strong, controllable SERS signals within a very small nanogap 

(typically, ~1–2-nm hot-spot), allowing even for single-molecule detection[26, 27] and 

multiplexed detection[28, 29] while none of SERS nanoprobes have been widely used for 

practical applications mainly due to poor controllability in SERS signal amplification and low 

data reproducibility. The problems regarding the controllability and reproducibility of these 

SERS signals are due to the very fine structural difference of a few nanometers in the 

nanostructures, because each structure was not formed identically. Therefore, the development 

of methodologies that enable the controlled assembly and well-controlled design of plasmonic 

nanoparticles is essential to understand the correlation of structural changes with optical 

properties and realize the full potential of these systems in SERS applications. In particular, 

developing a method to precisely control and form high-yield plasmonic nanogap structures 
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with homogeneous hot-spots is a key challenge that must be preceded to obtain highly uniform 

and reproducible SERS signals. 
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1.2. Synthetic strategies of plasmonic nanogap structures 

A general approach toward the nanogap formation of plasmonic systems relies on top-

down lithographic techniques in which predesigned 2D metal nanostructures are patterned on 

solid substrates.[30-32] While this approach has the advantage of generating precisely controlled 

nanostructures, reducing the feature size to a few nanometers remains challenging in 

lithographic techniques. In addition, it requires expensive equipment and can produce only a 

limited number of nanostructures at a time. Another general approach is based on bottom-up 

chemical methods, which refer to solution-phase synthetic and self-assembly methods that 

enable the mass production of coupled plasmonic nanostructures at low costs. Over the past 

two decades, significant efforts have been made in this area, which led to tremendous advances 

in our ability to control the structure and properties of plasmonic nanoparticles.[33-36] In often 

cases, plasmonic nanoparticles are combined with other molecular or nanoscale materials such 

as molecular crosslinkers,[37-40] block copolymers,[41-44] stimuli-responsive materials,[45-49] 

biological molecules,[50-53] and other functional inorganic nanoparticles.[54-57] Since their 

optical properties vary significantly depending on the gap size and morphology, the 

development of precisely controlled synthetic strategies is important to improve the 

controllability and reproducibility for introduction into applications.  

 

1.2.1. Synthetic approach 

Metal nanoparticle dimers are the simplest plasmonically coupled systems whose 

optical properties depend on the size, shape, and composition of nanoparticle building blocks, 

interparticle distance, and interfacial structure.[6, 57-60] Figure 1.1 shows synthetic methods for 

the preparation of well-defined nanoparticle dimers, trimers, and assemblies with tunable 

structural parameters. In one strategy, DNA-linked Au nanoparticle dimers were used as a 
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starting platform for the preparation of plasmonic nanoparticle dimers with tunable interparticle 

distance through the nm-scale overgrowth of Ag on Au nanoparticles (Figure 1.1a).[61, 62] In 

this method, the interparticle distance was effectively controlled down to about 1 nm by 

adjusting the thickness of the Ag nanoshell. In larger clusters, such as trimers with two 

interparticle gaps, the interparticle angle is another important factor that largely affects the 

scattering signals because the structural anisotropy influences the polarization-dependent 

optical properties. The nm-scale Ag deposition on DNA-linked Au nanoparticle trimers 

allowed the interparticle gap engineering of obtuse triangular, acute triangular, nearly linear, or 

linear configurations (Figure 1.1b). The distinct Rayleigh scattering exhibited by these trimer 

systems was highly dependent on the trimer folding angle and the polarization of the incident 

light. It should be noted that the Ag shell deposition is not completely homogeneous throughout 

the trimer structure and the interparticle gap sizes of a trimer are not completely identical. 

The heterogeneous synthesis of metal nanoparticles on dielectric cores facilitates the 

access to well-defined metal nanoparticle assemblies with controllable structural parameters. 

Park and co-workers developed a surfactant-assisted templated seed-growth method for the 

synthesis of core–shell-type Au nanoparticle assemblies (Figure 1.1c).[35, 36, 63, 64] This protocol 

combines the templated synthetic approach with the surfactant-assisted seed-growth method, 

which have been widely used for the preparation of various types of metal nanoparticles.[65-67] 

Typically, small Ag seed particles were initially synthesized on negatively charged carboxylate-

modified polystyrene (PS) beads. These seed-decorated PS templates were subsequently added 

to a growth solution containing HAuCl4, AgNO3, ascorbic acid, and cetyltrimethylammonium 

bromide (CTAB). This procedure generates radially arranged spiky Au nanoparticles on the PS 

core, which is termed spiky nanoshells (Figure 1.1c, blue). As in homogeneous nanoparticle 

syntheses, Ag ions play an important role in the heterogeneous synthesis of Au particles on the 

PS core surface. In particular, silver ions in the growth solution were necessary for the 
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formation of uniform shell structure.[64] Moreover, the nanoshell morphology was controlled 

by the type of surfactant in the growth solution.[35, 36] Replacing CTAB with cetyltrimethylam-

monium chloride (CTAC) favored the formation of spherical nanoparticles that subsequently 

fused into smoother nanoshells (Figure 1.1c, red). The addition of Br- to the CTAC-based 

growth solution yielded spiky nanoshells, in which the PS core/Au precursor ratio determined 

the sharpness and density of the spikes (Figure 1.1c, green and magenta). This behavior is 

consistent with that of typical templateless seed-growth approaches, in which the use of CTAC 

and CTAB as surfactants favors the formation of nanospheres and nanorods, respectively.[68, 69] 

When CTAB is replaced with the aromatic surfactant benzyldimethylhexadecylammonium 

chloride (BDAC), spherical nanoparticles are formed on the polymer core instead of 1D ones. 

While CTAC also favors the initial formation of spherical particles, they are eventually fused 

together to form a continuous nanoshell (Figure  1.1c, red). In contrast, particles growing in 

the presence of BDAC maintain their shape and remain intact, as the aromatic surfactant, 

BDAC can efficiently prevent the nanoparticles from blending into a shell. Therefore, the use 

of BDAC-based growth solution generates closely packed spherical nanoparticles separated by 

a thin BDAC layer, which are termed raspberry-like metamolecules (RMMs). These findings 

suggest that the existing knowledge of the surfactant-assisted seed growth method can be 

transferred to the templated synthesis of nanoparticles with varying morphologies. 

Another synthetic strategy is to fabricate plasmonic nanostructures with a nanometer-

sized internal spacing within a single nanoparticles. Lim et al. reported the high-yield synthesis 

of Au-nanobridged nanogap particles (Au-NNPs) with a highly uniform and controllable ~1-

nm intra-nanogap, using DNA-modified Au nanoparticles (Figure 1.2a).[70] DNA strands can 

bind to core surface with a strong S–Au bond and effectively protect the core, which plays an 

significant role in forming an intragap. In the formation and structure of the intragap, the type 

of DNA bases (adenine, thymine, guanine, and cytosine) is a key factor because the coverage 
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changes due to the difference in the relative binding affinity between the base and the Au 

surface.[71] As another example of intra-nanogap particles, dealloyed intra-nanogap particles 

(DIPs) with a ~2-nm gap have been reported (Figure 1.2b).[72] The synthesis method utilizing 

a selective-interdiffusive dealloying reaction is facile and highly controllable without the need 

for an interlayer such as DNA, silica, polymer, and small molecules. During the formation of 

DIPs, poly(vinylpyrrolidone) (PVP)-mediated Ag and Au co-reduction occurs in the core, 

where Ag is preferentially deposited faster than Au due to its strong affinity with PVP to form 

Au/Au–Ag core/alloy shell NPs. After selective Ag removal through dealloying reaction using 

Fe(NO3)3, the intragaps are formed by the Kirkendall effect. Recently, Ye et al. reported petal-

like ultrabright gap-enhanced Raman tags (P-GERTs) with both inner and outer nanogap by 

controlling the surface ligand density on Au cores (Figure 1.2c).[73] The 4-nitrobenzenethiol 

(4-NBT) density in the Au cores is a key factor to control the outer shell morphology due to 

the poor affinity between Au and the nitro group. Kim et al. synthesized plasmonic metal tripod 

nanoframes with a “Y”-shaped hot-zone by selective etching and a concentric growth process 

(Figure 1.2d).[74] The synthetic steps were performed as follows. (i) The formation of tripod 

shapes from Au nanoprisms through selective Au growth on tips and edge etching. (ii) Pt 

deposition at the boundary of the tripod structures. (iii) Selective Au etching. (iv) Concentric 

Au growth for “Y”-shaped hot-zone or eccentric Au growth for circular shaped hot-zone. 

 

1.2.2. Self-assembly approach 

In the self-assembly approach, pre-synthesized nanoparticle building blocks are 

organized into the desired architecture through various weak interactions. Generally, the self-

assembly approach provides a much better control over the assembly structure than the 

synthetic approach described in Section 1.2.1. and allows for the construction of complex 



9 

 

nanostructures beyond dimers and clusters. This section introduces various self-assembly 

methods for controlled assembly of plasmonic nanoparticles, which are generally organized in 

the order of increasing complexity or degree of order. 

Small molecule-driven self-assembly 

A common self-assembly approach relies on interactions between small molecular 

ligands immobilized on nanoparticles (e.g., electrostatic interaction,[75, 76] hydrogen bonding,[77] 

metal–thiol bonding,[37] and molecular crosslinkers[39]). Figure 1.3a presents one such example 

in which alkanedithiols are used as connectors for the formation of well-defined Au 

nanoparticle dimers.[38] In this approach, the interparticle distance is controlled by the length 

of the molecular linker. Reduction of the linker length induces a gradual red shift of the SPR, 

following the classical electromagnetic model. However, as the interparticle distance 

approaches the subnanometer scale, the SPR band undergoes blue shifts and substantial 

broadening, revealing the important role played by quantum tunneling in the plasmonic 

properties of nanoparticle dimers in the subnanometer regime. 

DNA-driven self-assembly 

Information-carrying biopolymers such as DNA and peptides offer tremendous 

potential for the further development of controlled nanoparticle self-assembly.[78-80] In 

particular, the sequence-specific molecular recognition properties of DNA render it an ideal 

platform for the programmable assembly of various types of nanomaterials. The first one relies 

on duplex formation between nanoparticle-immobilized DNA strands. Following the seminal 

reports on the DNA-based self-assembly of Au nanoparticles in 1996,[81, 82] researchers have 

employed this strategy to generate a number of different types of plasmonic nanostructures 

ranging from well-defined particle dimers to ordered superlattices.[83-86] The approach reported 

by the Alivisatos group employs Au nanoparticles functionalized with a single or a few DNA 
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strands[82] to fabricate well-defined nanoparticle dimers and clusters, ultimately allowing an 

investigation of the distance- and structure-dependent plasmonic coupling.[11, 50, 87, 88] In 

contrast, Mirkin and co-workers studied the self-assembly of densely DNA-modified Au 

nanoparticles (~100 DNA strands on 13  nm particles) into macroscopic aggregates through 

sequence-specific DNA binding.[51] The vivid red-to-purple color change that results from 

aggregate formation has been exploited in various chemical and biological sensing 

applications.[78, 89] The second approach involves the templated self-assembly of nanoparticles 

on DNA nanostructures.[90, 91] In this so-called DNA origami approach, DNA strands are 

assembled into predesigned DNA templates containing exposed single-stranded DNA handles 

that bind to nanoscale objects through DNA hybridization. By employing customized rigid 

DNA templates with strategically placed sticky handles, this approach allows for the highly 

precise assembly of nanoparticles and the fabrication of complex nanostructures.[92, 93] For 

example, nanoparticles were attached to specific sites of a ring-shaped DNA origami to 

generate nanoparticle ring resonators with predetermined numbers of particles and the 

assembled structures exhibited multiple modes including unnatural magnetic resonances that 

cannot be observed in a single particle (Figure 1.3b). Asymmetric Janus nanoparticles are 

attractive self-assembly building blocks as they can be regioselectively functionalized with 

functional molecules or other nanoparticles to build complex nanostructures.[94-96] Chen and 

co-workers reported a strategy for the formation of Janus-type Au nanoparticles that are 

partially covered by an amphiphilic polymer shell.[97] This method relies on the competitive 

and segregated binding of hydrophilic and hydrophobic ligands to the Au nanoparticles and the 

anisotropic attachment of amphiphilic polymers to the hydrophobic portion of the nanoparticle. 

Lu and co-workers used a similar method to generate Janus-type Au nanoparticles featuring 

partial polymer blocking and DNA functionalization (Figure 1.3c).[96] Importantly, the 
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unblocked, DNA-covered surface allows site-selective, sequence-specific DNA binding with 

other nanoparticles or molecules to generate complex plasmonic nanostructures. 

Amphiphilic ligand-driven self-assembly 

Nanoparticles modified with amphiphilic ligands are versatile building blocks for the 

controlled assembly of nanoparticles. The self-assembly behavior of such nanoparticles 

resembles that of amphiphilic molecules, which self-organize into various supramolecular 

structures including spherical or cylindrical micelles and vesicles depending on the 

hydrophilic/hydrophobic volume ratio.[98] Park et al. reported the formation of well-defined 

vesicle-like assemblies from hydroxyalkyl-modified Au nanoparticles in water.[99] The wall 

thickness and vesicle size were controlled by adjusting the nanoparticle concentration, ligand 

density, and ligand composition.[100] Similarly, Au nanoparticles modified with a semi-

fluorinated ligand self-assembled into vesicle-like assemblies in tetrahydrofuran (THF; 

Figure  1.3d).[100, 101] In this case, the solvophobic nature of the fluorinated segment drives the 

self-assembly during the surface-modification step. Compared to the core-satellite type 

assemblies prepared by the attachment of metal nanoparticles on a dielectric core, nanoparticle 

“vesicles” formed by the amphiphilic self-assembly are expected to show stronger coupling 

between nanoparticles due to closer arrangements of nanoparticles. In addition, the lengths of 

amphiphilic ligands are short enough to ensure small interparticle distance and thus strong 

interparticle coupling and near-fields, which are manifested by the broad band extinction 

spectra. 

Directional orientation-controlled self-assembly 

Nonspherical nanoparticles, such as nanocubes, that feature vertices, edges, and faces 

are interesting plasmonic building blocks as they can be arranged in various configurations. 

Furthermore, charge localization at the sharp corners and edges of those shapes can support 
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higher-order plasmonic modes. These structural characteristics enable the tuning of the 

plasmonic coupling through the contact mode and type of junctions. In this context, Tao and 

co-workers demonstrated the assembly of polymer-grafted Ag nanocubes into 1D chains with 

controllable interparticle orientation and plasmonic properties (Figure  1.3e).[102] To this end, 

poly(vinylpyrrolidone) (PVP)- or PEG-grafted Ag nanocubes were first introduced into a thin 

PS film. Subsequently, thermal or solvent annealing induced the self-assembly of the 

nanocubes into 1D chains, which occurred in edge–edge or face–face orientation depending on 

the attributes of the polymer, grafting density, and annealing process, among which the polymer 

length was an important factor. Nanocubes grafted with long PEG chains tend to form 1D 

assemblies with edge–edge configurations, whereas those grafted with short PEG chains 

undergo a shift from the edge-edge to the face–face configuration upon thermal annealing. The 

spectral features of the nanocube assemblies change significantly with annealing time as the 

nanocube chain length becomes longer. The formation of an edge-edge chain results in plasmon 

couplings whose long-wavelength SPR band undergoes red shifts as the chain length increases. 

Nanocubes assembled in the face-face configuration exhibited broadband scattering, 

presumably due to surface plasmon delocalization over the extended nanocube chain. The 

drastic effect of the nanoparticle orientation on the optical properties of coupled nanoparticles 

is distinctively illustrated by nanorod assemblies connected in end-to-end or side-by-side 

configurations.[103-105] The preferential end-to-end arrangement of thioalkylcarboxylic-acid-

modified nanorods was reported by Thomas and coworkers,[77] who suggested that this 

preference originated from hydrogen bonding between thioalkylcarboxylic acid groups that 

were selectively immobilized at the nanorod tips. The end-to-end binding caused a significant 

red shift of the longitudinal absorption band of nanorods due to dipolar coupling. Similarly, 

Kumacheva and co-workers observed the self-assembly of Au nanorods functionalized with 

hydrophobic PS at both ends into side-by-side bundles and end-to-end chains (Figure 1.3f).[106] 
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Comprising a central hydrophilic nanorod and hydrophobic polymers at both ends, these 

polymer-modified nanorods behaved as triblock copolymers and assembled into different 

configurations depending on the medium. For example, end-to-end and side-by-side assemblies 

were obtained from dimethylformamide/water and THF/water mixtures, respectively. 

Subsequently, this approach was extended to the “copolymerization” of nanorods of various 

compositions and sizes.[107] 
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1.3. Surface-enhanced Raman scattering of plasmonic nanogap 

structures 

Since surface-enhanced Raman scattering was first discovered in the 1970s,[108-110] the 

SERS field has vastly expanded with advances in state-of-the-art nanoscience and 

nanotechnology, particularly for the past two decades. The two widely accepted SERS 

enhancement mechanisms (i.e., electromagnetic (EM) enhancement (104–1011) and chemical 

enhancement (10–102)) enable the rational design of plasmonic nanostructures with highly 

enhanced SERS signals.[111, 112] Among many plasmonic nanostructures, plasmonically coupled 

nanogap structures generate highly enhanced EM field with strong, controllable SERS signals 

within a very small nanogap (typically, ~1–2-nm hot-spot), allowing even for single-molecule 

detection[26, 27] and multiplexed detection[28, 29] while none of SERS nanoprobes have been 

widely used for practical applications mainly due to poor controllability in SERS signal 

amplification and low data reproducibility. Therefore, the establishment of widely applicable 

quantitative SERS systems are needed. 

To establish a reliable quantitative SERS system, the following issues should be 

addressed (Figure 1.4a, left panel): (i) tuning plasmonic resonance and plasmon modes to 

controllably increase SERS signals; (ii) a high-yield synthesis to produce precisely formed 

nanogap structures for reproducible SERS signals; (iii) molecular control to position adsorbate 

molecules in the nanogaps, to arrange their orientations, to activate specific Raman modes, and 

to adjust their packing density; and (iv) optimized measurement setup, for example, selecting 

an appropriate laser wavelength that matches both plasmonic and molecular resonances, 

controlling laser polarization for more reproducible signals, and combining other techniques 

with Raman spectroscopy for high precision measurements. 

Many SERS measurements have been performed with ensemble-average spectra due 
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to the simplicity and convenience; however, the ensemble-average data are not suited for 

accurately elucidating the structure-spectrum and structure-enhancement factor (EF) 

relationships. This is particularly true for detecting low particle/target concentrations with 

structurally less homogeneous samples, and this is critical since even very small structural 

fluctuations can affect SERS signals. Therefore, single particle analysis can be beneficial and 

unveil the details of those relationships to provide the reliable and fundamental understanding 

of SERS signals from individual particles for quantitative SERS. The requirement for single-

particle analysis and its advantage are summarized in Figure 1.4a (right panel). Different from 

other general or broad reviews on SERS,[60, 112-116] this mini-review focuses on single-particle 

SERS analysis on nanogap structures from a quantitative standpoint. Here, single-particle 

SERS studies of nanogap structures are categorized into two different classes of systems: (1) 

plasmonic nanogap structures with an interparticle gap (intergap nanoparticles with a nanogap 

between nanoparticles or between a nanoparticle and a 2D substrate) and (2) plasmonic 

nanogap structures with an intraparticle gap (intragap nanoparticles), as shown in Figure 1.4b. 

In the former case, the SERS EF or spectral feature is affected by the nanogap environment, 

molecular modification and structural geometry in assembled nanostructures, for example, the 

distance between nanoparticles (or between a nanoparticle and a 2D substrate) and the 

multimeric angle of nanoparticle assembly structures. Additionally, the molecular features 

within a nanogap, for example, the position, the orientation, and the binding modes of adsorbed 

molecules, are another significant factors for SERS signals. These systems are dynamic and 

can be assembled to generate much more enhanced signals when capturing detection targets. 

In the latter case, plasmonic nanoparticles with an intragap can act as nanoprobes or SERS 

labels for the detection, identification and quantification of target molecules. For reliable 

quantification of targets, the uniformly created SERS nanoprobes with finely tuned structural 

features need to be used, and detection of the same amount of targets with the same number of 
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probes should generate reproducible signals. The formation of a narrow and uniform nanogap 

inside particles is the main issue in these intragap nanostructures for generation of strong, 

uniform EM field inside the gap. It is also important to load SERS-active dyes as densely and 

uniformly as possible in these nanogap particles and to select highly efficient SERS dyes and 

nanostructures that couple with the incident laser light and plasmonic resonance. 

 

1.3.1. Plasmonic nanogap structures with intragaps 

Coupled with isotropic nature of intragaps, which can be independent of light 

polarization, these structures are beneficial in obtaining reliable and reproducible SERS signals. 

Single-particle measurements and statistical analysis can serve as tools to verify the 

reproducibility of signals from these nanostructures while providing the principles for 

generating the stronger and quantitative signals from each nanostructure. Unlike ensemble 

measurement, it is possible to measure different signals depending on the shape, size and 

inhomogeneity of the nanostructures and the position of the dyes. To achieve a strong and 

uniform SERS signal, ~1-nm intra-nanogap-embedded nanoparticles called Au-NNPs have 

been reported.[70, 71] Using AFM-correlated nano-Raman instrument, they obtained single-

article SERS signal of each nanoparticle. Single-particle SERS measurements showed a 

sufficiently high EF for single-molecule detection, and narrow SERS EF values between 1.0 × 

108 and 5.0 × 109 (Figure 1.5a). As another example of intra-nanogap particles, the SERS 

signals from DIPs with a ~2-nm gap exhibited a high intensity and a narrow EF distribution 

(Figure 1.5b). In addition, the results of incident-laser-polarization-dependent SERS 

measurements at the single-particle level showed that the DIPs can generate stable and uniform 

SERS signals for many particles regardless of the polarization direction of the incident laser. 

Recently, Ye et al. reported P-GERTs by controlling the surface ligand density on Au cores 
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(Figure 1.5c).[73] AFM-correlated single-particle SERS measurements showed that individual 

NPs exhibited a narrowly distributed and uniform SERS signals. Park et al. synthesized 

plasmonic tripod nanoframes with a “Y”-shaped hot-zone by selective etching and a concentric 

growth process (Figure 1.5d).[74] The linear-shaped nanogaps generated uniform and strong 

SERS signals. Remarkably, their SERS EFs can be distributed within one order of magnitude. 

In the case of the intra-nanogap particles, the gaps were evenly formed, and the dyes were 

embedded in the shell; thus, it is suitable for quantitative SERS because it can reduce signal 

non-uniformity from variations in the dye position. Using SERS probes with an ultrahigh SERS 

EF and a reproducible SERS signal, the application of SERS can be further expanded. In 

particular, quantitative SERS analyses will play an important role in biodetection, bioimaging, 

and theranostics. The intra-nanogap particles with strong and quantifiable SERS signals were 

used in SERS-based ultrasensitive DNA detection assays and live cell Raman imaging.[28, 29, 72, 

117] Therefore, these quantitative SERS probes are expected to further expand into a variety of 

practical applications, particularly coupled with high multiplexing capability that needs to be 

explored further. However, it is important to note that the intragap systems have several major 

problems, requiring precise synthesis and analysis of their structures. This is because the near-

field intensity in the intragap can vary dramatically with changes in the inner bridge structure 

and outer shell structure.[29, 71] 

 

1.3.2. Plasmonic nanogap structures with intergaps 

Compared to intragap structures in which the gap and the shell are additionally formed 

from the core, the inter-nanogap systems have the advantage of fabricating more homogeneous 

gap structures by using pre-synthesized nanoparticles as building blocks. Random aggregation 

of nanoparticles is one of the simple methods to form the plasmonic nanogap structures with 
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intergaps for SERS measurements. Even such randomly aggregated structures can provide a 

strong SERS signal enough for the single-molecule detection. However, the signal 

reproducibility is too low to achieve the reliable quantitative SERS analysis, due to the broad 

distribution of hot-spots (i.e., nanogaps) with respect to gap size, gap interface and aggregate 

structure. For this reason, both the precise synthesis of plasmonic building blocks and the 

assembly of these building blocks with nanogaps should be accurately controlled for 

reproducible and quantitative SERS.[58, 60] In particular, the plasmonic coupling and SERS EF 

of assembly nanostructures are significantly affected by the nanogap distance and 

morphology.[118] It is highly challenging to precisely form nanoparticle assemblies with the 

uniform inter-nanogap and geometry, and only a few nm fluctuation in gap size can largely 

influence SERS signals form these structures. In the case of anisotropic assemblies, we should 

also consider light polarization dependency and interparticle angles for the quantitative analysis. 

Therefore, single-particle analysis using the state-of-the-art equipment such as an AFM-

correlated Raman spectrometer is necessary for properly determining the relationship between 

nanostructure and Raman features, which cannot be differentiated in the ensemble 

measurements. 

Nanosphere dimers with a small nanogap are the simplest and well-defined plasmonic 

nanoparticle assembly system for the quantitative SERS analysis. DNA hybridization or dithiol 

molecules enable the dimeric assembly of nanoparticles with nanogap. Single DNA 

hybridization-mediated nanodimers with variable nanometer gaps tuned by the silver nanoshell 

thickness were successfully synthesized in a high yield (Figure 1.6a).[61, 62] This fabrication 

method can facilitate a reproducible single-molecule SERS detection because it can finely tune 

nanostructures on the nanometer scale. The inter-nanogap distance in the dimer nanostructures 

has a decisive effect on the SERS EF, which are the highest for <1-nm gap (the average EF 

value = 1.8 × 1013) and the values were narrowly distributed between 1.9 × 1012 and 5.9 × 1013 
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compared to other dimers with larger interparticle gaps (Figure 1.6a). In addition, the SERS 

intensities of dimer particles were closely related to the longitudinal bonding dipolar 

(LBD)/longitudinal bonding quadrupolar (LBQ) plasmon mode ratios because of the 

simultaneous excitation of these modes. Large LBD/LBQ values were required to generate 

high SERS signal.[119]  

Structural effects with the same interparticle distance should be also considered 

because anisotropic nanoparticles have different optical properties with nanoscale structural 

changes. In particular, gold nanocubes (AuNCs), which are composed of faces and edges, are 

anisotropic, and their sharp corners can be ultraprecisely tuned by controlling the growth rate 

of different facets. These finely-tuned AuNCs show highly reproducible single particle-level 

scattering signals over a large number of particles. However, AuNC dimers, which are 

assembled between nanocubes with round edges or sharp edges through the modification of 

1,4-benzenedithiol (BDT) as a linker molecule, show different SERS EF variations (Figure 

1.6b).[120] Although the maximum field intensity is slightly higher for round-cornered AuNCs, 

sharp-cornered AuNC dimers show smaller electric field gradients because of the larger 

nanogap interfacing area. Therefore, a more uniform and narrow distribution of SERS EF can 

be obtained for the quantitative SERS analysis. Light polarization should be considered 

because dimer structures have structural anisotropy which determines their polarization-

dependent optical properties as well as SERS EF distribution. Strong SERS signals were 

observed typically when the incident light was polarized parallel to the longitudinal axis of the 

dimer. This polarization-dependent property is seriously affected by the assembly orientation 

of the multimers (>trimers) owing to the more complex plasmonic couplings and plasmon 

modes. 

The relationships between plasmonic trimer symmetry and SERS EF distribution and 

polarization-resolved SERS properties have been analyzed through single particle-level SERS 
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measurements. Various trimeric nanostructures with ~1-nm interparticle gaps can be 

synthesized, such as L-shaped, acute triangular, obtuse triangular, nearly linear, and linear 

geometric assembly configurations.[121, 122] These different angular trimers show distinctive far-

field scattering properties, and the individual structures have different relationships with 

polarized light (Figure 1.6c). Although the gap sizes of the trimers are the same, the near-field 

intensities from these gaps are not symmetric and are largely dependent on both assembly angle 

and incident light polarization (Figure 1.6d). Consequently, the SERS EF distribution was 

rather broad (Figure 1.6d). Therefore, the correlation between the near-field, far-field, and 

SERS intensities from each trimer assembly structure is necessary, and nm-scale fine-tuning 

via a synthetic route should be required for more quantitative SERS results. 

Another example of single-particle quantitative SERS is the nanoparticle-on-mirror 

(NPoM) geometry in which plasmonic nanoparticles are placed on a plasmonic metal film 

(Figure 1.6e).[123] A NPoM geometry is prepared on a metal film, followed by the adsorption 

of a spacer layer which is composed of the molecules of interest, and deposition of the 

plasmonic nanoparticles on the spacer.[119] A well-defined sub-nanometer gap between the 

particle and film is controlled by the thickness of the spacer layer. This system satisfies the 

requirements for quantitative analyses: reproducibility from the well-defined gap, robust signal 

intensity on a single-particle or single-molecule level, and an experimental setup that facilitates 

theoretical calculations. Due to these advantages, quantifiable molecular information is 

available by using the signal intensity or peak shift measured from the NPoM construct. A 

deeper understanding of the molecular orientation effects can provide a guideline to fulfill 

quantitative SERS analyses. The molecular orientation with respect to the amplified local field 

Eloc affects the SERS signal intensity ISERS because the SERS intensity is given by Equation 

1[124, 125]: 

Ii
SERS ∝ |𝑬loc(rm, ωR,i) ∙ 𝑮(𝜴)𝜶𝒊𝑮

−𝟏(𝜴) ∙ 𝑬loc(rm, ω0)|
2

    (1) 
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where rm is the position of the molecule, ω0 is the frequency of the incident light, i is the 

vibrational mode index, ωR,i is the shifted frequency, 𝜶𝒊 is the Raman polarizability tensor, 

and 𝑮(𝜴)  is the rotation matrix that transforms 𝜶𝒊  to the molecular orientation in the 

laboratory frame 𝜴. Although this equation is related to single-molecule SERS, it can be 

applied to an ensemble spectrum with precise orientation-controlled molecules such as self-

assembled monolayers (SAMs). Early SERS experiments for molecular-level analyses were 

performed on a metal film coated with SAMs of small aromatic thiols.[126, 127] The adsorbate 

orientation was estimated from simple model calculations and validated by near-edge X-ray 

absorption fine structure (NEXAFS) studies.[127] However, it was challenging to obtain and 

quantitatively analyze local information from the ensemble-averaged spectrum of randomly 

oriented molecules on a metal film system. Recent studies have employed the NPoM geometry 

to address this issue.[128, 129] Combining density functional theory (DFT) calculations with 

NPoM was synergistic in estimating the orientation information. For example, through the use 

of an ultralow concentration approach, the polyfluorene-based copolymer (F8-PFB) was 

randomly oriented. Each single-particle SERS spectrum at the gap region exhibited different 

signal intensities at two major peaks, R1 (1,556 cm−1) and R2 (1,605 cm−1) (Figure 1.6e). The 

authors attributed the origin of the different signal intensities at each spot to the molecular 

orientation effect in the single-molecule regime. By using DFT calculations, Raman spectra 

and Raman polarizability tensors were obtained and the atomic displacements of each 

vibrational mode (R1 and R2) in the central fluorene units were demonstrated (Figure 1.6e). 

However, the calculation was performed in the molecular frame, not in the NPoM frame. It is, 

thus, necessary to use the model calculation to transform the calculated signal intensity into the 

laboratory frame. By combining the experimental and theoretical signal intensity at each mode, 

the orientation of the central fluorene unit at each gap region was estimated in the NPoM frame 

from the model calculation. Although this work did not provide experimental orientation 
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information and verify single-molecule detection, the combined theoretical and experimental 

analysis is a promising method to obtain orientation information in the laboratory frame. 

In addition to the orientation effect, the effect of the chemical environment is an 

important issue for quantitative SERS analysis. Molecules have specific vibrational patterns in 

which some atoms oscillate at the same frequency, known as vibrational normal modes. The 

environment surrounding the Raman-active molecules affects the vibrational normal mode and 

results in changes in the electronic configuration or vibrational frequencies due to the metal-

molecule or molecule-molecule interaction. Analyzing the spectral shift is the first step in the 

interrogation of reaction kinetics in plasmon- or photo-induced chemical reactions[130] or the 

investigation of host-guest binding properties for various guest molecules such as biologically-

significant molecules and hazardous molecules.[131] Similar analytical approaches were 

implemented to investigate the molecule-molecule interaction in NPoM.[131] The molecule of 

interest was cucurbit[7]uril (CB[7]) which can bind to a variety of guest molecules in its cavity. 

When a guest molecule fills the CB[n] cavity, the host molecule undergoes structural 

deformations by the carbonyl portal-guest interaction. The structural changes were easily 

observed by the peak shift in the ring scissor mode at 440 cm−1, when compared to the peak 

position in the absence of a guest. The spectral shift was investigated for eight different guest 

molecules and analyzed by spectral deconvolution. Characteristic trends in the shifts were 

correlated with whether the guest molecule interact with one portal or two portals. This study 

demonstrated the potential of host-guest chemistry in the NPoM platform for the study of the 

binding properties of biologically relevant molecules by single-particle SERS measurements. 

These results indicate that structure symmetry and the number of Raman molecules in 

hot-spots should be carefully considered for quantitative SERS analysis and applications. In 

particular, on biosensing platforms, light polarization-dependent SERS signal variations and 

near-field distributions are important issues for quantitative SERS sensing applications because 
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the uniformity and reproducibility of SERS signals determine the detection limits. The 

hierarchic-nanocube-assembly-based SERS (H-Cube-SERS) bioassay, which uses AuNC 

pentamer assemblies on magnetic particles, is a highly sensitive and reproducible method for 

detecting target DNA with a wide dynamic range from 100 aM to 10 pM.[132] It was also found 

that the flat surfaces of AuNCs generated wider and more uniform hot-spot regions, and thus 

the near-field response with light polarization is more uniform than the assembly of gold 

nanospheres with curved surfaces and small hot-spots. These quantitative features have the 

potential to be introduced for next generation quantitative SERS analytical tools, but it should 

be noted that there are several key issues that are difficult to be addressed in realization of 

quantitative SERS with inter-nanogap systems because the gaps in these systems can 

dynamically fluctuate in solution and the actual gap sizes in solution can be different from the 

gap sizes measured in transmission electron microscopy (TEM) with electron beam under a 

dried condition. 
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1.4. Conclusion and perspectives 

The light–matter interactions in plasmonic materials can be controlled by various 

factors such as the size and shape of the nanoparticles, their assembly structures, and the 

properties of the surrounding medium.[3, 5] In particular, the arrangement of nanoparticles in 

close proximity can induce unprecedented optical phenomena, including dramatic near-field 

enhancements that are typically not observed in isolated particles.[11, 22] In many cases, the 

coupling between nanoparticles is highly sensitive to the local structure of the nanoparticle 

junctions as well as the overall nanoparticle arrangement.[9] Therefore, the ability to accurately 

control the structure of plasmonic nanoparticle assemblies is pivotal to an in-depth 

understanding of their collective properties and the translation of the gained knowledge into 

new technologies. For the quantitative SERS studies, the design and fabrication of precisely 

structured plasmonic SERS nanoprobes over a large number of structures are the prerequisites 

to generate strong and uniform SERS signals, and single-particle-level analysis on the 

developed nanostructures is essential to correctly correlate the structure with SERS signals and 

properties. In the case of multimer structures,[121, 122] well-defined assembly strategies and full 

understanding, particularly with respect to EM field distribution, of the relationship between 

structure and optical properties should be established and carefully examined for quantitative 

SERS analysis because the SERS signal is greatly affected even by very small gap differences, 

angle distortions and nm-scale structural inhomogeneity. Again, although projected to be 

promising for a small number of selected structures and simulation studies, it is necessary for 

nearly all the structures in a system should generate very similar SERS signals in spectral 

features and intensity to reliably obtain detection and imaging signals from these structures. 

For plasmonic nanogap particles, it is important to study the inside of the gap and particle-by-

particle gap variations. Differences in the morphology and composition of the nanogaps result 
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in widely varying SERS features,[72, 133, 134] and modification details of Raman dyes and other 

molecular components in the gaps should be also finely controlled and studied, which are 

lacking in most cases. It is utterly challenging to control all these simultaneously and analyze 

for a large number of particles in a single-particle/single-molecular level. Recently, we 

revealed that a nanogap with metal residues can generate a highly enhanced EM field.[72] It was 

demonstrated that the composition of the nanogap, such as dielectric or metal, is an important 

factor for SERS signals. In addition, information about the orientation and position of 

molecules, particularly inside the gap, is needed and analyzed with theoretical studies for full 

understanding of SERS signals from individual nanoparticles, especially because even a slight 

change in the position or orientation of the Raman dyes in the nanogap can significantly affect 

detected SERS signals. Baumberg et al. reported that the alignment of the emitter with a 

perpendicular orientation in the nanocavity, based on host-guest chemistry, showed strong 

plasmon-exciton coupling, while the parallel-oriented emitter did not.[135] The results indicate 

the importance of the orientation of the dyes inside the nanogap. However, most of the studies 

for SERS, thus far, employed either the average or random molecular orientations in the 

nanogap, mainly due to difficulty in precisely and systematically controlling and analyzing the 

molecular orientations. Precise control of molecular orientation in the nanogap will address 

several key issues in quantitative SERS studies and open up new avenues for applications such 

as sensing, imaging, and therapeutic applications. Unlike traditional nanometer gaps, sub-

nanometer gaps with atomic-level protrusions, termed “picocavities”, showed extreme optical 

confinement in the plasmonic gap.[136, 137] Although picocavities can be a breakthrough in 

understanding Raman blinking and metal-molecule vibronic interactions and can be applied to 

various fields such as chemical reactions, single-molecule electrochemistry and electron 

transfers, the picocavity has issues in obstructing proper positioning target biological molecules 

(e.g., proteins) in this ultrasmall gap. Since single-molecule SERS detection for biomolecules 
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(i.e., hemoglobin) was successfully achieved two decades ago,[138] many quantitative SERS 

applications for various biomolecules including single-molecule DNA detection have been 

published[61]; however, information on the complex Raman spectroscopic fingerprint of the 

biomolecules themselves remains inconclusive, and an in-depth study of the relationship 

between the nanogap structure and the arrangement of biomolecules in a controlled manner is 

still lacking. All in all, influencing SERS signals by subtle changes in small compositional and 

structural details of nanostructures provides both opportunities and challenges in SERS. 

Addressing these will be a giant step forward for SERS in the direction of quantitative SERS, 

considering SERS is not practically useful with nearly no commercial applications in sensing 

and imaging, rather limited in qualitative studies for material characterization so far. Artificial 

intelligence can be also an interesting and powerful platform for quite complicated SERS 

spectra in biological samples and quantifying SERS signals from these samples both in vitro 

and in vivo environments. 
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Figures 

 

Figure 1.1. Synthetic methods of well-defined nanoparticle dimers, trimers, and assemblies 

with inter-nanogaps. (a) Synthetic scheme of Au/Ag dimers with tunable interparticle distance. 

(b) Synthesis and polarization-resolved far-field scattering of Au/Ag trimers of different 

configurations. (c) Preparation and extinction spectra of various types of nanoshells. 
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Figure 1.1. Plasmonic intra-nanogap formation strategies. (a) Synthetic scheme of DNA-based 

synthesis of Au-NNPs. (b)Synthetic strategy of dealloyed intra-nanogap particles (DIPs). (c) 

Schematic diagram of petal-like gap-enhanced Raman tags (P-GRETs). (d) Synthetic scheme 

of Pt@Au tripod nanoframe with circular shape and “Y” shape inner space. 
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Figure 1.2. Plasmonic systems by self-assembly strategies. (a) Au nanoparticle dimers with 

alkanedithiol crosslinkers, in which the linker’s length determines the interparticle distance and 

SPR band position. (b) Au nanoparticle rings assembled on ring-shaped DNA origami template. 

(c) Janus-type DNA-modified gold nanoparticles that are partially covered with an amphiphilic 

polymer, which can undergo regioselective binding with other DNA-modified nanoparticles. 

(d) Illustration and SEM image of vesicle-like assemblies of nanoparticles modified with semi-

fluorinated ligands. (e) Edge-edge and face-face Ag nanocube assemblies (scale bar: 100 nm). 

(f) Solvent-dependent self-assembly of amphiphilic Au nanorods modified with a longitudinal 

CTAB double layer and PS at both tips into side-to-side bundles, end-to-end chains, and side-

to-side vesicles. 
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Figure 1.4. Quantitative SERS with single-particle SERS analysis on plasmonic nanogap 

structures. (a) Key issues of quantitative SERS with nanoparticles and single-particle analysis. 

(b) The two different approaches of the single-particle SERS analysis on plasmonic nanogap 

systems for quantitative SERS 
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Figure 1.5. SERS enhancement factor distribution of plasmonic intra-nanogap structures. (a) 

Instrument setup for single-particle measurement, Au-NNPs, and distribution diagram of the 

measured EFs. (b) SERS EF distribution ad measured from individual DIPs and single-particle 

polarization-resolved plot of the SERS intensity. (c) Representative TEM image of P-GRETs 

and distribution diagram of the SERS intensity. (d) SERS signals from each NP and distribution 

diagram of the EF of the Pt@Au tripod nanoframes with “Y”-shaped inner space. 
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Figure 1.6. SERS properties of plasmonic inter-nanogap structures. (a) Synthetic scheme and 

enhancement factor distribution for a dimer of nanospheres with different interparticle gap 

distance. (b) Enhancement factor distribution for a dimer of nanocubes, which have different 

corner sharpness. (c) TEM, localized surface plasmon resonance, and SERS measurements of 

trimers with different angles. (d) Light polarization-resolved far-field and SERS data of the 

trimer nanostructures with different trimeric angles. (e) Schematic representation of the 

geometry (left) and cross section (right) of NPoM, SERS spectra of polyfluorene-based 

copolymer (F8-PFB) at 2.8 × 10−5 M (panel 1) on glass and 2.8 × 10−9 M (panel 2-6) in NPoM, 

and Atomic displacements of central fluorine units in F8-PFB for each vibrational modes (R1, 

R2), and calculated orientation of F8-PFB in the NPoM frame. 
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2.1. Introduction 

Plasmonic nanostructures have received considerable attention because of their unique 

optical properties (e.g., light harvesting,[139, 140] photothermal property,[141] distance-dependent 

spectral shift,[142, 143] near-field enhancement,[12, 13] chirality,[19, 20] and optical magnetism[21]). 

These properties originate from localized surface plasmon resonance (LSPR), a coherent 

oscillation of the free electrons of a nanoparticle on interaction with an electromagnetic 

wave.[144, 145] The LSPR phenomenon has been employed in applications including imaging,[146-

149] sensing,[62, 150-153] therapy,[141] and catalysis,[55, 56, 154-157] and is affected by factors such as 

the medium surrounding the nanoparticle, its size, shape, and composition, and the distance 

between nanoparticles in an assembly.[158, 159] To tailor the LSPR effect to a specific application, 

it is important to control these factors to create nanostructures with uniform properties. For 

instance, plasmonic structures with nanogaps are used for surface-enhanced Raman scattering 

(SERS) applications because of their ability to generate strong near-field amplification.[160, 161] 

Precise fabrication of these nanogap structures is required because the near-field intensity 

depends on conditions such as gap distance, gap structure, and surface roughness.[29, 60, 113, 162, 

163] A range of strategies for fabricating structures with nanogaps have been studied. From these 

studies, such structures can broadly be classified as intra-nanogap, nanocrevice, and inter-

nanogap types.[113, 162] The typical methods for defining the gaps in intra-nanogap and 

nanocrevice structures involve the surface modification of core particles with 

oligonucleotides,[70, 71, 164-166] polymers,[167-170] and organic molecules,[73, 171-174] or by 

introducing a metal and silica layer.[175] Because of the introduction of layers between the core 

particles, these structures experience additional growth. Hence, the gap morphology changes 

in different reaction conditions, which affects the strength of the near-field. In contrast, through 

controlled assembly based on appropriately-synthesized building block particles and ligands 
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(e.g., oligonucleotides, origami, polymers, and organic molecules), more homogenous 

nanogaps and localized near-fields (hot-spots) can be formed in inter-nanogap structures. The 

simplest way to create such structures is by assembly of dimers of isotropic particles such as 

nanospheres. In general, dimer and multimer structures are capable of improved signal 

enhancement because of the plasmonic coupling between individual nanoparticles. Studies on 

the variation of SERS amplification according to distance have demonstrated that the strongest 

near-field in a nanosphere dimers is formed within nanogaps of ~1 nm.[60-62, 113, 163, 176] However, 

the amplification obtained when particles are not perfectly spherical (e.g., oval and 

polycrystalline particles) differ greatly from the ideal case owing to changes in plasmonic 

coupling.[152, 177] Nanocubes, which have ultra-flat faces compared to nanospheres, have a large 

effective binding area. Thus, a stable assembly of face-to-face nanocube dimers provides the 

possibility of generating homogeneous hot-spots over a large area.[113, 120, 132, 178] Despite this 

structural advantage, SERS has rarely been conducted with gold nanocube (AuNC) assemblies. 

Here, the anisotropic geometry of nanocubes, which consist of edges and faces, makes it 

difficult to generate homogeneous hot-spots for reproducible and uniform SERS signals, as 

nanocube dimers can be assembled in non-favorable tilted configurations. Therefore, to 

perform quantitative SERS using AuNCs as building blocks, it is important to develop a 

method for more precise control of AuNC assembly. 

In this paper, we report a metal nanoframe–based ligand modification method for the 

formation of AuNC assemblies with highly uniform nanogaps (Figure 2.1). Our technique 

employs facet-selective Pd deposition and oxidative etching to enable face-selective DNA 

modification. The face-selective DNA-modified AuNCs (F-DNA-AuNCs) derived from this 

synthesis assemble in a favorable face-to-face orientation. In contrast, in addition to the face-

to-face orientation, all partial DNA-modified AuNCs (A-DNA-AuNCs) were assembled as 

face-to-edge and edge-to-edge dimers. Hence, using F-DNA-AuNCs, the yield of perfectly 
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face-to-face oriented dimer structures (with respect to all dimer structures) improved from 

56.3% to 93.3%. The results of single-particle-level SERS measurement showed that the 

average enhancement factor (EF) of our F-DNA-AuNC dimers was higher than 107. The EFs 

of the F-DNA-AuNC dimers also have a much narrower distribution than those of the A-DNA-

AuNC dimers, varying within one order of magnitude compared to two orders of magnitude. 

Hence, the homogeneity of the hot-spots ensured the generation of uniform signals during 

detection, even with a single-molecule Raman dye. The synthesis strategy devised in this study 

allows precise fabrication of homogeneous dimeric gap structures for quantitative SERS 

through site-selective ligand modification of AuNCs. 
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2.2. Experimental section 

Materials 

Cetyltrimethylammonium bromide (CTAB, ≥99%), benzyldimethyldodecylammonium 

chloride (BDAC), ascorbic acid (AA, ≥99%), gold chloride trihydrate (HAuCl4∙3H2O, ≥99.9%), 

potassium tetrachloropalladate (K2PdCl4, 98%), Tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP), sodium iodide (NaI, ≥99%), 1-butanol, Cy3-Alkyne, and potassium hydrochloride 

(KCN, ≥96%) were purchased from Sigma-Aldrich (USA). Hexadecylmethylammonium 

chloride (CTAC, 95.0%) and sodium dodecyl sulfate (SDS, ≥98.5%) were purchased from 

Tokyo Chemical Industry (Japan). HPLC-purified oligonucleotides were purchased from 

Bioneer (Korea). Sodium borohydride (NaBH4, 97%) was DAEJUNG Chemicals and Metals 

(Korea). Sodium bromide (NaBr, 99%) was purchased from Samchun Pure Chemical (Korea). 

All the reagents were used without further purification. In all experiments, NANOpure water 

(Millipore, Milli-Q 18.2 MQ.cm) was used. 

 

Methods 

Synthesis of 63-nm Au nanocubes (AuNCs) 

The AuNCs were synthesized through the seed-mediated method with slight modifications 

from previously reported method.[120, 179] To synthesize the 63-nm-sized AuNCs, we performed 

the following two steps: 

1. Synthesis of 10-nm Au nanosphere seeds 

First, we prepared 1-2 nm Au seeds for 10-nm Au nanosphere seeds preparation. Aqueous 

solution of CTAB (200 mM, 5 mL) and HAuCl4∙3H2O (0.5 mM, 5 mL) were mixed in 100-mL 
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round bottom flask. Freshly prepared ice-cold NaBH4 solution (10 mM, 600 μL) was quickly 

injected in the flask and the reaction solution was stirred for 3 min and incubated at 27 ℃ for 

2 h. Next, CTAC (200 mM, 2 mL), AA (100 mM, 1.5 mL), and previous prepared 1-2 nm Au 

seeds solution (50 μL) were added sequentially into a 10-mL vial. And then, HAuCl4∙3H2O 

(0.5 mM, 2 mL) was quickly injected into the vial and the solution was stirred at 27 ℃ for 15 

min. After reaction, 10-nm Au nanosphere seeds were centrifuged (17,000 rpm, 25min) and 

redispersed twice in CTAC solution (20 mM, 1 mL). 

2. Synthesis of 63-nm Au nanocubes 

To obtain 63-nm AuNCs, an aqueous solution of CTAC (100 mM, 30 mL), NaBr (13 mM, 150 

μL), 10-nm Au nanosphere seeds (5.6 O.D., 20 μL), and AA (10 mM, 1.95 mL) were mixed in 

100-mL vial at 27 ℃ under magnetic stirring (500 rpm) for 5 min. Next, HAuCl4∙3H2O solution 

(0.5 mM, 30 mL) was quickly injected into the vial and stirred for 15 min at 500 rpm. The 

products were washed and redispersed twice in distilled water by centrifugation (9,000 rpm, 5 

min). For a high yield of the 63-nm AuNCs, the products solution (5 O.D., 5 mL), CTAB (20 

mM, 5 mL), and BDAC (100 mM, 10 mL) were mixed and left undisturbed overnight at 30 ℃. 

The supernatants were removed carefully and the pellets were washed twice with distilled water 

by centrifugation (9,000 rpm, 3 min). 

 

Synthesis of AuNC-Pd core-nanoframes (AuNC-PdNFs)  

To prepare the AuNC-PdNFs, an aqueous solution of 63-nm AuNCs (1 O.D., 100 μL), CTAB 

(10 mM, 100 μL), K2PdCl4 (1 mM, 2.5 μL), and AA (5 mM, 50 μL) were mixed and incubated 

at 60 ℃ oven for 1 h. After reaction, AuNC-PdNFs were centrifuged (9,000 rpm, 3min) and 

redispersed twice in SDS solution (0.1 wt%, 100 μL). 
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All partial DNA modification of AuNC-PdNF (A-DNA-AuNC-PdNFs) and AuNCs (A-

DNA-AuNCs) 

To prepare the AuNC-PdNF-All DNA (A-DNA-AuNC-PdNF) and AuNC-All DNA (A-DNA-

AuNC), Cy3-labeled DNA strands (DNA sequence: 5’-TCCATGCAACTCTAA-A10-Cy3-SH-

3’) were modified on the surface of AuNC-PdNFs through the instant dehydration in butanol 

(INDEBT) method with minor modification.[180] The prepared AuNC-PdNFs (192 pM, 10 μL), 

TCEP (10 mM, 2 μL), DNA (100 μM, 5 μL), and 1-butanol (200 μL) were mixed for 10 s and 

purified four times with SDS solution (0.1 wt%, 50 μL) by centrifugation (9,000 rpm, 3 min). 

To prepare the AuNC-PdNF-All DNA* (A*-DNA-AuNC-PdNF) and AuNC-All DNA* (A*-

DNA-AuNC), we simply replaced the DNA strands (DNA* sequence: 5’-

TTAGAGTTGCATGGA-A10-SH-3’) during the preparation of the A-DNA-AuNC-PdNF and 

A-DNA-AuNC. 

 

Preparation of face-selective DNA modified AuNCs (F-DNA-AuNCs) 

To prepare F-DNA-AuNCs and F*-DNA-AuNCs, selective oxidative etching of Pd nanoframe 

from A-DNA-AuNC-PdNFs and A*-DNA-AuNC-PdNFs was conducted with NaI. The 

prepared A-DNA-AuNC-PdNFs (19.2 pM, 100 μL) and NaI (50 mM, 100 μL) were mixed and 

incubated at 60 ℃ oven for 24 h. After reaction, F-DNA-AuNCs (or F*-DNA-AuNCs) were 

collected by centrifugation (9,000 rpm, 3 min) and redispersed four times in SDS solution (0.1 

wt%, 100 μL). To prevent non-specific binding during hybridization of F-DNA-AuNCs (or F*-

DNA-AuNCs), protecting DNA strands (DNA sequence: 5’-HS-A10CCCCCCCCCC-3’) were 

modified. The mixture solution of F-DNA-AuNCs (or F*-DNA-AuNCs) (19.2 pM, 100 μL), 

TCEP (10 mM, 2 μL), protecting DNA (100 uM, 5 μL), and PBS (0.6 M, 107 μL) was incubated 

at 60 ℃ for 2 h and washed (9,000 rpm, 3 min) four times with DIW (100 μL). 
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Quantification of DNA-loading capacity of F-DNA-AuNCs, A-DNA-AuNCs, and F-single 

DNA-AuNCs 

The F-DNA-AuNCs and A-DNA-AuNCs were modified with Cy3-labeled DNA strands by 

following the same procedure described above. KCN (100 mM, 10 μL) and AuNCs (10.6 pM, 

40 μL) were mixed and left at 90 ℃ for 5 min to dissolve the F-DNA-AuNCs and A-DNA-

AuNCs. The fluorescence signals were measured by fluorophotometer (λex = 488 nm and λem 

= 562 nm). The number of Cy3-labeled DNA strands on F-DNA-AuNCs and A-DNA-AuNCs 

was calculated from a standard curve obtained by using the same DNA strands with known 

concentrations (Figure 2.10). 

 

Preparation and Cy3-DNA quantification of face-selective single DNA modified AuNCs 

(F-single DNA-AuNCs) 

To prepare the AuNC-PdNF-single Cy3-DNA (single DNA-AuNC-PdNF), Cy3-labeled DNA 

strands and protecting DNA strands were modified on the surface of AuNC-PdNFs through the 

instant dehydration in butanol (INDEBT) method with minor modification.[180] The prepared 

AuNC-PdNFs (1.92 nM, 10 μL), TCEP (10 mM, 5 μL), Cy3-DNA (1 μM, 1 μL), protecting-

DNA (100 μM, 4.99 μL), and 1-butanol (1 mL) were mixed for 10 s and purified four times 

with SDS solution (0.1 wt%, 1 mL) by centrifugation (9,000 rpm, 3 min). Next, to prepare F-

single DNA-AuNCs, selective oxidative etching of Pd nanoframe from single Cy3-DNA-

AuNC-PdNFs was conducted with NaI. The prepared single Cy3-DNA-AuNC-PdNFs (19.2 

pM, 1 mL) and NaI (50 mM, 1 mL) were mixed and incubated at 60 ℃ oven for 24 h. After 

reaction, F-single DNA-AuNCs were collected by centrifugation (9,000 rpm, 3min) and 

redispersed four times in SDS solution (0.1 wt%, 1 mL). 
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The F-single DNA-AuNCs was modified with Cy3-labeled DNA strands by following the same 

procedure described above. AuNCs (2. 76368 nM, 50 μL) were collected by centrifugation 

(9,000 rpm, 5min) and redispersed in KCN (1 M, 50 μL), and left at 60 ℃ for overnight to 

dissolve the F-single DNA-AuNCs. The fluorescence signals were measured by 

fluorophotometer (λex = 488 nm and λem = 562 nm). The number of Cy3-labeled DNA strands 

on F-single DNA-AuNCs was calculated from a standard curve obtained by using the same 

DNA strands with known concentrations (Figure 2.19b). 

 

Single-particle level SERS measurement 

1. Dimer preparation 

The F-DNA-AuNC dimers and A-DNA-AuNC dimers were prepared by DNA hybridization 

for 30 min mixing in 0.3 M PBS and the sample (5 μL) was loaded on a silicon-dioxide support 

film (Tedpella, 21530-10) and dried. Finally, we washed the grid with 0.3 M PBS to remove 

surfactant. The dimer position was mapped with TEM at a low magnification (×2500) and high 

magnification images of dimers were obtained after obtaining the SERS signal. 

2. SERS measurement 

SERS measurements were conducted using an inverted microscopy system (Ntegra, NTMDT) 

and an objective lens (UNPLAN, 100×, NA = 1.3, oil). The Rayleigh scattering images from 

dimers were acquired by a 633 nm laser and detected by a photomultiplier tube and correlated 

with TEM images. Each SERS signal was acquired by exposure on linearly polarized 633 nm 

laser (32.7 μW) for 30 s and detected by a charge-coupled device (CCD) cooled to -70 ℃ 

(Andor Newton DU920P BEX2-DD). The SERS enhancement factors were calculated by 

comparing signals from each dimer (IGap) and 832.32 μM Cy3-alkyne bulk solution (IBulk) using 
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the following equation (Equation 1),[181] 

𝐸𝐹 =
𝐼𝐺𝑎𝑝𝑁𝐵𝑢𝑙𝑘

𝐼𝐵𝑢𝑙𝑘𝑁𝐺𝑎𝑝
     (1) 

where NGap and NBulk are the number of Cy3 molecules in the nanogap of each dimer and the 

solution within the effective excitation volume, respectively. The IBulk was obtained by using 

633 nm laser (11.5 μW) through an objective lens (Olympus, 20×, NA = 0.4, air) with 

acquisition time of 180 s. To estimate NBulk, the effective excitation volume was assumed to be 

a cylinder. The radius (r) was 2 μm which is calculated by a knife-edge method with silicon 

wafer.[182] The height (h) was calculated by equation (Equation 2), 

ℎ

2𝑟
=

3.28𝜂

𝑁𝐴
     (2) 

where η is the refractive index of the medium of the Cy3-alkyne solution (DMSO, 1.479). The 

NGap was calculated from the hot spot area and DNA quantification result (Figure 2.10, 2.11, 

and 2.18). 

 

Simulation for AuNC dimers 

Finite Element Method (FEM) simulations were conducted by using COMSOL Multiphysics. 

Linearly polarized plane-wave excitation was used. The particle size, nanogap size, and 

orientation of AuNC dimer models were based on TEM image analysis. The nanogap between 

AuNCs was about 2 nm. The surrounding medium of AuNC dimers was modelled in air. 

 

Instruments 

TEM and EDS images were obtained by JEM-2100 (JEOL) and JEM-F200 (JEOL) systems at 
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the National Center for Inter-University Research Facilities (NCIRF), Korea. Ion 

chromatography data and SEM images were obtained by ICS-3000 (Dionex) and SUPRA 55VP 

(Carl Zeiss), at National Instrumental Center for Environmental Management (NICEM), Korea, 

respectively. UV-Vis spectra were obtained by Agilent 8453 spectrophotometer (Agilent 

Technologies). Fluorescence signals were obtained by Spectrofluorometer FS5 (Edinburgh 

Instruments). 
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2.3. Results and discussion 

Preparation of AuNC building blocks 

To obtain highly uniform dimer building blocks, we prepared AuNCs with an edge 

length of 63.0 ± 4.08 nm and edge radius of 8.46 nm using a combination of seed-mediated 

synthesis and depletion-mediated flocculation (Figure 2.2), as detailed in the Experimental 

Section.[120, 179] These AuNCs acted as the core on which palladium atoms were further reduced 

to form a nanoframe. Here, the AuNCs were incubated with cetyltrimethylammonium bromide 

(CTAB), Pd precursor (K2PdCl4), and ascorbic acid (AA). In this step, bromide ions determine 

the selectivity of palladium nanoframe (PdNF) growth because they are more favorably 

adsorbed on the AuNC’s (100) facets than on the (110) and (111) facets (Figure 2.3a).[120, 183-

185] Following incubation, the corner radius of the nanoparticles had reduced from 8.46 nm to 

1.61 nm (Figure 2.3b and 2.3c), suggesting the successful formation of AuNC-PdNF 

complexes. The results of energy dispersive spectroscopy (EDS) mapping indicate that Pd 

surrounds the edge and corner regions of the AuNCs, and that a certain amount Pd is present 

to form a complete nanoframe (Figure 2.3d, 2.4, and 2.5). Similarly, Pd and Au overlap in 

7.78 nm and 9.15 nm wide regions on opposing sides of the EDS line scanning profile, 

confirming that Pd was not deposited onto the face of the AuNC (Figure 2.3e). 

To demonstrate the effect of bromide ions on nanoframe growth, we varied the 

concentration of NaBr used in AuNC synthesis from 0 to 10 mM, while the other conditions 

were kept constant. Changes in the structure and extinction spectra of the AuNC-PdNF 

complexes were analyzed using transmission electron microscopy (TEM) and UV-vis 

spectroscopy (Figure 2.6a, 2.6b, 2.6c, and 2.6d). For bromide concentrations less than 10 mM , 

Pd growth was in the form of random islands, and the extinction spectra of the AuNC-PdNF 

complexes were broader. These effects are because, in the relative absence of bromide ions, 
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the (100) facet of the AuNCs could not be completely blocked, as Cl ions from 

cetyltrimethylammonium chloride (CTAC) have a smaller facet-selective passivation property. 

This confirms that a minimum of 10 mM of NaBr is required to create AuNC-PdNF complexes 

with homogenous anisotropy. 

To verify the effect of surfactant type on Pd growth, we substituted sodium dodecyl 

sulfate (SDS), polyvinyl pyrrolidone (PVP), and Tween 20 for CTAB in the K2PdCl4 

incubation step. TEM investigation of this process indicates that with these surfactants, there 

was no growth or random uncontrollable Pd growth (Figure 2.7a, 2.7b, 2.7c, and 2.7d). 

Although the concentration of bromide ions was the same, zeta potential measurements indicate 

that the surface charge of the AuNCs was different for each surfactant (Figure 2.8). While 

AuNCs in CTAB have a positive surface charge, in the other surfactants investigated, the 

AuNCs had a negative or near-zero surface charge. This difference in surface charge explains 

the hindered Pd growth; the negatively-charged Pd precursor ions (PdCl4
2-) are unable to 

approach the AuNCs, since they are charged similarly (Figure 2.8). For similar reasons of 

colloidal stability, prior to DNA modification, the AuNC-PdNFs were centrifuged and 

dispersed in an SDS solution to prevent particle aggregation as DNA has a negative charge. 

We then attached Cy3-labeled thiolated DNA strands or complementary DNA strands (labelled 

with a “*” in this paper) to the AuNC-PdNFs using a slightly modified version of the instant 

dehydration in butanol (INDEBT) protocol[180] (see Experimental Section for further details) 

to form all partial DNA-modified AuNC-PdNFs (A-DNA-AuNC-PdNFs).  

To prepare the F-DNA-AuNCs, Pd atoms are removed from A-DNA-AuNC-PdNFs 

with iodide ions in an oxidative etching process (Figure 2.9a). As iodide ions (I-) are a strong 

reducing agent, they react with oxygen to form iodine (I2), which is then converted to triiodide 

(I3
-) by reacting with I- unused in the reaction with oxygen.[186-190] Triiodide ions (Eº = 0.54 V) 

have a higher standard reduction potential than PdI4
2- (Eº = 0.18 V). Conversely, this potential 
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is similar to that of AuI4
- (Eº = 0.56 V) meaning that under appropriate conditions, Pd 

nanoframes can be etched from A-DNA-AuNC-PdNFs without affecting the Au regions. 

Hence, the extinction spectra for F-DNA-AuNCs are similar to those for A-DNA-AuNCs 

(Figure 2.9b). After etching, the corner regions of the A-DNA-AuNC-PdNFs changed from a 

sharp to a round shape (Figure 2.9c and 2.9d). EDS mapping confirmed that this was because 

Pd were removed from the edges of the complex without changing the shape of the core AuNCs 

(Figure 2.9e). To demonstrate the selectivity of the iodide ions, we etched A-DNA-AuNCs 

and A-DNA-AuNC-PdNFs with varying concentrations of NaI (Figure 2.10a, 2.10b, and 

2.10c). Etching A-DNA-AuNC particles with 50 mM of NaI removed Au from corners and 

edge regions where the DNA densities were relatively low. Consequently, spherical shapes 

were formed following etching (Figure 2.10a).  In contrast, although some Au was removed 

from the A-DNA-AuNC-PdNFs, the PdNF was preferentially stripped from the complex, even 

with higher concentrations of NaI (Figure 2.10b and 2.10c). However, the TEM images 

(Figure 2.10c) indicate that the structure of the AuNCs was broken because the speed of Pd-

selective etching could not be controlled precisely. Figure 2.11 confirms that the corner radius 

of the A-DNA-AuNC-PdNFs reverted from 1.61 nm to 8.42 nm following etching with the 

appropriate NaI concentration.  

After Pd etching, the number of modified Cy3-labeled DNA strands per probe was 

quantified using a combination of inductively coupled plasma mass spectroscopy (ICP-MS) 

and fluorescence measurements (Figure 2.12). Here, we estimated that 7,343 DNA strands 

were attached to each A-DNA-AuNC, and 4,430 DNA strands were attached to each F-DNA-

AuNC (Figure 2.13). The number of DNA strands attached to the F-DNA-AuNCs was 60.33%  

of the number of strands attached to the A-DNA-AuNCs. From EDS analysis, the ratio of the 

surface area of exposed Au to the total surface area of an AuNC-PdNF complex is 60.53%. 
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The similarity between these two ratios thus indicates that after Pd-selective etching, DNA is 

only present on the face regions of the AuNCs. 

Dimer formation by DNA hybridization 

To stabilize the F-DNA-AuNCs and complementarily-modified particles (F*-DNA-

AuNCs) and prevent non-specific binding, we attached protective DNA strands without 

sequence on the AuNCs by incubating them in a 0.3 M phosphate-buffered saline (PBS) 

solution (10 mM phosphate buffer, 0.3 M NaCl, pH 7.4). Here, the protective DNA strands 

were designed to have shorter sequences, such that they were incapable of forming 

complementary bonds with AuNC-attached DNA strands and interfering with hybridization. 

The advantage of cube dimers is their potential to generate relatively uniform electric 

field enhancement in a nanogap. However, such uniform enhancement requires dimers with a 

face-to-face orientation. To ensure they were arranged in this preferential orientation, in this 

study, the cube dimers were assembled based on hybridization of the F-DNA-AuNCs and F*-

DNA-AuNCs synthesized using the metal nanoframe-based ligand modification method. TEM 

images of the nanostructures after hybridization confirm the assembly of dimers in perfect face-

to-face and imperfect face-to-face orientations (Figure 2.14a). In contrast, the dimers formed 

based on hybridization of A-DNA-AuNCs and A*-DNA-AuNCs were assembled with no 

preferential orientation (Figure 2.14b). Hence, with the A-DNA-AuNCs, the proportion of 

face-to-face dimers was only 56.3%. Conversely, 93.3% of the dimers formed using F-DNA-

AuNCs were in the face-to-face orientation (Figure 2.14c). 

In addition to controlled dimer orientation, complete structural uniformity requires that 

monomers and multimers are separated from dimers after hybridization. In this study, we 

separated monomers from dimers by size using gel electrophoresis (Figure 2.15a, 2.15c, and 

2.15d), and extracted the monomers and dimers from their respective electrophoresis bands 

through electroelution with a dialysis membrane (Figure 2.16). Based on TEM analysis, we 
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estimate that using our synthesis process, the yield of AuNC dimers is 80.75% (Figure 2.15b, 

2.15c, and 2.15d). The size of the nanogaps in these dimers was 2.04 ± 0.81 nm. 

Analysis of Raman signal enhancement 

To investigate the near-field enhancement of our AuNC dimers, we analyzed the SERS 

signals of Cy3 molecules trapped within their nanogaps at the single-particle level. To 

determine their location and structure, we loaded the AuNC assemblies onto an SiO2-supported 

TEM grid, mapped these locations using TEM, and correlated these locations to the 

photomultiplier tube (PMT) images recorded by the Raman measurement setup (Figure 2.17a, 

and 2.18). We subsequently conducted measurements in these locations, to obtain the Raman 

signals amplified by the dimer gap, as shown in Figure 2.17b. This image also includes the 

Raman signal of bulk Cy3 dye, for comparison. The level of signal enhancement provided by 

each dimer was calculated based on the intensities of the Raman peaks at 1588 cm-1 and the 

number of Cy3 molecules able to fit within the gaps of the dimer structures confirmed through 

TEM (Figure 2.19). Our numerical simulations suggested that F-DNA-AuNC dimers have a 

narrower distribution of SERS EFs than A-DNA-AuNC dimers (Figure 2.17c) because of the 

homogeneity of the hot-spots in the former structure. From measurements conducted using a 

linearly polarized laser aligned in the longitudinal direction of the dimer and along the random 

axis of the dimers (Figure 2.17d and 2.20), the average EFs for F-DNA-AuNC dimers (1.92 

× 107 (longitudinal dimer axis) and 6.63 × 106 (random axis)), were slightly lower than those 

for A-DNA-AuNC dimers (5.35 × 107 (longitudinal dimer axis) and 9.13 × 107 (random axis)). 

However, we observed that the SERS EFs for F-DNA-AuNC dimers were distributed in much 

narrower ranges (7.91 × 106–5.06 × 107 (longitudinal axis) and 2.08 × 106–2.54 × 107 (random 

axis)) than those for A-DNA-AuNC dimers (1.63 × 106–4.08 × 108 (longitudinal axis) and 1.29 

× 106–5.45 × 108 (random axis)), in agreement with our simulations. Polar plots depicting the 

variation of the SERS signal of each dimer with incident laser polarization from experiments 
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and simulations showed that maximum SERS enhancement occurred in the longitudinal dimer 

axis. However, the signal amplification of the face-to-face dimer is less affected by changes in 

the angle of laser polarization than the amplification provided by the face-to-edge dimer 

(Figure 2.21a, 2.21b, 2.21c, 2.21d, and 2.22).  

Their homogeneous hot-spots and high SERS enhancement values (reaching up to 

~107) suggest that the perfectly face-to-face AuNC dimers fabricated in this study can provide 

sufficient signal amplification for single-molecule level detection.[120, 181] To verify this, we 

prepared face-single DNA-AuNCs, F-DNA-AuNCs modified with a single Cy3-tagged DNA 

strand. Here, we attached the Cy3 molecule to the AuNC by adjusting the ratio of the protective 

DNA molecules to Cy3-DNA molecules during incubation (Figure 2.23a). From fluorescence 

measurements, an average of ~1.77 Cy3-DNA molecules were attached to each AuNC (Figure 

2.23b). The uniformity of the signals generated in single molecule SERS experiments 

(SMSERS) was evaluated based on the spectra produced by 15 perfectly face-to-face AuNC 

dimers. Here, the spectra produced by the individual face-to-face dimers were consistent with 

each other, owing to their homogeneous nanogap structure (Figure 2.23c). A representative 

SERS spectrum of a Cy3 molecule in a dimer gap is shown in Figure 2.23d. We assessed the 

reproducibility of SERS amplification in SMSERS experiments based on the Raman peak at 

1588 cm-1. For the dimers analyzed in our study, the relative standard deviation of this peak 

intensity was 3.97% (Figure 2.23e). This reproducible signal amplification thus indicates that 

our site-selective surface modification of AuNCs is a viable strategy for more uniformly fine-

tuning the optical properties of plasmonic assemblies. 
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2.4. Conclusion 

In this study, we developed a new metal-nanoframe-based ligand modification method 

for the formation of uniform inter-nanogap structures (perfectly face-to-face assembled AuNC 

dimers). Here, we controlled the growth rate of each AuNC facet using the concentration of 

bromide ions. Hence, on incubation with the Pd precursor, a palladium nanoframe was grown 

selectively at the corners and edges of the AuNCs. This nanoframe acted as a protective barrier 

such that, after DNA modification and Pd-selective etching with iodide ions, DNA strands were 

attached selectively to the faces of AuNCs. We observed a correlation between the ratio of Cy3-

labeled DNA strands on selectively-modified and fully-modified AuNCs (F-DNA-AuNC/A-

DNA-AuNC) and the ratio of the area of exposed gold surfaces on the corresponding 

nanoparticle prior to DNA attachment (AuNC-PdNF/AuNC), confirming the barrier effect of 

the PdNF. Because of this selectivity, 93.3% of the dimers formed through hybridization of the 

F-DNA-AuNCs with complementarily-modified AuNCs were assembled in the favorable face-

to-face orientation with uniform nanogaps of ~2 nm. In contrast, only 56.3% of the dimers 

created using non-selectively modified A-DNA-AuNC dimers were assembled in this 

orientation. Because of this structural uniformity, there was remarkably low variance in the EFs 

of the F-DNA-AuNCs dimers at 1588 cm-1, which ranged from 7.91 × 106 to 5.06 × 107. 

Similarly, the signal amplification obtained with F-DNA-AuNC dimers (ranging from 2.08 × 

106 to 2.54 × 107) was more resistant to changes in laser polarization angle than that obtained 

with A-DNA-AuNC dimers (ranging from 1.29 × 106 to 5.45 × 108). These results indicate that 

perfectly assembled face-to-face AuNC dimers exhibit characteristics suitable for single 

molecule SERS measurement, which we demonstrated in experiments attempting to detect a 

single Cy3-labeled DNA strand using the localized near-field within a dimer’s nanogap. 

Analysis of the spectra obtained with 15 different AuNC dimers confirmed that the F-DNA-
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AuNC structures provided consistent SERS amplification. Hence, our surface-selective 

modification method enables the generation of highly uniform predictable signal amplification, 

which has been a major challenge that has hindered the adoption of nanocube-based assemblies 

in sensitive quantitative SERS applications. We believe that our synthesis strategy can be 

applied to other anisotropic geometries, enabling the creation of complex and sophisticated 

structures with novel optical properties. 
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Figures 

 

Figure 2.1. Schematic illustration of synthetic pathway and gel electrophoresis for the perfectly 

face-to-face oriented AuNC dimers with highly uniform nanogaps through metal frame-based 

DNA modification method. 
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Figure 2.2. Synthesis and refinement of AuNCs. TEM images (a) of refined AuNCs and with 

higher magnification (b). 
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Figure 2.3. Selective Pd growth onto the edge of AuNC. Schematic illustration of synthetic 

method for AuNC-Pd nanoframe (AuNC-PdNF) (a). TEM images of AuNC (b) and AuNC-

PdNF (c), and EDS elemental mapping and line scan profile of AuNC-PdNF (d, e). The scale 

bars are 20 nm. 
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Figure 2.4. TEM and EDS mapping images of AuNC-Pd nanostructures obtained by 

controlling the concentration of Pd precursor. The scale bars are 20 nm.  
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Figure 2.5. TEM and EDS mapping images of AuNCs and AuNC-PdNFs. The scale bars are 

20 nm.  

 



57 

 

 

Figure 2.6. Bromide-concentration-dependent Pd growth. Representative TEM images (a-c) 

and normalized extinction spectra (d) of AuNC-Pd nanostructures synthesized with controlling 

NaBr concentration from 0 to 10 mM. The scale bars are 20 nm. 
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Figure 2.7. The effect of surfactant on Pd growth. The TEM images after reaction with CTAB 

(a), SDS (b), PVP (c), and Tween 20 (d). The scale bars are 20 nm. 

  



59 

 

 

Figure 2.8. The effect of surfactant on Pd growth. Zeta potential measurements of AuNC 

solutions with different surfactants. 
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Figure 2.9. Selective Pd etching from AuNC. Schematic illustration of Pd etching method for 

the synthesis of AuNC-Face DNA (a). Normalized extinction spectra after Pd etching (b). TEM 

images of AuNC-Pd-All DNA (c) and AuNC-Face DNA (d), and EDS elemental mapping of 

AuNC-Face DNA (e). The scale bars are 20 nm.  
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Figure 2.10. The effect of iodide concentration on Pd etching. TEM images of A-DNA-AuNC 

(a), A-DNA-AuNC-PdNF (b, c) after Pd etching with different concentration of NaI. The scale 

bars are 20 nm. 
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Figure 2.11. TEM images and corner radius diagram of nanocubes after Pd growth or Pd 

etching. The scale bars are 20 nm. 
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Figure 2.12. Quantification of Cy3-labeled DNA strands of site-selective DNA-modified 

AuNCs. Red line indicates a standard curve of fluorescence intensities for known 

concentrations of Cy3-labeled DNA strands (blue dots). Fluorescence intensities of DNA 

detached from A-DNA-AuNCs (black dot), F-DNA-AuNCs (green dot) are indicated on the 

standard curve. 
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Figure 2.13. Exposed gold surface area for AuNC and AuNC-PdNF, and the number of DNA 

strands for A-DNA-AuNC and F-DNA-AuNC. 
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Figure 2.14. Selective oriented assembly of AuNC dimers. TEM images (a, b) and population 

ratio (c) of AuNC dimers after hybridization with using F-DNA-AuNC and A-DNA-AuNC. 

The scale bars are 500 nm.   
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Figure 2.15. Agarose gel electrophoresis of AuNCs after DNA hybridization. Gel bands image 

after electrophoresis of AuNCs hybridization solution (a). Percent yields for AuNC dimers after 

electroelution from dimer gel band (b). TEM images of gel-isolated monomer (black box) (c) 

and dimer (blue box) (d). The scale bars are 500 nm.   
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Figure 2.16. Electroelution method of AuNC monoers and AuNC dimers from agarose gel after 

gel electrophoresis. 
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Figure 2.17. SERS results of AuNC dimers by correlating TEM and photomultiplier (PMT). 

TEM and PMT images of the same observed area (a). Representative Raman spectrum of bulk 

Cy3 solution (black) and SERS spectrum from a AuNC dimer (red) (b). Simulated near-field 

enhancement for face-face, asymmetric face-face, face-edge, and edge-edge (c), Single-particle 

SERS enhancement factor distribution for the Raman peak at 1588 cm-1 of controlled and 

random assembly dimers with a linearly polarized laser (d). The scale bars are 500 nm. 
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Figure 2.18. Simplified schematic of TEM-correlated Raman measurement. 
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Figure 2.19. Effective hot-spot regions with Cy3-labeled DNA strands of AuNC dimers with 

the different assembly orientations. 
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Figure 2.20. Single-particle SERS enhancement factor distribution for the Raman peak at 1588 

cm-1 of F-DNA-AuNC dimers and A-DNA-AuNC dimers with longitudinal axis and random 

axis aligned laser. 
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Figure 2.21. Normalized SERS signal polar plot of AuNC dimers. The representative TEM 

images and polar plot of SERS signal at 1588 cm-1 and simulation results of face-to-face (a, b) 

and face-to-edge dimers (c, d). All the results in these figures were taken with 633 nm excitation 

wavelength, 32.7 μW laser power, 30s acquisition time, and 100× objective lens. 
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Figure 2.22. Simulation results of perfectly face-to-face assembled AuNC dimer and face-to-

edge AuNC dimer. All the results in these figures were taken with 633 nm excitation 

wavelength. 
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Figure 2.23. Single-molecule level SERS results of face-face AuNC dimers. Schematic 

illustration of synthetic pathway for the single-molecule level SERS from face-face dimer (a). 

Quantification of Cy3-labeled DNA strands of face-selective single DNA-modified AuNCs (b). 

Red line indicates a standard curve of fluorescence intensities for known concentrations of 

Cy3-labeled DNA strands (blue dots). Fluorescence intensity of DNA detached from F(single)-

DNA-AuNCs (green dot) is indicated on the standard curve. 15 SERS spectra of individual 

face-face dimers (c). SERS spectrum of single-particle dimer marked with a dotted box in part 

c (d). Single-particle SERS intensity and distribution for the Raman peak at 1588 cm-1 of each 

face-face dimer with a linearly polarized laser (e). 

 

 

 

 



75 

 

 

 

Chapter 3. Silica-based Nanogap 

Fixation of AuNC Assemblies for Highly 

Uniform and Reproducible Surface-

Enhanced Raman Scattering 
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3.1. Introduction 

Light is highly localized within the nanogaps between particles in plasmonic hot-spots, 

allowing surface-enhanced Raman scattering (SERS) signals with enhancement factors (EFs) 

of several orders of magnitude.[60, 113, 191] The SERS intensities and EF values are significantly 

sensitive to minor changes (e.g., gap distance, roughness, and the number of bridges) in the 

gap structures.[192-194] Therefore, the precise fabrication of nanogaps with homogeneous hot-

spots is essential to achieve uniform and reproducible SERS signals with high EFs.[60, 113] In 

contrast to the intra-nanogap and crevice structures that were grown after the introduction of 

layers (e.g., DNA,[164-166, 195, 196] silica,[175] polymer,[167-170] and small molecules[73, 171-174]), 

controlled assemblies based on precisely synthesized building block particles provide more 

homogeneously localized near-field hot-spots. It has been reported that face-to-face Au 

nanocube (AuNC) dimers can generate uniform hot-spots over large areas through stable 

assembly.[120, 132, 178] However, owing to the anisotropic structures of the AuNCs, it is 

challenging to control the assembly accurately.[102, 197, 198] Additionally, nanocubes with very 

flat faces have rarely been studied for controlled AuNC assembly. We previously developed a 

metal nanoframe-based ligand modification method and improved the face-to-face dimer yield 

to 93.3% through face-selective DNA modification of AuNCs. The high-yield formation of 

these face-to-face dimers exhibited highly uniform SERS amplification factors and enabled 

reproducible SERS signals even at the single-molecule level. However, SERS fluctuations 

occurred in the dry and solution states due to the rigidity of the ligand for maintaining the 

assemblies. Several methods have been developed to control the interparticle distance;[38, 176, 

192, 199, 200] in particular, additional growth of silver shells in DNA-linked dimers was reported 

to enhance the EF value and SERS signal. The nanogap between the Au@Ag dumbbell 

structures formed in this way could be controlled to a certain level, and the highest EF value 
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was obtained at a gap of ~1 nm.[176, 192] However, the non-uniformity of Ag growth led to a 

deviation in the SERS signal. Therefore, precise control and fixation of the nanogap distance 

in AuNC dimers are essential to achieve consistent SERS intensity for the assemblies. 

In this study, we developed a facile strategy to fix the interparticle distance using silica 

coating (Figure 3.1) after face-to-face assembly of face-selective DNA-modified AuNCs (F-

DNA-AuNCs). Compared to the nanogap of uncoated dimers (~2 nm), silica coating accurately 

controlled the gap to approximately 1 nm, significantly improving the EF. More importantly, 

the independence of the SERS signal from the polarization angle and external environment 

(e.g., glutathione) was dramatically enhanced. In this case, consistent and quantitative SERS 

signals can be obtained in dry and solution states, facilitating the practical bio-applications of 

AuNCs. 
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3.2. Experimental section 

Materials 

Cetyltrimethylammonium bromide (CTAB, ≥99%), benzyldimethyldodecylammonium 

chloride (BDAC), ascorbic acid (AA, ≥99%), gold chloride trihydrate (HAuCl4∙3H2O, ≥99.9%), 

potassium tetrachloropalladate (K2PdCl4, 98%), Tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP), sodium iodide (NaI, ≥99%), 1-butanol, Cy3-Alkyne, and potassium hydrochloride 

(KCN, ≥96%), tetraethyl orthosilicate (TEOS, ≥99%) were purchased from Sigma-Aldrich 

(USA). Hexadecylmethylammonium chloride (CTAC, 95.0%) and sodium dodecyl sulfate 

(SDS, ≥98.5%) were purchased from Tokyo Chemical Industry (Japan). HPLC-purified 

oligonucleotides were purchased from Bioneer (Korea). Sodium borohydride (NaBH4, 97%) 

was DAEJUNG Chemicals and Metals (Korea). Sodium bromide (NaBr, 99%) and ethanol 

(EtOH, 99%) was purchased from Samchun Pure Chemical (Korea). N-[3-(Trimethoxy-

silyl)propyl]-N,N,N-trimethylammonium chloride (TMAPS, 50% in methanol) was Gelest 

(Japan). All the reagents were used without further purification. In all experiments, NANOpure 

water (Millipore, Milli-Q 18.2 MQ.cm) was used. 

 

Methods 

Synthesis of 63-nm Au nanocubes (AuNCs) 

The AuNCs were synthesized through the seed-mediated method with slight modifications 

from previously reported method.[120, 179] To synthesize the 63-nm-sized AuNCs, we performed 

the following two steps: 
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1. Synthesis of 10-nm Au nanosphere seeds 

First, we prepared 1-2 nm Au seeds for 10-nm Au nanosphere seeds preparation. Aqueous 

solution of CTAB (200 mM, 5 mL) and HAuCl4∙3H2O (0.5 mM, 5 mL) were mixed in 100-mL 

round bottom flask. Freshly prepared ice-cold NaBH4 solution (10 mM, 600 μL) was quickly 

injected in the flask and the reaction solution was stirred for 3 min and incubated at 27 ℃ for 

2 h. Next, CTAC (200 mM, 2 mL), AA (100 mM, 1.5 mL), and previous prepared 1-2 nm Au 

seeds solution (50 μL) were added sequentially into a 10-mL vial. And then, HAuCl4∙3H2O 

(0.5 mM, 2 mL) was quickly injected into the vial and the solution was stirred at 27 ℃ for 15 

min. After reaction, 10-nm Au nanosphere seeds were centrifuged (17,000 rpm, 25min) and 

redispersed twice in CTAC solution (20 mM, 1 mL). 

2. Synthesis of 63-nm Au nanocubes 

To obtain 63-nm AuNCs, an aqueous solution of CTAC (100 mM, 30 mL), NaBr (13 mM, 150 

μL), 10-nm Au nanosphere seeds (5.6 O.D., 20 μL), and AA (10 mM, 1.95 mL) were mixed in 

100-mL vial at 27 ℃ under magnetic stirring (500 rpm) for 5 min. Next, HAuCl4∙3H2O solution 

(0.5 mM, 30 mL) was quickly injected into the vial and stirred for 15 min at 500 rpm. The 

products were washed and redispersed twice in distilled water by centrifugation (9,000 rpm, 5 

min). For a high yield of the 63-nm AuNCs, the products solution (5 O.D., 5 mL), CTAB (20 

mM, 5 mL), and BDAC (100 mM, 10 mL) were mixed and left undisturbed overnight at 30 ℃. 

The supernatants were removed carefully and the pellets were washed twice with distilled water 

by centrifugation (9,000 rpm, 3 min). 

 

Synthesis of AuNC-Pd core-nanoframes (AuNC-PdNFs)  

To prepare the AuNC-PdNFs, an aqueous solution of 63-nm AuNCs (1 O.D., 100 μL), CTAB 
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(10 mM, 100 μL), K2PdCl4 (1 mM, 2.5 μL), and AA (5 mM, 50 μL) were mixed and incubated 

at 60 ℃ oven for 1 h. After reaction, AuNC-PdNFs were centrifuged (9,000 rpm, 3min) and 

redispersed twice in SDS solution (0.1 wt%, 100 μL). 

 

All partial DNA modification of AuNC-PdNF (A-DNA-AuNC-PdNFs) 

To prepare the AuNC-PdNF-All DNA (A-DNA-AuNC-PdNF), Cy3-labeled DNA strands 

(DNA sequence: 5’-TCCATGCAACTCTAA-A10-Cy3-SH-3’) were modified on the surface of 

AuNC-PdNFs through the instant dehydration in butanol (INDEBT) method with minor 

modification.[180] The prepared AuNC-PdNFs (192 pM, 10 μL), TCEP (10 mM, 2 μL), DNA 

(100 μM, 5 μL), and 1-butanol (200 μL) were mixed for 10 s and purified four times with SDS 

solution (0.1 wt%, 50 μL) by centrifugation (9,000 rpm, 3 min). To prepare the AuNC-PdNF-

All DNA* (A*-DNA-AuNC-PdNF), we simply replaced the DNA strands (DNA* sequence: 

5’-TTAGAGTTGCATGGA-A10-SH-3’) during the preparation of the A-DNA-AuNC-PdNF. 

 

Preparation of face-selective DNA modified AuNCs (F-DNA-AuNCs) 

To prepare F-DNA-AuNCs and F*-DNA-AuNCs, selective oxidative etching of Pd nanoframe 

from A-DNA-AuNC-PdNFs and A*-DNA-AuNC-PdNFs was conducted with NaI. The 

prepared A-DNA-AuNC-PdNFs (19.2 pM, 100 μL) and NaI (50 mM, 100 μL) were mixed and 

incubated at 60 ℃ oven for 24 h. After reaction, F-DNA-AuNCs (or F*-DNA-AuNCs) were 

collected by centrifugation (9,000 rpm, 3 min) and redispersed four times in SDS solution (0.1 

wt%, 100 μL). To prevent non-specific binding during hybridization of F-DNA-AuNCs (or F*-

DNA-AuNCs), protecting DNA strands (DNA sequence: 5’-HS-A10CCCCCCCCCC-3’) were 

modified. The mixture solution of F-DNA-AuNCs (or F*-DNA-AuNCs) (19.2 pM, 100 μL), 
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TCEP (10 mM, 2 μL), protecting DNA (100 uM, 5 μL), and PBS (0.6 M, 107 μL) was incubated 

at 60 ℃ for 2 h and washed (9,000 rpm, 3 min) four times with DIW (100 μL). 

 

Quantification of DNA-loading capacity of F-DNA-AuNCs 

The F-DNA-AuNCs were modified with Cy3-labeled DNA strands by following the same 

procedure described above. KCN (100 mM, 10 μL) and AuNCs (10.6 pM, 40 μL) were mixed 

and left at 90 ℃ for 5 min to dissolve the F-DNA-AuNCs. The fluorescence signals were 

measured by fluorophotometer (λex = 488 nm and λem = 562 nm). The number of Cy3-labeled 

DNA strands on F-DNA-AuNCs was calculated from a standard curve obtained by using the 

same DNA strands with known concentrations. 

 

Preparation of face-to-face assembled AuNC dimer@SiO2 (AuNC dimer@SiO2) 

To prepare the AuNC dimer@SiO2, the prepared F-DNA-AuNCs (960 pM, 10 μL), F*-DNA-

AuNCs (960 pM, 10 μL), and 1x TBE buffer (180 μL) were mixed and incubated at 20 ℃ oven 

for 30 min. After hybridization, the mixed solution, ethanol (90 μL), TMAPS (0.01-1%, 1 μL), 

TEOS (0.1-1%, 1 μL), and ammonia solution (2 μL) were mixed at 20 ℃ for 12 h. The AuNC 

dimer@SiO2 was collected by centrifugation (9,000 rpm, 3min) and redispersed three times in 

ethanol. 

 

Single-particle level SERS measurement 

1. Sample preparation 

The AuNC dimer@SiO2 (5 μL) was loaded on a silicon-dioxide support film (Tedpella, 21530-
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10) and dried. Finally, we washed the grid with distilled water to remove surfactant. The 

dimer@SiO2 position was mapped with TEM at a low magnification (×2500) and high 

magnification images of dimers were obtained after obtaining the SERS signal. 

2. SERS measurement 

SERS measurements were conducted using an inverted microscopy system (Ntegra, NTMDT) 

and an objective lens (UNPLAN, 100×, NA = 1.3, oil). The Rayleigh scattering images from 

dimers were acquired by a 633 nm laser and detected by a photomultiplier tube and correlated 

with TEM images. Each SERS signal was acquired by exposure on linearly polarized 633 nm 

laser (32.7 μW) for 30 s and detected by a charge-coupled device (CCD) cooled to -70 ℃ 

(Andor Newton DU920P BEX2-DD). The SERS enhancement factors were calculated by 

comparing signals from each dimer (IGap) and 832.32 μM Cy3-alkyne bulk solution (IBulk) using 

the following equation (Equation 1),[196] 

𝐸𝐹 =
𝐼𝐺𝑎𝑝𝑁𝐵𝑢𝑙𝑘

𝐼𝐵𝑢𝑙𝑘𝑁𝐺𝑎𝑝
     (1) 

where NGap and NBulk are the number of Cy3 molecules in the nanogap of each dimer and the 

solution within the effective excitation volume, respectively. The IBulk was obtained by using 

633 nm laser (11.5 μW) through an objective lens (Olympus, 20×, NA = 0.4, air) with 

acquisition time of 180 s. To estimate NBulk, the effective excitation volume was assumed to be 

a cylinder. The radius (r) was 2 μm which is calculated by a knife-edge method with silicon 

wafer.[182] The height (h) was calculated by equation (Equation 2), 

ℎ

2𝑟
=

3.28𝜂

𝑁𝐴
     (2) 

where η is the refractive index of the medium of the Cy3-alkyne solution (DMSO, 1.479). The 

NGap was calculated from the hot spot area and DNA quantification result (Figure 2.10, 2.11, 
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and 2.18). 

 

Simulation for AuNC dimer@SiO2 

Finite Element Method (FEM) simulations were conducted by using COMSOL Multiphysics. 

Linearly polarized plane-wave excitation was used. The particle size, nanogap size, orientation, 

and silica shell thickness of AuNC dimer@SiO2 models were based on TEM image analysis. 

The nanogap between AuNCs was about 1 nm and silica shell thickness was about 40 nm. The 

surrounding medium of AuNC dimer@SiO2 was modelled in water. 

 

SERS Stability of AuNC dimer@SiO2 

The 19.2 pM AuNC dimer@SiO2 in distilled water or glutathione solution (100 mM) was 

loaded into a capillary tube (Cat. No. 2502, soda-lime glass, Kimble Chase) to measure SERS 

spectra from the AuNC dimer@SiO2 solution. The measurements were performed by using a 

Raman microscope (Renishaw) equipped with 20× objective lens (NA = 0.40, Leica), and a 

charge-coupled device (CCD) detector (Peltier cooled to -70 °C). The SERS spectra were 

obtained by using 633 nm (3 mW) with an acquisition time of 30 s. 

 

Cell culture and AuNC dimer@SiO2 treatment 

HeLa cells (Korea Cell Line Bank, Korea) were grown in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin and 100 

µg/mL streptomycin, and cultured at 37 °C in a humidified atmosphere containing 5% CO2. 

Cells were seeded on a 35 mm cell culture confocal at 10,000 cells/well density and incubated 
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overnight. AuNC dimer@SiO2 was treated the well and incubated for 48 h. The medium was 

removed, followed by washing with PBS 3 times and fixed with 4% paraformaldehyde at room 

temperature for 10 min, and washed with PBS three times. 

 

SERS-based cell imaging 

The SERS-based imaging of HeLa cells was performed by employing AuNC dimer@SiO2. All 

of the SERS measurements were performed using a Raman microscope (Renishaw) with a 633 

nm excitation laser (3 mW) through a 20× objective lens (NA = 0.40, Leica) and the acquisition 

time of 1 s for each pixel (5 µm × 5 µm). The integrated signal intensity of the SERS peak 

(1588 cm-1) was coded with red color. The merged SERS image is also presented. 

 

Instruments 

TEM and EDS images were obtained by JEM-2100 (JEOL) and JEM-F200 (JEOL) systems at 

the National Center for Inter-University Research Facilities (NCIRF), Korea. Ion 

chromatography data and SEM images were obtained by ICS-3000 (Dionex) and SUPRA 

55VP (Carl Zeiss), at National Instrumental Center for Environmental Management (NICEM), 

Korea, respectively. UV-Vis spectra were obtained by Agilent 8453 spectrophotometer 

(Agilent Technologies). Fluorescence signals were obtained by Spectrofluorometer FS5 

(Edinburgh Instruments). 
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3.3. Results and discussion 

The AuNCs with an edge length of 63 nm and edge radius of 8.5 nm were first 

synthesized following a previously reported method with slight modifications.[120, 179] From the 

AuNCs, a metal nanoframe-based ligand modification method was employed to prepare face-

selective DNA-modified AuNCs (F-DNA-AuNCs) as assembly building blocks. (Figure 3.1). 

Cy3-labeled thiolated DNA strands and complementary DNA strands (labeled with a “*” in 

this paper) were attached to the AuNCs using a slightly modified version of the instant 

dehydration in butanol (INDEBT) protocol[180] (see Experimental Section for further details) 

to form F-DNA-AuNCs and F*-DNA-AuNCs, respectively. Face-to-face AuNC dimers were 

assembled based on the hybridization of F-DNA-AuNCs and F*-DNA-AuNCs. Transmission 

electron microscopy (TEM) images of the dimers after hybridization (Figure 3.2) showed that 

the nanogap size of the perfectly face-to-face assembled dimers ranged from 0.74 to 4 nm in 

the dry state with an average of 2.04 ± 0.81 nm (Figure 3.3). The variations in gap size were 

related to the conformational changes in DNA double-helix structures during the states of 

hydration and dehydration.[201-205] In addition, the interaction between particles is a 

combination of hydrogen bonding and van der Waals force, similar to the phenomenon wherein 

the interparticle distance decreases with increasing particle size.[206, 207] When the laser 

polarization direction of the AuNC dimers was along the longitudinal axis, the near-field 

intensity was calculated according to the distance change (0.74, 1, 2, and 4 nm gap). From the 

simulation results, the closer the distance, the stronger the near-field generated (Figure 3.4). 

Despite the face-to-face assembly, the different interparticle distance resulted in a wide 

distribution of the SERS signals. Therefore, fixing the nanogap size while minimizing the 

optical interference is necessary for quantitative SERS studies. 
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Silica is a widely used coating material for gold nanoparticles because the transparent 

silica coating can offer stable colloidal suspension, chemical inertness, biocompatibility, easy 

modification with various functional groups, and stability in biological fluids.[208-216] After 

forming the AuNC dimers (Figure 3.1 and 3.5), silica coating was prepared using a Stöber 

method with slight modifications. First, pre-coating is performed by electrostatic bonding 

between the positively charged N-[3-(trimethoxysilyl)propyl]-N,N,N-trimethylammonium 

chloride (TMAPS) and the negatively charged phosphate backbone of DNA. Subsequently, 

tetraethyl orthosilicate (TEOS) forms a silica shell through co-condensation with the silanol 

group of TMAPS. 

The concentration of TMAPS was optimized during the pre-coating. The silica shell 

was monitored when the TMAPS concentration varied from 0.01% to 1% (Figure 3.6). 

Individual silica shells were formed by applying 0.01% TMAPS to the AuNC dimers. When 

the TMAPS concentration was 0.1% or more, agglomeration occurred due to the electrostatic 

attraction between the pre-coated particles and the TMAPS and the co-condensation between 

silanol groups. 

Next, the growth of the silica shell was confirmed after adding TEOS with different 

concentrations (from 0.1% to 1%) to the pre-coated AuNC dimers (Figure 3.7). The structures 

of the AuNC dimer@SiO2 nanostructures were analyzed after the silica shell growth reaction. 

The silica shell was not visible at the 0.1% TEOS concentration condition, and the shell was 

distinct when the TEOS concentration increased to 0.3% or higher. The thicknesses were 25, 

40, and 60 nm at the TEOS concentrations of 0.3 %, 0.5 %, and 1 %, respectively. Although 

the 0.3% TEOS solution formed the thinnest shell, some of the AuNC dimer@SiO2 

nanostructures were not completely covered. Thus, the 0.5% TEOS solution was used for the 

following study. The nanogap size and the thickness of the silica shell were measured as 1.02 

± 0.24 nm and 40.62 ± 1.23 nm, respectively (Figure 3.8). Due to the DNA helix conformation 
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change under the dehydration effect in ethanol, the interparticle distance of the AuNC 

dimer@SiO2 was reduced from the ~2 nm gap of the uncoated dimer. According to the existing 

DNA helix conformation study, the B-form DNA tends to transform into the A-form 

completely in an ethanol solution above a certain concentration.[201-205, 217] The well-controlled 

interparticle distance is expected to generate more homogeneous hot-spots, leading to less 

deviation in SERS signals. 

To investigate the near-field enhancement of our AuNC dimer@SiO2 structures, the 

SERS signals were evaluated based on the Cy3 molecules trapped within their nanogaps at the 

single-particle level. The AuNC dimer@SiO2 structures were loaded onto a silicon dioxide 

TEM window grid (Tedpella, 21530-10). The positions were mapped using TEM (low 

magnification, ×2500), and correlated to the photomultiplier tube (PMT) images recorded by a 

Raman measurement setup (Figure 3.9, 3.10a, and 3.10b). The EF values were obtained by 

aligning the laser polarization along the ordinate from the AuNC dimer@SiO2 at the locations 

identified by PMT (Figure 3.10a) and TEM (Figure 3.10b). The EF level provided by each 

dimer@SiO2 was calculated based on the intensity of the Raman peak at 1588 cm-1 and the 

number of Cy3 molecules present within the gap between the AuNC dimers. AuNC 

dimer@SiO2 demonstrated an average EF of 3.65 × 107, ~1.9 times higher than the F-DNA-

AuNC dimer without silica coating (1.92 × 107). Importantly, the SERS EFs for AuNC 

dimer@SiO2 structures were distributed in a much narrower range (2.69 × 107–4.56 × 107 

(longitudinal axis)) than those for F-DNA-AuNC dimers (7.91 × 106–5.06 × 107 (longitudinal 

axis)) (Figure 3.10c). Polar plots depicting the variation of the SERS signal of each dimer 

(AuNC dimer and AuNC dimer@SiO2) with incident laser polarization showed that the 

maximum SERS enhancement occurred along the longitudinal dimer axis. Interestingly, 

compared with the uncoated AuNC dimer, the signal amplification of the AuNC dimer@SiO2 

was less affected by the laser polarization angle, and the signal did not decrease sharply even 
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in the transverse axis (Figure 3.11a and 3.11c). Theoretical calculations were performed using 

the finite-element method in COMSOL. The simulation results showed that the dependence of 

the near-field intensity on the polarization of the incident laser was negligible in the AuNC 

dimer@SiO2, and the signal was strong in the 90° direction (Figure 3.12). In contrast to the 

uncoated AuNC dimer, the narrow SERS signal distribution and the independence of the laser 

polarization angle are because the nanogap is well-controlled and fixed at a closer distance (~1 

nm) in AuNC dimer@SiO2. It is also expected that the silica coating can protect these 

advantageous characteristics in a solution and various external environments. 

SERS measurements were performed on the AuNC dimer@SiO2 in the solution using 

a 633 nm laser (Figure 3.13). The SERS spectrum of the AuNC dimer@SiO2 solutions showed 

distinct SERS peaks from the Cy3 dyes (Figure 3.13a). Three major fingerprint peaks (1393 

cm-1, 1469 cm-1, and 1588 cm-1) were detected, confirming that the SERS signal deviation for 

the AuNC dimer@SiO2 solution was minor at each peak (Figure 3.13b). A linear relationship 

between particle concentration and SERS intensity was achieved with the lowest detectable 

particle concentration of 150 fM (Figure 3.13c). Remarkably, robust and consistent SERS 

signals were generated from AuNC dimer@SiO2 in the solution during 3 h of continuous laser 

exposure (Figure 3.13d). The highly reproducible SERS signals are because the silica coating 

created monodisperse and uniformly fixed nanogaps in the AuNC dimer@SiO2. 

To investigate the stability of AuNC dimer@SiO2 in a biological environment, 

glutathione was added to the testing solution as it is known to exist in the cytoplasm and 

organelles as the most abundant thiol in animal cells. The time-dependence of SERS signals 

was compared between AuNC dimer@SiO2 and uncoated AuNC dimer (Figure 3.14). The 

SERS signal in AuNC dimers decreased over time because the dimer structures deteriorated by 

exchanging DNA with excess glutathione containing thiol groups. On the other hand, the SERS 

signals generated by AuNC dimer@SiO2 was well maintained without being affected by the 
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presence of glutathione because the dimer structure was protected by the silica shell. In addition, 

AuNC dimer@SiO2 was loaded into the HeLa cells, and the SERS-based imaging showed its 

great potential for stable bioimaging (Figure 3.15a, 15b, 15c, and 15d). Using our synthetic 

strategy of anchoring silica-based gap structures, we quantitatively placed Raman dyes in 

nanogaps at uniform distances simply through silica shell growth. The formed dimer@SiO2 

structures were well protected in various environments by the silica shells. 
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3.4. Conclusion 

In conclusion, we developed a facile synthetic strategy to prepare AuNC dimer@SiO2 

with a uniform interparticle distance. This strategy has previously been used to prevent 

nanogap changes in AuNC assemblies during DNA hybridization. Owing to the rigidity of the 

DNA double helix structure, the distance fluctuated between 0.74 nm and 4 nm in dry and 

solution states. This change in the gap structure is unfavorable for generating a uniform SERS 

signal. The introduction of a transparent silica coating can maintain particle stability and 

enhance the reproducibility of the SERS signals. The AuNC dimer@SiO2 was successfully 

synthesized by growing a silica shell onto DNA-modified AuNCs dimers. The interparticle 

distance of the AuNC dimer@SiO2 was precisely controlled at 1 nm, and the thickness of the 

silica shell was ~40 nm. With the silica coating, the DNA helix is transferred from the B-form 

to the A-form in ethanol. For 30 individual AuNC dimer@SiO2, the average SERS EF 

exceeded 107 with a narrow distribution from 2.69 × 107 to 4.56 × 107. In addition, both 

experiments and calculations showed that the signal variation due to polarization was also 

reduced owing to the closely fixed gap structure. Similar to the dry state, the AuNC 

dimer@SiO2 generated strong and uniform SERS signals in the solution. The fixed structure 

of the AuNC dimer@SiO2 allowed robust and consistent SERS under continuous laser 

exposure for 3 h. In addition, the signal uniformity did not change after 12 h in the presence of 

glutathione with a thiol group. The potential of SERS-based imaging was also demonstrated 

by loading AuNC dimer@SiO2-treated to HeLa cells. Our synthetic strategy provides a useful 

platform for preparing SERS probes with narrow and rigid nanogaps and stable gap structures 

that can generate uniform and quantitative SERS signals independent of the external 

environment. 
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Figures 

 

Figure 3.1. Synthetic scheme for face-to-face assembled AuNC dimer@SiO2 with highly 

uniform distance nanogaps. 
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Figure 3.2. TEM images of perfectly face-to-face assembled AuNC dimers with the different 

sized nanogap (from 0.74 to 4.00 nm). The scale bars are 20 nm. 
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Figure 3.3. Gap size distribution of AuNC dimers.  
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Figure 3.4. Simulation results of AuNC dimers with different interparticle distance.  
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Figure 3.5. Silica shell formation mechanism for AuNC dimer@SiO2.  
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Figure 3.6. TEM images after silica shell formation with 0.01, 0.1, and 1% TMAPS. The scale 

bars are 20 nm. 
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Figure 3.7. TEM images after silica shell formation with 0.1, 0.3, 0.5, and 1% TEOS. The scale 

bars are 20 nm. 
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Figure 3.8. TEM images of AuNC dimer@SiO2 (a). Gap size distribution and shell thickness 

distribution of AuNC dimer@SiO2 (b). The scale bars are 20 nm. 
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Figure 3.9. Simplified schematic of TEM-correlated Raman measurement.  



100 

 

 

Figure 3.10. SERS results of AuNC dimer@SiO2 by correlating TEM (a) and PMT (b). TEM 

and PMT images of the same observed area. Single-particle SERS enhancement factor 

distribution for the Raman peak at 1588 cm-1 of face-to-face AuNC dimer@SiO2 with a linearly 

polarized laser (c). The scale bars are 500 nm. 
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Figure 3.11. Normalized SERS signal polar plot of AuNC dimer and AuNC dimer@SiO2. The 

representative TEM images and polar plot of SERS signal at 1588 cm-1 and simulation results 

of face-to-face dimer (a, b) and face-to-face dimer@SiO2 (c, d). All the results in these figures 

were taken with 633 nm excitation wavelength, 32.7 μW laser power, 30s acquisition time, and 

100× objective lens. 
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Figure 3.12. Simulation results of face-to-face AuNC dimer (gap size = 2 nm) and face-to-face 

AuNC dimer@SiO2 (gap size = 1 nm and SiO2 shell thickness = 40 nm). All the results in these 

figures were taken with 633 nm excitation wavelength.  
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Figure 3.14. SERS results with AuNC dimer@SiO2 in solution. Representative Raman 

spectrum of SERS spectrum from AuNC dimer@SiO2 solution (black) and bulk Cy3 solution 

(red) (a). The black, red, and blue lines indicate three different peaks at 1393 cm-1, 1469 cm-1, 

and 1588 cm-1, respectively. SERS intensity at three different peaks from AuNC dimer@SiO2 

(b). Concentration-dependent SERS intensity changes (c). Time-dependent SERS spectra of 

AuNC dimer@SiO2 with continuous laser exposure (633 nm, 3 mW) for 3 hours (d). 
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Figure 3.14. SERS stability of AuNC dimer and AuNC dimer@SiO2 in glutathione solution. 
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Figure 3.15. SERS-based imaging of HeLa cells without (a) and with AuNC dimer@SiO2 (b). 

Red color represents the integrated SERS intensities of the fingerprint peaks (1588 cm-1) of 

Cy3 dye. The SERS spectra (c and d) acquired from the HeLa cells (a) and AuNC dimer@SiO2 

treated HeLa cells (b), respectively. All of the SERS imaging and spectra were obtained with a 

single excitation (633 nm). 
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1.1. Introduction 

Cancer stem cells (CSCs) are tumor cells that enhance disease progression, and cause 

the expansion of primary tumors contributing to metastasis.[1,2] Importantly, cancer recurrence 

could occur because a small population of CSCs is resistant to chemo- or radio-therapy.[3,4] The 

CSC research has been challenged and has important implications for cancer therapy. 

Meanwhile, magnetic hyperthermia is proposed as a promising clinical tool for a CSC therapy 

and useful for treating small or deep-seated cancer by supplying heat to tumor cells via 

magnetic nanoparticle (MNP).[5,6] To apply MNPs in magnetic hyperthermia, the MNPs must 

satisfy a few main conditions such as having a large heating power and good stability.[7] The 

heating power needs to be maximized and optimized since the optimal size of MNPs for the 

maximum power loss varies with the amplitude of the applied magnetic field. With regard to 

the stability, superparamagnetic MNPs that can be allowed by the nanometer size are preferred 

to maintain good colloidal stability and increased bio-accessibility through surface 

modification with chemicals or polymers.[8] Moreover, to be applicable, the used concentration 

of MNPs should be minimized to limit side effects such as heavy metal ion toxicity or 

nanotoxicity.[9] Hence, it is essential to optimize the power dissipation or heat efficiency of 

MNPs. The specific absorption rate (SAR) of MNPs represents the heating efficiency and 

depends on the size of the particles, saturation magnetization (Ms) and magnetic anisotropy of 

the MNP.[10] For a given iron oxide MNP, the mean size of MNPs with varying applied magnetic 

field (AMF) is an important parameter for optimizing SAR.[11,12] The heating efficiency (SAR), 

also referred to as the specific loss power (SLP), is measured in watts per gram of MNPs as 

follows: 

𝑆𝐴𝑅(𝑓, 𝐻) =
𝑃(𝑓,𝐻)

𝜌
   (1) 

where ρ is the mass density of the magnetic material. The power dissipated in a MNP owing to 
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the application of an AMF maximum strength (H) and frequency (f) was proposed to depend 

on magnetic spin relaxation of MNPs. The aim of this present study was to determine the 

optimum size of magnetic nanoclusters (MNCs) with iron oxide chemical composition and 

evaluate the correlation between the heating effect and the various AMF conditions (f and H), 

according to eqn (1). Here, we showed that the SAR is strongly dependent on the MNC size 

and the AMF conditions. 

Cancer stem cell (CSC) are a subpopulation of cancer cells with stem cell-like 

properties and are thought to be responsible for tumor drug resistance and relapse.[13] Recently, 

researchers have suggested the therapeutic application of CSC elimination by optical or 

magnetic heating hyperthermia. They reported only the therapeutic effect using a magnetic 

particle with one size and not optimized the crystal size under the various external magnetic 

fields or frequencies yet.[14] In this study, as a proof-of-concept, we showed the therapeutic 

magnetic hyperthermia effect on breast CSCs (bCSCs), and the cell death mechanism was 

established by biological analysis. 
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1.2. Experimental section 

Materials 

Iron chloride hexahydrate (FeCl3·6H2O, 97%), sodium acetate anhydrous (NaOAc, 98.5%), 

ethylene glycol (EG, 99.5%), poly(acrylic acid) (PAA, Mw 100k, 35 wt% in H2O), ammonia 

(NH4OH, 29%) were purchased from Sigma-Aldrich Korea without purification. Deionized 

(DI) water was purified using the Milli-Q system and used for all experiments. Preparing the 

mixed chalcogenide stock solutions. 

 

Preparation of the magnetic nanocluster particles (MNCs) 

We prepared the MNC particles with various size distribution by previous reported method and 

slightly modified the preparation procedure for large particle synthesis.[15] 

For the 60 nm MNCs, FeCl3·6H2O (24 g), sodium acetate (100 g), and DI water were 

completely dissolved in 1.5 L of EG by vigorous mechanical stirring for 30 min, which turned 

the color into a yellow-brown turbid solution. The solution was heated to 70 °C and the 

temperature was maintained for 1 h, followed by continuous refluxing for 24 h. When the 

solution turned to a black color, it was cooled to room temperature, precipitated by 

centrifugation (17,000 rpm), and the black precipitates were washed with ethanol (three times) 

to remove excess chemicals. The prepared MNCs were dispersed in ethanol. For other sizes of 

MNCs (20, 30, 40, 80, and 140 nm), the same preparation procedure was followed as described 

above with the 60 nm sized MNC, except different concentrations of FeCl3·6H2O and sodium 

acetate were used. The different ratio of the chemicals is listed in ESI (Figure 1.3c). The 

prepared MNCs (25 g) were precipitated by centrifugation and re-dispersed in DI water (1 L). 

The MNC solution (4 mL) was mixed with 300 mg of PAA and sonicated for 30 min at room 
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temperature. The PAA-coated MNCs were precipitated down by centrifugation (17,000 rpm, 

10 min), and excess PAA was washed by centrifugation and re-dispersed in DI water (three 

times). Finally, the purified MNC–PAA particles (100 mg) were dispersed in DI water (4 mL) 

and 1 mL of NH4OH solution was added. After shaking for 5 min, the solution was centrifuged 

at 17,000 rpm for 10 min to obtain the particles, followed by washing three times with DI water 

according to the above purification procedure. 

 

Characterization of MNCs 

The size and morphology of the prepared MNCs were examined by transmission electron 

microscopy (TEM, Hitachi-7600) at an acceleration voltage of 100 kV. The crystal phase of the 

MNCs was determined by a power X-ray diffractometer (XRD, D8 Advance, Bruker) with a 

Cu Kα (1.5406 Å) source. Magnetization curves of the MNCs were measured by a magnetic 

property measurement system (MPMS-5XL, Quantum Design) at 300 K with an applied field 

of up to 50 kOe. The infrared spectra were determined by KBr pellet using a Fourier transform 

infrared spectrometer (FT-IR, Nicoloet™iS™10, Thermo Scientific). Thermogravimetric 

analysis (TGA) was performed using a TA instrument SDT Q600 analyzer. The concentration 

of iron in the samples was measured by inductively coupled plasma emission spectrometry 

(ICP-ES, ICP730ES, Varian). 

 

SAR measurement 

The magnetic heating ability (SAR) was measured by conducting time-dependent temperature 

studies with the MNC solutions after inserting the sample tube into the coil (100B, Magnetic 

Science) of the easyheat induction heating system (EasyHeat 0224, Ambrell). The device can 
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control magnetic conditions with various frequencies (290–780 kHz) and field strengths (7.1–

78.6 kA m−1). The sample tube was thermally insulated with a water-cooled magnetic induction 

coil (diameter 16 mm). The MNC particle concentration in agarose gel was 5 mg mL−1. The 

SAR of the MNCs under the various AMF conditions was measured by the rate of absorbed 

energy per unit mass of particle and the value was calculated using eqn (2): 

𝑆𝐴𝑅 =
𝐶𝑖𝑚𝑖

𝑚𝐹𝑒

∆𝑇

∆𝑡
   (2) 

where Ci is the specific heat capacity of the medium, mi is the mass of the medium, mFe is the 

mass of MNC in the medium, T is the absolute temperature, t is the time, and ΔT/Δt is the 

temperature difference between the initial temperature and after 100 s. 

 

Preparation of cell culture and mammosphere 

The human breast cancer cell line BT-474 was obtained from the American Type Culture 

Collection (ATCC). Cells were grown as monolayer, routinely cultured in Hybri-Care Medium 

(ATCC), and maintained in MEM medium (GIBCO, Invitrogen) supplemented with 10% FBS 

(GIBCO, Invitrogen), 10 μg mL−1 insulin (Sigma), and penicillin/streptomycin (GIBCO, 

Invitrogen). For mammosphere culture, cells were suspended at a density of 50,000 cells per 

mL and seeded into 6-well plates (2.5 mL per well) in DMEM/F12 (1 : 1) media containing 5 

μg mL−1 bovine insulin (Sigma), 0.4% bovine serum albumin (Sigma), 2% B-27 supplement 

(Invitrogen), 20 ng mL−1 basic fibroblast growth factor (Peprotech), and 10 ng mL−1 epidermal 

growth factor (Sigma). One milliliter of fresh media was added to each well every 2 days 

(without removing the old media). Mammospheres were collected on day 9 by gentle 

centrifugation and were dissociated to single cell suspensions by treatment with 0.05% trypsin–

EDTA for 10 min. For mammosphere formation, the single cells (1,000 cells per mL) were 
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cultured in suspension (60 mm-Petri dish flask) to generate mammospheres of the next 

generation. The percentage and size of the wells with mammospheres were analyzed at the 

indicated times. For each passage cultured cells, ALDH1 expression was determined with the 

ALDEFLUOR™ fluorescent reagent system (Stem Cell Technology, Canada), to identify cells 

expressing ALDH1 activity as a biomarker for bCSCs by using flow cytometry (BD 

Biosciences).[16] For the detection of CD44+/CD24−, cells were stained in 96-well plates in a 

volume of 50 μL, with 2 μL of each monoclonal antibody per well: CD24-Alexa648, CD44-

FITC, and ESA-PcPCy5 (BD Biosciences). Isotype-matched labeled controls were also used 

in the analysis. Cells were labeled on ice for 30 min and washed twice before analysis with a 

cytometer. 

 

Cell viability assay 

The percentage of cell viability was determined with the WST-1 (4-[3-(4-iodophenyl)-2-(4-

nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) assay kit (Thermofisher) as described 

earlier.[17] BT-474 bCSC cells were seeded in a 96-well plate (1 × 105 cells per well) and 

incubated overnight. Cells were treated with various concentrations (0–10 mg mL−1) of MNCs 

of different sizes. After 3 h of incubation, the supernatants were aspirated to remove the excess 

particles, cell monolayers were washed with PBS, and WST-1 reagent (200 μL) was added to 

each well. Cells were incubated for 1 h and the absorbance was measured at 450 nm using a 

Bio-Rad Benchmark microplate reader. 
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1.3. Results and discussion 

We prepared MNCs using FeCl3 as the iron source and EG as both a solvent and a 

reductant in the presence of sodium acetate and deionized water. The size of the prepared 

MNCs could be precisely tuned from 20 nm to 140 nm by deliberately adjusting the 

concentrations of FeCl3 and sodium acetate. In the TEM analysis (Figure 1.1a), the synthesized 

MNCs showed high regular size distributions. Moreover, the surface was modified with 

poly(acrylic acid) (PAA) to improve their stability in aqueous solution. The carboxylic acid 

functional group of PAA was directly coordinated onto the iron metal of MNC, and the amount 

of PAA and the changes of the chemical functional group were characterized by FT-IR and 

thermogravimetric analysis (TGA), as shown in Figure 1.2. The magnetic properties and 

structural properties of the various sized MNCs were evaluated by X-ray diffraction (XRD) 

and the magnetic property measurement system (MPMS-5XL, Quantum Design) (Figure 1.3). 

All samples were revealed typical inverse spinel ferrite structure and the crystal size of MNCs 

in the [220] peak was calculated. According to the peak analysis, the MNCs of 20, 30, and 40 

nm in size showed the same crystalline domain size of 10 nm and exhibited increasing crystal 

size as the whole size of the MNC increased (Figure 1.4). The formation of MNC composed 

of small nanocrystals could be demonstrated through two-stage growth model.[18] Primary 

nanocrystal was formed by nucleation and aggregated to secondary structure in order to 

minimize their surface energy. The sizes of primary and secondary particle could be influenced 

by the concentration of precursors in reaction condition. The sizes of primary crystals and 

secondary particles were changed by different reaction conditions and increased with higher 

concentration of iron precursor. The increase of iron precursor concentration was introduced 

accelerating the rate of nucleation and grain growth through the increase of 

hydrolysis/condensation rate of FeCl3 and then, the bigger nano-crystalline could be formed. 

And also, a higher concentration of sodium acetate was chelated more onto the surface of 
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primary crystal and prevented the aggregation of the crystals by stabilizing and reducing 

surface energy. Therefore, the 20 and 30 nm MNCs were shown different secondary particle 

sizes. To summarize, the crystal size was increased with whole particle size owing to the 

presence of additives metal ions or surface chelating molecules. 

The prepared MNCs displayed similar Ms value with an average of 66.3 emu g−1 (±3.0) 

and coercivity (Hc) of 12.2 Oe (±1.4), except for the MNC of 140 nm in size (26 Oe) at 300 K. 

However, we thought that all the prepared MNCs demonstrated superparamagnetic behavior in 

the solution. The produced MNCs are summarized the physical properties and preparation 

conditions in Figure 1.1b and 1.3c. Heat dissipation experiments were performed by using the 

EasyHeat device consisting of a sample coil enclosure powered by a AC power supply, 

generator and power amplifier forming a resonant circuit (Figure 1.5a). The system could be 

monitored by an output from the coil enclosure with an oscilloscope, which allowed the 

measurement of the coil voltage and the approximate field strength. The cycling frequency was 

modified by changing the capacitor or coil configuration. Therefore, this device could examine 

the heating properties over a wide range of frequencies and field values. The prepared MNCs 

were dispersed in 3.3 wt% agarose gel to prevent physical changes, such as sedimentation, 

during the application of an external field. First, the heating efficiency (SAR) of the various 

MNC samples was measured as a function of the frequency from 290 to 760 kHz at a fixed 

magnetic field strength (7.1 kA m−1). The SAR values increased linearly as the frequency 

increased (Figure 1.5b). In general, the dispersed MNPs showed that heating is dominated by 

Neel and Brown relaxation.[19] According to a previous study, the transition from Neel to 

Brownian rotation occurred at a particle size of 16 nm.[20] In this study, the increase in the SAR 

mainly resulted from the effect of Brownian relaxation of MNCs, while the relaxation via Neel 

mechanism was unaffected. The effect of the MNCs of over 80 nm in diameter was not 

dependent on the frequencies since the mechanical movement of the particles in the solution 
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was neglected, and subsequently the Brownian relaxation was also neglected as a heat 

generation mechanism. 

Interestingly, the 60 nm whole size MNCs significantly increased the SAR value and 

showed the strongest dependency with the external frequency. We thought that the 60 nm MNC 

with 20 nm crystalline size might matches well with the applied frequency and it subsequently 

exhibited marked increases in temperature owing to the faster rotation rate of the MNCs. As a 

secondary factor, the SAR of the various sized MNC samples was measured by increasing 

AMF strength from 7.1 to 78.6 kA m−1 at the same frequency (290 kHz). The SAR of all 

particles increased as the magnetic field strength increased (Figure 1.5c). The 60 nm-sized 

MNC was also significantly associated with the external field strength, displaying the highest 

SAR value, while MNCs of other sizes increased gradually as the magnetic field strength 

increased. The specific increasing SAR of the 60 nm MNC was possibly attributed to the 

crystalline size of 20 nm and an external frequency of 290 kHz, which enhanced the SAR by 

the field strengths. The 20 nm crystalline sized MNC with 60 nm whole diameter demonstrated 

the highest effectiveness under the AMF in this study. 

The bCSCs were prepared in accordance with the method of Dontu et. al. with 

modifications (see the Experimental section in detail).[21] The BT-474 cells were incubated for 

9 days at 37 °C in a CO2 incubator, and the mammosphere diameters were determined with an 

inverted microscope using the Image J software according to the typical CSC characterization 

method (Figure 1.6). As shown in Figure 1.7a, the whole size of the cells gradually increased 

from a single cell (∼20 μm) to the mammosphere form (∼120 μm) in the culture media. As the 

number of culture passage increases, the capacity of mammosphere to form spheres was 

markedly hampered but the ALDH1 enzymatic activity and CD44+/CD24− cell surface 

antigens increased, which are known biomarkers for bCSCs (Figure 1.7b and 1.7c). The 
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intensity of the bCSC biomarkers was determined by flow cytometry, and the expression levels 

of ALDH1 and CD44+/CD24− were the highest after 3 times of passage culturing (see the 

Experimental section). The red fluorescent MNC particles were prepared by RITC and 

EDC/NHS conjugation method, and the bCSCs were treated with these particles for 3 h, 

followed by washing three times with culture media to eliminate excess particles. The 

fluorescence intensity was determined with a confocal microscope and showed that the 

particles could penetrate into the cell cytosol. The treated cells were responsible for the external 

point magnet owing to the magnetic property of the internalized MNCs (Figure 1.7d). From 

the results of the SAR, 60 nm sized MNCs and the frequency of 290 kHz were used for thermal 

therapy to target bCSCs. Moreover, the AMF field strength of 60 kA m−1 was selected for the 

therapy because the SAR value of the 60 nm MNCs at 60 kA m−1 was significantly different 

from those of other sized MNCs. To compare the magnetic hyperthermia effect, bCSCs were 

treated with the 30 and 60 nm sized MNCs (0.2 mg mL−1) for 3 h at 37 °C in a CO2 incubator 

and the excess particles were removed by washing gently several times with a PBS buffer 

solution. Then, the cells were treated with trypsin–EDTA solution to detach cells (see the 

Experimental section). The cells were exposed to a magnetic field after homogeneous mixing 

with an agarose solution for different durations (Figure 1.8a). The media and only cell samples 

(untreated) acted as controls and exhibited a similar temperature increase (40 °C). The 

temperature increase was caused by the warming of the magnetic coil during the application of 

the external field. These results indicated that the cell only sample did not affect the 

hyperthermia initiated by the external magnetic field. The MNCs-treated cells showed a higher 

increase in temperature than the controls. Similar with the SAR results, cells treated with the 

60 nm MNCs demonstrated the highest and fastest increase in temperature (47 °C) within 10 

min (Figure 1.8b). From these results, the 60 nm MNC particles appear to be an appropriate 

magnetic material size for thermal therapy because the heating of cells to temperatures between 
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42 and 46 °C (315–319 K) resulted in the death of tumor cells. Above this temperature, healthy 

cells could be affected to induce necrosis. The cell viability was determined by the WST-1 

assay after MNCs treatment. Both the 30 and 60 nm sized MNCs did not exert acute 

cytotoxicity with various concentrations of the particle solutions in the absence of a magnetic 

field (Figure 1.9a). Under the AMF conditions, the 60 nm MNC dramatically reduced cell 

viability within 10 min, while the 30 nm MNCs did not significantly decrease cell viability, 

possibly because the produced temperature (43 °C) was not enough to induce cell death. This 

was consistent with the results observed with the hyperthermia experiments in the tube. At this 

point, we suggest that magnetic hyperthermia for cancer therapy could induce cell death at 

temperatures over 43 °C. The changes in the expression levels of the bCSC biomarkers during 

the magnetic hyperthermia were determined by flow cytometry. The intensity of ALDH1 and 

CD44+/CD24− expressions decreased, which is consistent with the cell viability results 

(Figure 1.9b and 1.10a). To understand the mechanism of cell death induced by thermal 

therapy, the expression levels of heat shock protein 70 and 90 (HSP70 and HSP90), which 

respond to thermal stress and provide transient thermotolerance to cells on exposure to heat 

stress, were determined by western blot analysis (Figure 1.9c). The expression levels of HSP70 

and 90 were downregulated. The co-inhibition of HSP70/90, which protects against heat stress, 

accelerated the apoptosis process.[22] To further understand the apoptosis process, the treated 

cells were stained with annexin V-FITC and PI (apoptosis kit, Invitrogen) and subjected to 

flow cytometry (Figure 1.10b). The results indicated that the 60 nm sized MNC generated 

enough heat and thermal stress to promote the thermal apoptosis process under the AMF 

conditions. 
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1.4. Conclusion 

Malignant cancer cells, especially CSCs, are tumor cells that enhance disease 

progression, causing the expansion of primary tumor and generation of metastasis. Therefore, 

several studies have focused on CSC therapy; however, cells can exhibit resistance against 

radiation and/or chemotherapy. Thermal therapy such as magnetic hyperthermia was proposed 

as a great tool for CSC treatment. To improve the effect of thermal therapy, the size distribution 

of materials and external magnetic field properties should be optimized. The MNC particle 

system is useful for magnetic hyperthermia owing to its sustainable superparamagnetic 

property. However, the correlation between heat generation ability (SAR) and other factors 

such as size and applied magnetic field remains to be explored. The SAR of the prepared MNCs 

was proportional to the external magnetic frequency and field strength. Interestingly, the 60 nm 

MNC showed the highest heat producing potential and appropriately increased the temperature 

to induce cell death. As a proof-of-concept, bCSCs were treated with the MNCs, and were 

exposed to the AMF conditions (290 kHz and 60 kA m−1). The 60 nm MNC exhibited a 

significant increase in temperature within 10 min for inducing cell death compared to MNCs 

of different sizes. During magnetic hyperthermia, the particles influenced HSP70/90 damage 

in the cell cytosol, and the co-inhibition of these heat-shock proteins enhanced the apoptotic 

cell death response of bCSC. We investigated the important conditions for magnetic 

hyperthermia for bCSC treatment: (i) the MNC size was optimized under various external 

magnetic conditions (frequency and strength), (ii) bCSC thermal therapy was established under 

the optimized MNC and AMF conditions (iii) the mechanism of thermal therapy was 

established at the protein level. The optimized hyperthermia system will be useful for a variety 

of studies on magnetic nanomaterials, CSC therapy, clinical magnetic hyperthermia, and other 

advanced nanobiotechnology applications such as heat-mediated drug/gene delivery and 

thermal activation of metabolic signals in cells. 
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Figures 

 

Figure 1.1. Characterization of the prepared MNCs. (a) TEM images of the various sized 

MNCs with regular size distribution (scale bar: 100 nm). (b) Table summarizing the physical 

properties of the MNCs. The whole size, crystal size, Ms, and coercivity were determined by 

TEM, XRD, and MPMS, respectively. 
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Figure 1.2. Characterization of the prepared MNCs. (a) The changes in the chemical functional 

groups of bare MNC and PAA-coated MNC were measured by FT-IR. The intensity of the 

peaks of C=O and O-H from the PAA polymer increased. (b) The percentage of mass weight 

of PAA-coated MNC and MNC alone determined by TGA analysis. From these data, the PVP 

coating onto the MNC was quantitatively measured ~ 8 % from the weight loss because the 

organic polymer was generally degraded at high temperature (~ 300 ℃). 
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Figure 1.3. Magnetic and structural characterization of the MNCs of different sizes. (a) The 

MNCs exhibited almost super-paramagnetism with similar Ms and coercivity values. (b) The 

prepared MNCs showed typical magnetite spinel structures, as confirmed by XRD, and the 

crystal size was calculated. (c) The conditions such as different concentrations of the chemicals, 

MNC whole, and crystal sizes are summarized (a The average size was determined from the 

TEM image, b The crystal size was calculated from the XRD data). 
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Figure 1.4. HR-TEM images of the various sized MNC particles. From the image, all MNC 

particles were revealed high crystallinity and formed with aggregation of primary crystalline. 

The scale bar is indicated to the 5 nm and inset image is for the relatively low magnification of 

HR-TEM image. 
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Figure 1.5. Specific absorption rate (SAR) of the MNCs of various sizes. (a) Image of the 

EasyHeat system and schematic image of magnetic hyperthermia. (b) SAR values at different 

frequencies at a fixed field strength (7.1 kA m−1). (c) SAR values at different field strengths at 

the same frequency (290 kHz). 
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Figure 1.6. Characterization of mammosphere (MS) formation. (a) The morphology of MS 

was determined on different days and (b) serial passages of MS (P0~P3) were performed for 

MS formation (the scale bar: 200 μm). (c) The intensity of the biomarkers ALDH1 and 

CD44+/CD24- at different passages of MS was determined by flow cytometry. 
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Figure 1.7. Mammosphere (MS) formation. (a) The size of the cultured MS at different days; 

diagram showing MS cells on day 9 (Figure 1.6a). (b) The number of MS per 1000 cells as the 

number of passage increases. (c) The expression level of ALDH1 and CD44+/CD24− as 

biomarkers for bCSCs at each passage culturing (Figure 1.6b). (d) Confocal microscopic 

image of the MS cells treated with red fluorescent MNC particles (left) and the floating cells 

after MNC treatment (right). 
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Figure 1.8. Monitoring of the effect of heat under the optimized alternating magnetic field 

(AMF) conditions (290 kHz and 60 kA m−1). (a) Real time images from the thermos-graphic 

camera during AMF application at different times (heat scale unit: Celsius). (b) Temperatures 

generated by the MNCs of various sizes, media, and cell only (untreated) samples at different 

times. 
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Figure 1.9. Magnetic hyperthermia effect of the prepared MNCs on bCSCs under the 

optimized AMF conditions (290 kHz and 60 kA m−1). (a) Cell viability at different 

concentrations of the MNCs (in the absence of an AMF, left) and cell viability at different 

treatment times of AMF (right). (b) Expression levels of ALDH1 and CD44+/CD24− during 

AMF treatment (Figure 1.10a). (c) Expression levels of HSP70 and 90 proteins after 

thermotherapy characterized by western blot analysis (left) and normalized against β-actin 

(right). 
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Figure 1.10. The effect of thermal therapy on mammosphere (MS) cells under the optimized 

magnetic hyperthermia conditions (60-nm sized MNC, 290 kHz, and 60 kA/m). (a) The 

changes in the expression level of the biomarkers with different factors such as time and size. 

(b) The treated cells were subjected to staining analysis with PI and annexin-V to establish the 

cell death process, and typical apoptosis mechanism was exhibited. 
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국 문 초 록 

 

균일한 표면증강라만산란을 위한 나노큐브의 조립 제어 

 

 

플라즈모닉 나노구조체는 플라즈모닉 나노입자와 전자기파 사이의 

상호작용을 통해 자유 전자의 집단적인 진동으로 발생하는 국소 표면 플라즈몬 

공명 (localized surface plasmon resonance, LSPR)에서 기인된 독특한 광학 

특성으로 인해 큰 주목을 받고 있다. LSPR 의 위치는 입자 주변의 매질 이외에도 

크기, 모양, 물질의 조성 및 외부 (또는 내부) 나노갭 구조에 따라 변화하는 

특성이 있다. 또한, 2 개 이상의 나노입자들은 입자 사이의 거리에 따라 

플라즈모닉 커플링을 통해 단일 입자에서는 관찰할 수 없는 향상된 특성을 

발생시킨다. 특히, 플라즈모닉 나노갭 구조체에서 생성된 강력하게 증폭된 

전자기장으로 인해서 표면증강라만산란 (surface-enhanced Raman scattering, 

SERS)의 신호 세기가 극적으로 증폭되는 것과 같은 전례 없는 광학 현상을 

관찰할 수 있다. 다양한 플라즈모닉 나노구조체 중에서 나노갭 구조를 갖는 

플라즈모닉 구조체의 경우 매우 작은 나노갭 (~1-2 nm 핫스팟) 내에서 증폭된 

전자기장으로 인해서 강하고 조절 가능한 SERS 신호를 생성하여 단일 분자 검출 

및 다중 검출이 용이하다. 그러나 SERS 신호 증폭 제어의 어려움과 재현성이 

낮은 문제점이 있기 때문에 SERS 나노프로브 중 어느 것도 실제 응용 분야에 

널리 사용되지 못하고 있다. 그러므로 높은 수율의 균일한 핫스팟을 갖는 

플라즈모닉 나노갭 구조체의 형성을 정밀하게 제어하는 것이 균일하고 재현성 

있는 SERS 신호를 얻기 위한 핵심 과제이다. 이 논문은 외부 나노갭을 갖는 
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플라즈모닉 나노큐브 다이머를 고수율로 형성시키는 전략을 제시하고, 해당 

다이머들의 SERS 증폭 인자가 좁게 분포되며 균일하고 재현성 있는 SERS 

신호를 보임으로 인해 잠재적인 응용 가능성을 보인다. 

1 장에서는 SERS 를 윈한 나노갭을 갖는 플라즈모닉 구조체의 기본적 

배경 지식과 이전에 보고된 합성 전략, 플라즈모닉 특성 및 다양한 플라즈모닉 

나노갭 구조체들의 SERS 응용의 예시를 기술하였다. 

2 장에서는 높은 수율로 정밀하게 조절된 금 나노큐브 (Au nanocube, 

AuNC) 다이머를 형성하기 위한 합성 전략에 대해 기술하였다. 팔라듐 

나노프레임을 면 선택적으로 리간드 개질을 위해 할로겐화물 이온의 도입을 

통해서 AuNC 의 모서리와 가장자리에서 선택적으로 성장 및 제거하는 합성법을 

개발하였다. 선택적으로 리간드 개질이 되지 않은 AuNC 와 비교하여 면 선택적 

리간드 개질된 AuNC 는 완벽하게 면대면 (face-to-face) 방향으로 조립된 

다이머를 형성하였고 93.3%의 매우 향상된 수율 개선을 하였다. AuNC 의 평평한 

면의 조립에 의해 형성된 나노갭 구조는 매우 평평하고 균일한 구조이기 때문에 

균일한 핫스팟을 생성하여 좁게 분포된 SERS 증폭 인자를 보여 신호의 균일성과 

재현성을 개선할 수 있었다. 또한, 이 합성 전략을 통해서 단일 분자 수준의 

SERS 신호도 매우 균일하고 정략적인 SERS 신호를 재현할 수 있었다. 

3 장에서는 AuNC 다이머의 나노갭 거리를 고정하기 위해서 실리카 쉘을 

도입하는 합성 전략에 대해 기술하였다. DNA 혼성화를 통해 형성된 AuNC 

다이머는 건조 상태와 용액상에서 입자 간 거리가 고정되어 있지 않기 때문에  

SERS 신호 편차를 유발한다. 기존의 AuNC 다이머와 비교하여 실리카 쉘이 

코팅된 AuNC 다이머는 ~1 nm 나노갭 거리로 고정되어 보다 균일한 핫스팟을 
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형성하여 더 강하고 더 좁게 분포된 SERS 증폭 인자를 보였다. 특히, 실리카 

쉘은 세포 내부의 환경에서 존재하는 글루타티온 조건에서 SERS 안정성을 유지 

및 실리카 쉘이 코팅된 AuNC 다이머를 처리한 HeLa Cell 에서의 SERS 

이미징을 통해 SERS 기반 바이오 응용 분야에 대한 잠재적인 응용 가능성을 

보여주었다. 

 

 

 

 

 

 

 

 

 

 

 

주요어: 플라즈모닉 나노갭, 표면증강라만산란 (SERS), 팔라듐 나노프레임, 선택적 산화 

에칭, 선택적 리간드 개질, 나노큐브 다이머, 나노갭 고정, 실리카 쉘 

 

학번: 2013-202070 


	Chapter 1. Introduction.
	1.1. Plasmonic nanogap structures
	1.2. Synthetic strategies of plasmonic nanogap structures.
	1.2.1. Synthetic approach..
	1.2.2. Self-assembly approach

	1.3. Surface-enhanced Raman scattering of plasmonic nanogap structures
	1.3.1. Plasmonic nanogap structures with intragaps
	1.3.2. Plasmonic nanogap structures with intergaps

	1.4. Conclusion and perspectives 

	Chapter 2. Metal Nanoframe-based Ligand Modification of Au nanocube Assemblies for Highly Uniform and Reproducible Surface-Enhanced Raman Scattering
	2.1. Introduction
	2.2. Experimental section
	2.3. Results and discussion
	2.4. Conclusion.

	Chapter 3. Silica-based Nanogap Fixation of AuNC Assemblies for Highly Uniform and Reproducible Surface-Enhanced Raman Scattering.
	3.1. Introduction.
	3.2. Experimental section
	3.3. Results and discussion
	3.4. Conclusion

	References
	Appendix/Chapter 1. Optimization of Magnetic Hyperthermia Effect for Breast Cancer Stem Cell Therapy
	1.1. Introduction.
	1.2. Experimental section
	1.3. Results and discussion
	1.4. Conclusion

	References
	국문초록


<startpage>16
Chapter 1. Introduction. 1
 1.1. Plasmonic nanogap structures 2
 1.2. Synthetic strategies of plasmonic nanogap structures. 5
  1.2.1. Synthetic approach.. 5
  1.2.2. Self-assembly approach 8
 1.3. Surface-enhanced Raman scattering of plasmonic nanogap structures 14
  1.3.1. Plasmonic nanogap structures with intragaps 16
  1.3.2. Plasmonic nanogap structures with intergaps 17
 1.4. Conclusion and perspectives  24
Chapter 2. Metal Nanoframe-based Ligand Modification of Au nanocube Assemblies for Highly Uniform and Reproducible Surface-Enhanced Raman Scattering 33
 2.1. Introduction 34
 2.2. Experimental section 37
 2.3. Results and discussion 44
 2.4. Conclusion. 50
Chapter 3. Silica-based Nanogap Fixation of AuNC Assemblies for Highly Uniform and Reproducible Surface-Enhanced Raman Scattering. 75
 3.1. Introduction. 76
 3.2. Experimental section 78
 3.3. Results and discussion 85
 3.4. Conclusion 90
References 106
Appendix/Chapter 1. Optimization of Magnetic Hyperthermia Effect for Breast Cancer Stem Cell Therapy 112
 1.1. Introduction. 113
 1.2. Experimental section 115
 1.3. Results and discussion 119
 1.4. Conclusion 124
References 135
국문초록 136
</body>

