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ABSTRACT 

 

 

Super-resolution microscopy has attracted tremendous interests in bioimaging 

researches. Many techniques have been developed for super-resolution imaging of live 

cells, intracellular proteins, bacteria, etc. It has been generally known that, using 

conventional fluorescence microscopy such as epifluorescence (wide-field), confocal, 

or total internal reflection fluorescence microscopy (TIRFM), two different 

subwavelength objects located within a distance of the Abbe diffraction limit cannot be 

distinguished from raw image obtained by charge-coupled device (CCD). The Abbe 

limit means that the resolution is determined by the wavelength of light and numerical 

aperture, generally known as almost half of the wavelength of light, i.e. 200~300 nm at 

a visible range. In other words, it has been a little difficult to observe sub-diffraction-

limited intracellular interactions or nanoscale objects such as single molecule, virus 

and protein by using conventional fluorescence microscopy. Most notable imaging 

techniques including stimulated emission depletion (STED), structured light 

illumination (SIM), and single molecule localization such as photoactivated 

localization microscopy (PALM) and stochastic optical reconstruction microscopy 

(STORM) have significantly improved the resolution beyond the diffraction limit. A 

few tens of nanometer-scaled resolution has been reported, which leads to imaging of 

intracellular organisms or single molecular tracking. 
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In this dissertation, the feasibility of plasmonic nanostructure based super-

resolution imaging is explored to analyze various biological events. Nanoscale hot 

spots can be created at the surface of nanostructure arrays based on plasmonic field 

localization. Since arrayed hot spots are used for spatial sampling of biomolecules, 

cells, and bacteria, raw image measured by detectors can be reconstructed based on 

superlocalization imaging for improved image resolution below the Abbe diffraction 

limit. Consequently, for super-resolution imaging using subwavelength metallic 

nanostructures including  nanograting and nanoaperture (i.e., nanohole) based on field 

localization, three major techniques by superlocalization sampling to obtain the sub-

diffraction-limited resolution are introduced in this dissertation: (1) nanoscale 

localization sampling (NLS), (2) three-dimensional superlocalization imaging based on 

extraordinary light transmission (EOT), and (3) plasmonics-based spatially activated 

light microscopy (PSALM). 

For an NLS-based imaging technique, periodical sampling of moving targets 

on nanoscale was implemented using highly localized hot spots that are created on 

nanohole arrays based on localized surface plasmons, which leads to enhance the 

spatial resolution. The feasibility of NLS for sub-diffraction-limited imaging was 

explored to measure fluorescent monomers of microtubules gliding at the nanoaperture 

surface. From the reconstructed image of NLS, four times improvement in the lateral 

resolution was validated compared to conventional fluorescence microscopy. For three-

dimensional superlocalization imaging, metallic nanoaperture arrays were also 
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employed for EOT. Light can highly transmit through subwavelength metallic 

nanoapertures due to plasmon coupling. A power of imaging and sampling based on 

EOT is that light penetration is much deeper than that of evanescent waves under 

TIRFM and can be controlled by changing the aperture size. To analyze three-

dimensional motion dynamics of gliding bacteria, movements of bacteria were 

extracted with the lateral and axial sampling precision less than 50 nm by mapping 

intensity variations to spatial distribution of each field spot by EOT. For PSALM, the 

imaging resolution is effectively determined by the distance among multiple hot spots 

that are formed around a nanopattern, i.e., the super-resolution can be obtained by 

controlling multiple light activation within a few tens of nanometers. Further studies 

using nanostructures based on plasmonic localization have been performed for sensing 

techniques as well as imaging. 

 

Keywords: super-resolution imaging, fluorescence microscopy, plasmonics, 

nanostructures, plasmonic localization, superlocalization sampling. 
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Introduction 
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Section 1.1. 

Theoretical background of localized surface 

plasmon 

 

 

1.1.1 Surface plasmon 

 

SP is a longitudinal concentration wave of conduction electrons occurred at 

metal-dielectric interface when p-polarized light is incident. In the case to induce SPs, 

the real part of the metal permittivity is negative, whereas its magnitude is larger than 

that of the dielectric permittivity. In other words, longitudinal electric dipoles in metal 

are trapped at the surface, and decay exponentially on the distance away from the 

surface, so produce the surface evanescent waves in the range of 100~200 nm. SPR is 

occurred when conducting electrons in the metal collectively oscillate in resonance 

with the incident light, and SPs are highly excited in the SPR condition. When using a 

metal thin film, the oscillating waves propagate on a planar surface of metal films, 

which is known as SPPs as conceptually illustrated in Figure 1.1.1. The excitation of 

SPPs is frequently applied for SPR techniques. For LSPs by metallic nanostructures 
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including nanoparticle with a smaller size than the incident light wavelength, the SPs 

oscillate locally and are effectively confined around the structure. In other words, the 

coupling of light with LSPs and SPPs can provide strong confinement of 

electromagnetic near-fields [1-3]. 

 

 

 

Figure 1.1.1. A concept illustration of SPPs at metal-dielectric interface. 
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1.1.2 Dispersion relation 

 

The dispersion relation between SP momentum and energy is calculated from 

Maxwell’s equations with appropriate boundary conditions. When a p-polarized 

(transverse magnetic or TM) electromagnetic wave travels along the x-direction 

(parallel to the surface in Figure 1.1.1), wave vectors (k) at the interface have the 

following relation: 

where 𝑘𝑑 , 𝑘𝑚, 휀𝑑 and 휀𝑚 represent wave vector in the dielectric side, wave vector in 

the metal side, dielectric relative permittivity, and metal relative permittivity, 

respectively. Then, the equations are derived plugging equations (1) and (2) into the 

wave equation, and 𝑘𝑥 = 𝑘𝑥𝑑 = 𝑘𝑥𝑚 at metal-dielectric interface; 

where ω and c is angular frequency of incident light and the speed of light, respectively. 

The dispersion relation for the momentum of SPs (𝑘𝑠𝑝) is consequently given by 

𝑘𝑑 = 𝑘𝑚 (𝑥 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛) (1) 

𝑘𝑑 ∙ 휀𝑚 = 𝑘𝑚 ∙ 휀𝑑  (𝑧 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛) (2) 

(𝑘𝑥)2 + (𝑘𝑧𝑑)2 = 휀𝑑 (
𝜔

𝑐
)

2

 (3) 

(𝑘𝑥)2 + (𝑘𝑧𝑚)2 = 휀𝑚 (
𝜔

𝑐
)

2

 (4) 

𝑘𝑠𝑝 =
𝜔

𝑐
√

휀𝑚휀𝑑

휀𝑚 + 휀𝑑
 (5) 
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1.2.3 Localized surface plasmon 

 

Nanophotonics can be widely applied for enhancement of SPs. As mentioned 

above, LSPs can be highly excited by subwavelength metallic structures [4-9]. If we 

apply the nanostructure to TIRF microscopy, near-field distribution within evanescent 

waves can be modulated and locally amplified depending on the nanopatterns. For 

example, the localization of plasmonic near-fields was presented in Figure 1.1.2, which 

was numerically calculated by varying the size of a nanograting. Locally amplified hot 

spot was created at the side of ridge and the scale was far less than 100 nm in the 

lateral and axial direction. Most of the following sections address the feasibility of 

super-resolution imaging based on LSP-based nanostructures. 

 

 

 

Figure 1.1.2. Numerical calculation of LSP-based hot spots created by periodic 

nanogratings. Near-field distribution can be affected by the size of a nanograting ridge. 
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1.2.4 Geometry 

 

As mentioned above, LSPs are excited on subwavelength metallic 

nanostructures fabricated in a metal film including gold, silver, aluminum, etc. To 

preset geometry of metallic nanostructures such as nanogratings, nanoholes, and 

nanoposts, design parameters are provided as shown in Figure 1.1.3. The geometrical 

parameters include an array period (Λ), thin film thickness (df), and dN (depth of 

nanostructure). The nanostructure pattern comes in various shapes of circle, triangle, 

rhombus, or square, and the size of nanopattern is defined as length (L) or diameter (ϕ). 

I note that there is a very thin chromium layer between a substrate BK7 glass and the 

metal film for adhesion. 
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Figure 1.1.3. Geometrical parameters of subwavelength metallic nanostructures. The 

shape of nanostructure patterns can be varied, for example, circular nanopattern with 

the diameter (ϕ), triangle, rhombus, or square nanopatterns with the side length (L). 
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Cr adhesion layer

Metal film
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Φ
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Section 1.2.  

Image resolution 

 

 

1.1.1 Fluorescence microscopy and resolution 

 

Fluorescence optical microscopy is one of practical imaging systems based on 

fluorescence for biological observation. Fluorescence is a phenomenon of light 

emissions by absorbed (excitation) light or other electromagnetic waves. After 

discovering GFP by Roger Y. Tsien, Martin Chalfie, and Osamu Shimura, the 

fluorescence microscopy has been investigated as a conventional imaging and analysis 

tool for imaging of specific biomolecular dynamics or behaviors in cells, tissues, and 

animals. The emission wavelength of fluorescence is longer than that of excitation light, 

so fluorescence microscopies generally have three optical parts: the excitation of 

incident light, spectral separation, and detection of emitted fluorescence. According to 

adjusting a configuration of optical parts, several fluorescence microscopes were 

developed and employed; epifluorescence (wide-field), confocal, two-photon, and/or 

TIRFM. 

Since fluorescence microscope is also based on the wave nature of light, it is a 
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diffraction-limited system. Based on practical experiments and theoretical principles of 

physics, Ernst Abbe (in 1873) and Lord Rayleigh (in 1896) defined the diffraction-

limited resolution, which is a criterion to quantitate a necessary distance between Airy 

patterns of two different objects in order to distinguish them separately [10,11]. 

Based on the Rayleigh criterion, two point sources observed in the 

microscope are clearly resolved when the principal maximum from one of the point 

sources, i.e. the central of the pattern, overlaps at the first minimum of the Airy disk 

from the other point source. If the distance between two Airy disks or PSF is smaller to 

be merged together, the two point sources cannot be resolved. Diffraction-limited 

resolution in the lateral plane is defined as a following equation: 

where 𝜆 is the emission wavelength of light for fluorescence and 𝑁𝐴 is the objective 

numerical aperture. By Eq. (6), the diffraction-limited resolution in the visible range of 

light is measured at 200~300 nm in the lateral plane. The spatial resolution in the axial 

direction is even worse than the lateral resolution, which is defined as following 

formula: 

Note that 𝑛 means the refractive index of an immersion medium. Based on Eq. (7), 

axial resolution is much worse than the lateral resolution in conventional fluorescence 

microscopy. Thus, resolution, in a practical sense, is often defined as the smallest 

𝑅𝑥,𝑦 =
0.61𝜆

𝑁𝐴
 (6) 

𝑅𝑧 =
2𝑛𝜆

𝑁𝐴2
 (7) 
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separation distance between two point-like objects in which they can still be 

distinguished as individual emitters. 

 

 

1.1.2 Plasmonic nanostructure and resolution 

 

The creation of plasmonic spots localized on nanostructure has been generally 

applied for sensitivity enhancement of sensing techniques such as SPR sensor or SERS. 

For fluorescence, highly localized plasmonic near-fields can enhance the signal 

excitation and emission [12]. Higher SNR of fluorescence images can be obtained. In 

terms of the imaging resolution, since the size of plasmonic localized spot is much 

smaller than the Abbe diffraction limit, it can be achievable to decrease the 

excitation/emission volume of fluorescence to nanoscale by nanostructures, which 

leads to resolution enhancement [13-16]. Compared to conventional fluorescence 

microscopy, localized spot on the plasmonic nanostructure is dramatically reduced 

down to 100 nm in size, so that molecular events excited by plasmonic spots can be 

spatially distinguished at nanoscale. If target fluorescence is excited by plasmon-

localized spots, the spot size (i.e., FWHM) is considered as one of the factor to 

determine the image resolution. It is possible to detect a signal obtained from a far 

smaller region of spot with sub-diffraction-limited PSF. Figure 1.2.1 shows a concept 
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illustration to present the effect of hot spot size in respect of the effective resolution. 

Hot spots and target molecules are assumed to be located within a diffraction-limited 

volume. Much smaller resolution is expected in the case of Figure 1.2.1(b), if the 

resolution can be determined by an effective distance (deff) between a hot spot-excited 

area (i.e. the center of PSF of hot spot) and no signal-enhanced target. 

 

 

 

Figure 1.2.1. Concept illustrations to show the relation between hot spot size and the 

effective image resolution. 
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Chapter 2. 
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Section 2.1. 

Design of nanostructure 

 

 

Various nanostructures including bowtie, C-, H-, and L-shaped nanopatterns 

can be considered for well-designed hot spots [17-19]. In this chapter, however, I focus 

on localized surface plasmon based hot spots formed at subwavelength metallic 

nanopattern arrays. Designed nanoapertures have three simple shapes of circle, 

rhombus, and square, but induce effectively localized SPs [8]. Figure 2.1.1 shows a 

schematic illustration of these three types of nanoaperture and a geometrical 

parameters such as an array period (Λ), metal thin film thickness (df), nanoaperture 

depth (dg), a diameter (ϕ) for circle or a side length (L) for rhombus and square. To find 

an optimum condition of nanostructure, ranges of each parameter were preset as 

follows: Λ = 0.5~2 μm, df = 10~40nm, dg = 10~40nm, and ϕ/L = 50~500nm. All 

models for a theoretical study were designed in water ambience and on BK7 glass 

substrate with a 2-nm-thick chromium adhesion layer. Here, p-polarized light was 

incident to the metal structure at 60 degrees to excite SPs, and 488-nm wavelength of 

light was chosen assuming fluorescence imaging. 

As mentioned above, three main quantities were evaluated to evaluate 

plasmonic spots in terms of spatial image resolution considering not only raw image 
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acquisition but reconstruction: first, when the plasmonic spot directly sample a target 

sample existed at surface, FWHM of plasmonic spot can affect the imaging resolution. 

If a side lobe spot is considerably dominant within a range of the diffraction limit, in 

case the side lobe intensity is larger than one-half peak intensity of the main spot, this 

case was discluded. In this chapter, to measure the FWHM, x-axis was defined as a 

parallel axis to the wave vector of incident light in the lateral plane (presented in 

Figure 2.1.1). If any mention was not noted, FWHM was measured along the x-axis. 

Second, to assess the shape of plasmonic spot, ellipticity was defined as the ratio of 

FWHMx to FWHMy. Finally, the hot spot size was measured as the product value of 

FWHMx and FWHMy. In summary, to evaluate the imaging performance by using 

nanostructure (nanoaperture arrays, in this chapter) for sub-diffraction-limited imaging, 

three parameters were analyzed: FWHMx, FWHMy/FWHMx, and FWHMx·FWHMy. 
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Figure 2.1.1. Schematic illustrations of three types of arrayed nanoapertures: (a) circle, 

(b) rhombus, and (c) square patterns of nanoapertures with geometric parameters. (d) 

Nanostructure profile for a side view across the line in (a) (in the xz-plane). θi 

represents an incident angle of light to excite LSP. Reprinted and reproduced with 

permission from Ref. 8 ©  (2011) IEEE. 
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Section 2.2. 

Numerical study of plasmonic hot spot 

 

 

Here, near-field characteristics of designed nanostructures are numerically 

analyzed. Figure 2.2.1 presents the effect of geometrical parameters in production of 

localized hot spots. FWHM and ellipticity of the spot created on square nanoaperture 

arrays are affected by varying Λ, df, dg, and ϕ/L. The effect of thin film thickness df 

seems to be relatively small as shown in Figure 2.2.1(a) and (b). However, the most 

prominent trends were measured depending on the array period and the aperture depth. 

There is an inverse relationship between FWHM and ellipticity. The hot spot tends to 

have larger FWHM and lower ellipticity as Λ and dg increased (see Figure 2.2.1(c)-(f)). 

In Figure 2.2.1(e) and (f), deeper nanoapertures may induce the localized plasmonic 

fields to be decoupled between top and bottom of the aperture and finally broadened 

hot spots to have larger FWHM, particularly FWHMx [20]. The other nature of hot 

spots is that smaller nanoapertures produce narrower FWHM and lower ellipticity, 

which means that they can create smaller hot spots as shown in Figure 2.2.1. The 

minimum FWHM can be obtained in case of square nanoaperture arrays with L = 50 

nm at 1-μm array period. 
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Figure 2.2.1. Characteristics of hot spots produced by square nanoapertures are 

numerically analyzed. (a) FWHM and (b) ellipticity, as the thin film thickness is varied 

at Λ = 1 μm. (c) FWHM and (d) ellipticity, as array period is varied while the effect of 

df is averaged. (e) FWHM and (f) ellipticity, as the nanoaperture depth is varied at Λ = 

1 μm. Reprinted and reproduced with permission from Ref. 8 ©  (2011) IEEE. 

 

 

 

FEP can be constant due to the trade-off between FWHM and ellipticity, 

which shows the property of hot spot in that it would be difficult to confine the 

localized spot in both directions perpendicular to each other in terms of an 

accumulation-redistribution process of near-field charges near and around 

nanoapertures [21], although specific values of FEP does not maintain constant 
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depending on particular geometrical parameters. Figure 2.2.2 shows FEP plots for three 

nanoaperture patterns at varying dg: (a) circle, (b) rhombus, and (c) square. Here, we 

focused on the tendency of FEP to access the localization characteristics rather than 

detailed geometrical parameters. As mentioned above, FEP is largely constant, 

especially at thicker nanoapertures as shown in Figure 2.2.2(a)-(c). FEP is also 

significantly affected by the nanoaperture size. Compared to nanoapertures with L = 

100 and 200 nm, smaller nanoapertures in case of L = 50 nm can create the localized 

spot with a smaller FEP by two or three times. Thus, the degree of plasmonic 

localization is mainly affected by the size of nanostructure, which is also observed in 

Figure 2.2.1. From the results of Figure 2.2.1 and 2.2.2, the most dominant factor to 

affect FWHM and FEP with regard to the spot size is the size of nanoaperture. The 

array period and aperture depth also impact considerably. Compared to rhombic and 

square nanoapertures, I note that circular nanoapertures show slightly different 

behaviors that are observed in Figure 2.2.2(a). Circular patterns created significant side 

lobe spots which cause difficulties to define the main hot spot, which is related to 

relatively insufficient localization of surface plasmonic fields by circular 

nanostructures without vertexes. Thus, in case of ϕ = 50 and 100 nm, the existence of 

hot spots are not considered if the effect of side lobes cannot be negligible. 
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Figure 2.2.2. FEP for various nanoapertures: (a) circle, (b) rhombus, and (c) square. 

Reprinted and reproduced with permission from Ref. 8 ©  (2011) IEEE. 

 

 

 

Scatter plots between FWHM and ellipticity are presented in Figure 2.2.3(a)-

(d). As observed in the previous results, the overall trend of plasmonic localization 

seems to have the inverse relationship. More concretely, this inverse relation has two 

different regimes: the inner curve with smaller FEPs and the outer curve with larger 

FEPs. For sub-diffraction-limited imaging, smaller FEPs located in the inner curve 
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(produced by smaller nanoapertures) would be more desirable. From Figure 2.2.3(b)-

(d), we can observe that nanoapertures undergo a transition to the wide FWHM as the 

period increased. The relation of FWHMx and FWHMy in Figure 2.2.3(e) shows that 

FWHMy is also affected by the size of nanopatterns and always larger than FWHMx 

due to inclined incidence of light under TIR. As shown in Figure 2.2.3, square-

patterned nanoapertures have the optimum condition in terms of FWHM and ellipticity, 

e.g., narrow FWHM and low ellipticity, simultaneously. Rhombus nanoapertures can 

produce narrower FWHM, whereas ellipticity would be relatively larger. In contrary, 

rhombus apertures with lower ellipticity tend to have much wider FWHM than square. 

Since square nanoapertures give rise to hot spots with a much wider range in FWHM 

and ellipticity, they can suggest the feasibility of customization for specific needs to 

image various target samples. 
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Figure 2.2.3. (a) FWHMx and ellipticity produced by nanoapertures. A, B, and C 

denote the optimum nanostructure of circular, rhombus, and square aperture patterns, 

respectively (Insets show the near-field distribution. Area: 1 × 1 μm2 for A and 0.5 × 

0.5 μm2 for B and C). Scale bar is 200 nm. The scatter distribution of FWHMx and 

ellipticity at each aperture period: (b) Λ = 0.5 μm, (c) 1 μm, and (d) 2 μm. (e) Scatter 

plot of FWHMx and FWHMy. Reprinted and reproduced with permission from Ref. 8 

©  (2011) IEEE. 
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Table I presents FWHM and the spot size to produce the minimum hot spot at 

various array periods and side lengths (i.e., diameters for circle), which clearly shows 

the effect of array period, the aperture size and shape to make the minimum hot spot. 

The smallest hot spot for each nanoaperture shape is marked as A (circle), B (rhombus), 

and C (square) in Figure 2.2.3(a), respectively. The smallest spot size was measured as 

53 × 110 = 5,380 nm2 at Λ = 1 μm, df = 10 nm, dg = 20 nm, and L = 50 nm. As 

presented in Table I, the smallest spot size of circle and rhombus nanoapertures is 83% 

and 40% of that of square nanoapertures. The electromagnetically near-field 

distribution on square nanoaperture arrays for the optimum hot spot is presented in 

Figure 2.2.4 (for C in Figure 2.2.3(a)). From line profiles in the x and y directions in 

Figure 2.2.4(a) and (c), the optimum hot spot is still elliptical (the ellipticity was 2.1) 

and side lobe ripples are also observed near and around the nanoaperture due to 

propagation of SPs. The SNR in the field distribution was calculated to be almost 5 dB 

in this case. 
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Table I. Minimum FWHM and the hot spot size by circular, rhombic, and square 

nanoaperture arrays for sub-diffraction-limited fluorescence microscopy. 

  

 Λ [μm] 0.5  1 2 

Shape ϕ/L [nm] 50 200 50 100 200 50 100 200 

Circle 

FWHM 

[nm] 
- 60 - - 63 - - 80 

Spot size 

[nm2] 
- 15,060 - - 16,443 - - 24,000 

Rhombus 

FWHM 

[nm] 
64 90 52 70 85 80 95 86 

Spot size 

[nm2] 
8,960 20,700 6,708 17,850 20,145 13,040 25,650 20,640 

Square 

FWHM 

[nm] 
64 62 53 95 60 78 97 81 

Spot size 

[nm2] 
8,064 15,934 5,830 24,225 14,280 11,154 26,384 21,627 
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Figure 2.2.4. Near-field distribution by the optimum square nanoaperture. Profiles of 

hot spot along the x- and y-axis presented in (b). The arrow indicates an incident 

direction of light in the lateral plane. Three-dimensional near-field characteristics are 

also presented in (d). Reprinted and reproduced with permission from Ref. 8 ©  (2011) 

IEEE. 
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Chapter 3. 
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Section 3.1. 

Introduction to super-resolution imaging 

 

 

 In recent years, super-resolution microscopy has attracted tremendous 

interests in bio-imaging researches. Many techniques have been developed for super-

resolution imaging of live cells, intracellular proteins, bacteria, etc. It has been 

generally known that two different subwavelength objects located within a distance of 

the Abbe diffraction limit cannot be distinguished from raw image using conventional 

fluorescence microscopy. The Abbe limit means that the resolution is determined by 

the wavelength of light and numerical aperture, generally known as almost half of the 

wavelength of light, i.e. 200~300 nm at a visible range. In other words, to observe sub-

diffraction-limited objects and phenomena, e.g. single molecule, protein, virus, or 

intracellular interaction, is a little difficult using conventional fluorescence microscopy. 

Most notable techniques for super-resolution imaging have been well known as the 

names of STED, SIM, and single molecule localization microscopy including PALM 

and STORM, which have significantly improved the image resolution beyond the 

diffraction limit [22-25]. Their principles for super-resolution are presentenced in 

Figure 3.1.1. A few tens of nanometer-scaled resolution has been reported, which leads 

to imaging of intracellular organisms or single molecular tracking. 
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Figure 3.1.1. Principles of SIM, STED, and PALM/STORM for super-resolution 

microscopy. (a) SIM is generally based on patterned light illumination. A target sample 

is illuminated by a series of patterns with different phases. Multiple wide-field images 

with high spatial frequency are processed by removing the illumination pattern from 

moiré fringes. (b) For STED, the resolution is improved by shrinking PSF using the 

phenomenon of stimulated emission depletion based on nonlinear response of 

fluorescence. Excited fluorophores in the periphery of the diffraction-limited spot are 

quenched using doughnut-shaped laser beam (STED laser), which is aligned to the 
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excitation laser. Scanning of the sample by excitation and depletion laser is required 

with a second. (c) For SMLM such as PALM and STORM, super-resolved images are 

acquired based on repetition of stochastic activation, localization and deactivation of 

single molecular fluorescence. Each fluorophore is highly localized by decreasing the 

number of activated fluorophores until different molecules are distinguishable. Each 

location of different molecules is estimated by the superposition of multiple time-lapse 

wide-field images [26]. Reprinted with permission from Ref. 26 ©  (2013) Nature 

Publishing Group. 
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However, in this dissertation, plasmonic techniques by nanostructures are 

mainly focused on to improve the spatial resolution in conventional fluorescence 

microscopy based on superlocalization imaging and sampling. Well-designed 

plasmonic nanostructures can be easily placed at a sample plane of conventional 

imaging systems to make nanoscale localized fields. For example, plasmon-enhanced 

TIRF microscopy using nanostructures can effectively confine the near-fields in a 

small region within evanescent waves [7,8,14,15]. Plasmonic localization based sub-

diffraction-limited imaging has been implemented using periodic nanogratings, 

nanohole arrays, and random nanoislands [27,28]. Patterned nanoislands on silver film 

create randomly distributed near-field spots with the scale down to 100 nm, sub-

diffraction-limited imaging to spatially distinguish molecular events was implemented 

to observe the endocytotic internalization of adenoviruses in and out a live cell, 

comparing with conventional TIRF microscopy [27]. Surface fluorescence distribution 

of gliding microtubules cultured in vitro was super-resolved based on nanoscale 

sampling and reconstruction using plasmonic hot spots of periodic nanohole arrays 

[15]. In these studies, the lateral resolution of TIRF microscopy can be enhanced below 

the diffraction limit. Some reconstruction algorithms based on plasmonic localization 

can help to analyze biomolecular interactions more concretely with improved image 

resolution. The characteristics of hot spot can affect the effective resolution when 

reconstructing the raw image by deconvolution; a study of plasmon-localized spots was 

necessary [8]. 
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In terms of the axial resolution for three-dimensional analysis, TIRF 

microscopy can have a fine depth resolution since the penetration depth of evanescent 

waves is about 100~200 nm from surface, which enables single depth sectioning in the 

axial direction. In contrast, however, multiple sectioning is still limited by TIRF due to 

finite penetration depth from surface. Whereas several microscopies for three-

dimensional axial sectioning have been employed based on wide-field deconvolution 

or confocal imaging, the imaging resolution in the axial direction is limited on a scale 

of a few hundreds of nanometers, which is substantially worse rather than the lateral 

resolution. Recently, super-resolution techniques mentioned above are also applied to 

break the axial resolution limit: e.g. 3D STED or PALM/STORM. A double-helix point 

spread function microscope was developed for axial scanning and tracking of 

intracellular targets or bacteria. Cytoskeletal proteins, which are colocalized with the 

surface of living bacteria, were successfully captured and a super-resolved image was 

reconstructed [29,30]. 

The feasibility of plasmonic nanostructures, especially nanohole arrays, to 

improve the axial resolution was also reported [31]. Light through subwavelength 

nanohole arrays fabricated in a thick metal film can locally transmit on nanohole and 

the intensity can be highly enhanced [32]. In the case, since the penetration depth of 

transmitted light on nanohole is larger than that of evanescent waves, biomolecular 

interactions occurred in much deeper regions along the axial direction can be measured 

comparing with TIRFM. Gradient nanohole arrays were designed to induce different 
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depth excitation of light within preset axial distance from the nanohole surface. Since 

the difference between penetration depths of neighboring holes was approximately a 

few tens of nanometers, the depth information of intracellular organisms on each 

aperture was extracted from intensity difference between neighboring holes by sub-

diffraction-limited reconstruction of raw data. Three-dimensional super-resolution 

imaging of gliding objects was explored by subwavelength nanoaperture array based 

sampling based on EOT [33]. Gliding characteristics of bacteria, here Mycoplasma 

mobile, were extracted with sub-diffraction-limited resolutions in three dimensions.  

To summarize, the feasibility of plasmonic nanostructure based super-

resolution imaging is explored to analyze various biological events. Nanoscale hot 

spots can be created at the surface of nanostructure arrays based on plasmonic field 

localization. Since arrayed hot spots are used for spatial sampling of biomolecules, 

cells, and bacteria, raw image measured by detectors can be reconstructed based on 

superlocalization imaging for improved image resolution below the Abbe diffraction 

limit. Consequently, for super-resolution imaging using subwavelength metallic 

nanostructures including nanograting and nanoaperture (i.e., nanohole) based on field 

localization, three major investigations for sub-diffraction-limited imaging based on 

superlocalization sampling are elucidated below: (1) NLS [15], (2) Three-dimensional 

superlocalization imaging by EOT [33], and (3) PSALM [14]. 
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Section 3.2. 

Nanoscale localization sampling 

 

 

In this study, the feasibility of sub-diffraction-limited imaging was explored to 

measure fluorescent monomers of gliding microtubules based on NLS. Temporal 

sampling of moving targets on nanoscale was implemented using highly localized hot 

spots that are created on nanohole arrays based on LSP, which leads to enhance the 

spatial imaging resolution. Compared to conventional fluorescence microscopy, the 

lateral resolution was effectively improved four times. The improved resolution was 

observed at 76 nm in the direction parallel to microtubular gliding (gliding direction or 

axis, predesignated in this chapter) and 135 nm orthogonally. To observe fluorescence 

distribution of partially labeled microtubules using conventional TIRFM was a little 

tricky due to the Abbe diffraction limit. However, the excitation volume by NLS was 

highly localized up to 40 nm in the gliding direction, which is far smaller than the 

diffraction-limited spot of conventional imaging. One possibility is that NLS can 

provide super-resolution to measure microtubular transport dynamics. In other worlds, 

NLS can be used for imaging of moving objects or fluctuation spectroscopy in the 

nanoscale volume. 
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3.2.1 Methods 

3.2.1.1 Numerical study 

 

The localized hot spot in NLS is designated as an image kernel, which is used 

for image post-processing. First, electromagnetic near-field distribution of the hot spot 

kernel was theoretically calculated by RCWA. To find the optimum kernel of NLS for 

super-resolution imaging, numerical computation was performed in the same method 

accessed in Chapter 2. Incident wavelength of light to excite the fluorescence of 

rhodamine was 532 nm and the incident angle was at 70° to excite LSPs. Gold 

nanohole arrays with 300nm diameter and 1μm period were finally determined, 

which produce a half-elliptical hot spot at the side ridge of nanohole as shown in 

Figure 3.2.1. The kernel size was 39 x 135 nm2 in the lateral plane.  
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Figure 3.2.1. Nearfield intensity distribution was calculated by RCWA at 70° of p-

polarized light incidence for a nanohole of 300-nm diameter and 1-μm period. Left: in 

the xy (lateral) plane and right: a 3D illustration. An electromagnetically amplified hot 

spot is created by the nanohole antenna. 
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3.2.1.2 Image reconstruction 

 

Raw image of NLS was reconstructed though convolution of temporally 

detected intensity sequences and the hot spot kernel. The image 𝐼(𝑟; 𝑡) is described as 

where 𝐾(𝑟) is the image kernel, which represents PSF as a result of a finite hot spot 

that was obtained in Figure 3.2.1. 𝑖𝑚,𝑛(𝑡) ∙ 𝛿(𝑟 − 𝑟𝑚,𝑛) denotes intensity signals that 

were temporally measured at arrayed nanohole indexed by m and n. One presumption 

was that locations of arrayed nanoholes and hot spots were predetermined. When 

temporal intensity variations that are considerably related to molecular movements 

were measured on one nanohole (m = a, n = b), 𝐼(𝑟; 𝑡) in Eq. (8) can be changed for 

NLS as the following equation: 

𝑖𝑎,𝑏(𝑘∆𝑡) represents temporally sampled intensities of a gliding microtubule when ∆𝑡 

and 𝑣  is the sampling time and the gliding speed, respectively. Note that the 

consistent 𝑣  should be assumed at 720 ± 15 nm s−1 (n = 25). The spread of 

microtubular gliding in distance is ∆𝑣 ∙ ∆𝑡 = 0.78 nm at the sampling time of 0.052 

sec, which is insignificant compared to the kernel size, so does not affect the overall 

imaging resolution. 

𝐼(𝑟; 𝑡) =  ∑ 𝐾(𝑟)  ×

𝑚,𝑛

𝑖𝑚,𝑛(𝑡) ∙ 𝛿(𝑟 − 𝑟𝑚,𝑛) (8) 

𝐼(𝑟) =  ∑ 𝐾(𝑟)  ×

𝑘

𝑖𝑎,𝑏(𝑘∆𝑡) ∙ 𝛿(𝑟 − 𝑘∆𝑡 ∙ 𝑣 − 𝑟𝑎,𝑏) (9) 
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3.2.2 Results 

  

For image reconstruction by NLS, captured raw data was deconvolved using 

the hot spot kernel obtained in Section 3.2.1. Actual time-lapse images of gliding 

microtubules were sequentially detected by sampling of nanohole arrays with ϕ = 300 

nm and Λ = 1 μm. Spatially periodic excitation of fluorescence is shown in Figure 

3.2.2. A single microtubule glides on three consecutive nanoholes (a, b, and c in order) 

and fluorescence sequentially switched on and off by excitation of each hot spot. Since 

background fluorescence from dark current noise of EM-CCD was detected with main 

signals of microtubule simultaneously, this background noise was excluded by 

subtracting the average baseline intensity from raw images. The baseline intensity was 

measured from blank samples. For Figure 3.2.2, more than 90% of the background 

noise would be filtered out after adjusting the baseline. 

Figure 3.2.3(a) shows a raw control image of a randomly fluorescence-labeled 

microtubule measured using conventional TIRFM without post-processing. Since the 

snapshot image captured when a microtubule glided on a 10nmthick gold film looks a 

little coarse because of the diffraction-limited resolution, detailed information of 

microtubules cannot be extracted. The only non-uniform distribution of fluorescence 

on a microtubule molecule was observed with the conventional resolution of 250 nm. 

In contrast, the reconstruction image by NLS is presented in Figure 3.2.3(b), which 

shows the dramatically enhanced resolution in the gliding direction. Fluorescence 
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emission signals of rhodamine-labeled tubulins were measured from each hot spot over 

a long period of time. The existence and the amount of fluorescence on a microtubule 

were effectively super-resolved. Thus, further details of fluorescence distribution of 

microtubules can be extracted by NLS compared to Figure 3.2.3(a). However, I note 

that it was difficult to track the locations of fluorescence precisely in the perimeter 

plane of each microtubule. The effective resolution in the gliding direction was 

obtained as 76 nm (see Figure 3.2.3(d)), which was relied on the hot spot kernel size 

and the sampling rate of CCD. If the convolving kernel size at image acquisition 

suffers from extension in the gliding direction due to low sampling rate, the image 

resolution was finally worsened because of the increased spot size. In the orthogonal to 

the gliding direction, the resolution is worse as 135 nm, determined by the elliptical 

shape of hot spot. If the image kernel is designed for a symmetric shape, the direction-

dependent resolution can be further improved as discussed in Chapter 2. Reducing the 

spot size and increasing the sampling rate will also help to achieve the super-resolution. 
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Figure 3.2.2. (a) Time-lapse images of gliding microtubules on three consecutive 

nanoholes (a, b, and c). Intensity variations: (b) on a nanohole antenna and (c) in the 

background. Reprinted and reproduced with permission from Ref. 15 ©  (2012) 

WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 3.2.3. (a) A control image of a microtubule when gliding on a 10-nm-thick gold 

film captured by conventional TIRFM. (b) NLS images after reconstruction. A 

microtubule is sampled by nanoscale hot spots using arrayed nanoholes with ϕ = 300 

nm and Λ = 1 μm. (c) and (d) Fluorescence intensity profiles across the line in the 

circles of image B. The effective resolution is measured at 76 nm. Reprinted and 

reproduced with permission from Ref. 15 ©  (2012) WILEY‐VCH Verlag GmbH & Co. 

KGaA, Weinheim. 
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Section 3.3. 

Three-dimensional super-resolution 

sampling 

 

 

Biophysical researches have been important to analyze the exact nature of 

various bacteria. Since characteristics of bacteria are generally undiscovered, there 

have been many investigations to explore the unknown by analyzing internal 

morphology of bacteria, their interactions in changing experimental environments. To 

observe those interests effectively, several imaging techniques have also been studied 

with tremendous attentions. Super-resolution optical imaging microscopy can be 

utilized to explore the intracellular imaging of bacteria in nanoscale. Functionalization 

of bacterial cells to a microfluidics device and injection of fluorophores allowed for 

bacterial membrane were imaged sequentially using single-molecule localization 

microscopy [34]. Cytoskeletal proteins, which are colocalized with the surface of 

living bacteria, were successfully captured using a double-helix point spread function 

microscope [35]. Although intracellular structures of bacteria have imaged by various 

super-resolution methods, behaviors of bacteria themselves at surface have rarely been 

studied. In relation to three-dimensional tracking analyses, time-resolved spectroscopy, 
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two-photon microscopy, and optical force microscopy by optical tweezers have been 

developed to monitor movements of nanometer-sized molecules. However, most of 

these studies have also concentrated on mechanisms of single molecular movements 

instead of bacterial behaviors. Monitoring of small molecules in fluidic channel and 

specific position-tracking of particles has been only implemented using these optical 

tracking systems. 

These approaches have been relatively limited for directly imaging live 

bacteria in real time. The most of bacteria have their own motion properties including 

growing, swimming, and gliding. In comparison with small particles in a fluidic 

channel, movements of gliding bacteria depend on gliding mechanisms of bacteria and 

kinds of obstructions at gliding surface rather than a microfluidic environment or 

gravity. Enhanced nanoscale resolution is demanded for monitoring bacterial 

movements to analyze precise mobility of a single bacterium itself in real time as well. 

In this section, I investigated plasmonic localization based super-resolution 

optical imaging to monitor bacterial gliding characteristics in three dimensions. In the 

previous section, I focused on enhancement of the lateral resolution for TIRF imaging 

systems. As mentioned above, TIRFM can have the fine depth resolution (~ 100-200 

nm), but some biomolecular interactions occurred near surface tend to be dominantly 

observed due to the excitation by evanescent waves. Since conventional fluorescence 

microscopy has even worse axial resolution (~ 500-600 nm), to break the diffraction 

limit in the axial direction as well as the lateral resolution is also important to develop 
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super-resolution imaging systems. 

Electromagnetic waves that are passed through subwavelength nanoapertures 

fabricated periodically in a metal film can be highly transmitted based on plasmon-

coupling effects. Local field on nanoaperture can be dramatically amplified, named as 

EOT. The amount of transmitted light through nanoaperture is determined by 

geometrical parameters of nanoaperture, including period of arrays, diameter and depth 

of aperture, at a particular wavelength. As mentioned above, the feasibility of super-

resolved axial imaging for detecting intracellular protein perfusion was reported using 

subwavelength nanoaperture arrays with different sizes based on EOT [31]. Likewise, 

bacterial or biomolecular movements can be analyzed using plasmonic localized fields 

formed at size-dependent nanoapertures. Three-dimensional information of gliding 

bacterial movements, here Mycoplasma mobile (M. mobile), can be extracted with a 

few tens of nanometer resolution. I confirmed the feasibility of the EOT based super-

resolution imaging system to achieve lateral and axial displacement and dynamic 

information of M. mobile. Positional variations of a single bacterium were 

reconstructed in terms of movement analysis with nanoscale resolution. 
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3.3.1 Theoretical background 

 

Light cannot transmit through a subwavelength aperture by classical Bethe’s 

theory; however, the phenomenon of EOT was first reported by Ebbesen et al. in 1998 

[32]. Transmitted fields through subwavelength nanoaperture arrays fabricated in a 

thick metal film can be amplified by several orders of magnitude, which is attributed to 

SPPs. Figure 3.3.1 presents an image of fabricated nanohole arrays using SEM (left in 

the figure) and numerically calculated electric field distribution of EOT on ϕ400-nm 

nanoholes at normal incidence of 532-nm light (right in the figure). This figure clearly 

shows higher penetration of transmitted light through the nanohole, which almost 

reaches to the depth range of 500 nm from surface. In recent decades, EOT has been 

generally implemented for sensing applications including surface enhanced Raman 

spectroscopy to improve the detection limit [36,37], whereas little literature has been 

reported for imaging applications based on EOT. 
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Figure 3.3.1. A SEM image of nanohole arrays (left). Electric field distribution of 

extraordinary transmitted light through 400-nm-diameter nanoholes at 532-nm light 

(right). 
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3.3.2 Methods 

3.3.2.1 Design of superlocalization imaging system 

 

In this chapter, superlocalization imaging was investigated to analyze gliding 

movements of bacteria [33]. The overall optical system for super-resolution sampling 

of bacteria gliding on arrayed nanoapertures based on EOT is illustrated in Figure 3.3.2. 

Transmitted field can be localized on each nanohole in three dimensions (xyz) by EOT 

and excite the fluorescence of a bacterial membrane. Target fluorescence of a bacterial 

membrane is governed by transmitted field distribution formed by EOT, from which 

the lateral and axial positions of the moving target are estimated. Super-resolution 

sampling was performed by spatially mapping fluorescence signals of the target to light 

field distribution by EOT with lateral localization sampling. One of advantage is that 

light field penetration of EOT is deeper than that of evanescent waves under TIRF, so 

more extensive analysis of bacterial gliding features in the axial direction can be 

feasible. In Figure 3.3.2, nanohole apertures have a binary pattern with two different 

diameters, which employ axially distinct field excitation; i.e., light penetrates deeper or 

shallower through a larger or smaller nanohole, respectively. Size-dependent behaviors 

of M. mobile can be also measured with an improved spatial resolution after super-

resolved image reconstruction. In this chapter, I note that three different directions are 

defined as presented in Figure 3.3.2: M. mobile can linearly glides along the x-axis 

(gliding axis) while following the central position of nanoholes between nanoguide 
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lines. Even though M. mobile was restrained from gliding by lateral guiding, gliding 

motions may slightly fluctuate along the orthogonal (y) direction from the x-axis in the 

lateral plane. Thus, the y-axis in Figure 3.3.2 was defined as displacement axis. Here, 

the lateral displacement of gliding motions of M. mobile is estimated less than one 

image pixel. For three-dimensional sampling, axial gliding movements of M. mobile on 

nanoaperture arrays were measured in the z-axis (depth axis). 
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Figure 3.3.2. Schematic illustration of molecular sampling based on EOT and optical 

set-up. Reprinted and reproduced with permission from Ref. 33 ©  (2015) American 

Chemical Society. 
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3.3.2.2 Bacteria, Mycoplasma mobile 

 

M. mobile used as the bacterium of interest for imaging in this study is a wall-

less single-celled bacterium in Mollicutes family and isolated from the gill organ of a 

fresh-water fish, which has pathogenicity. M. mobile has been well known as its gliding 

motility at surface and the motility is related to parasitism. A gliding speed is 

commonly known as 2 ~ 4.5 µm/sec, but it may be changed by extracellular 

environments including pH or ionic strength. Compared to Escheria coli (E. coli) in 

Enterobacteriaceae family, less is known about the characteristics of M. mobile, e.g., it 

has many of topics to heavily investigate gliding mechanisms of M. mobile across the 

surface. For example, axial motions and fluctuation parameters in the course of gliding 

remain elusive, whereas recent studies have reported insights for elucidating the overall 

motion characteristics of M. mobile. For this purpose, it is critical to analyze not only 

lateral and axial movements of M. mobile when gliding using super-resolution imaging 

systems, which can possible to understand the bacterial motion characteristics with 

sub-diffraction-limited scale resolution. Here, in this study, it is the first attempt to 

image M. mobile walking at the surface of metallic nanostructures and the feasibility of 

sampling bacterial movements is explored based on electromagnetically field enhanced 

nanoaperture arrays with sub-100 nm resolution in three dimensions. Figure 3.3.3 

shows images of M. mobile measured by epifluorescence, phase contrast microscopy, 

TEM and SEM. Wild-type (intact) of M. mobile has the flask-shaped cell body as 
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clearly shown in these images. The body width, length, and waist circumference of M. 

mobile are approximately 450, 800, and 500 nm, respectively. M. mobile has three huge 

proteins for gliding dynamics: Gli123, Gli349 and Gli521. The Gli349 is 

functionalized as spike-like legs, which are localized in the neck region of cell body. 

The length of the legs is commonly known between 50 and 100 nm [38]. 
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Figure 3.3.3. Images of gliding M. mobile (a) Epifluorescence (wide-field) and (b) 

phase contrast microscopy. (c) TEM and (d) magnified SEM image of M. mobile fixed 

at metal surface. Wild-type (intact) of M. mobile has the flask-shaped cell body as 

clearly shown in these images. The images in part (a), (b), and (c) are reprinted and 

reproduced with permission from Ref. 33 ©  (2015) American Chemical Society. 
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3.3.2.3 Design and fabrication of nanostructure 

 

Figure 3.3.4(a) shows a SEM image of fabricated nanostructures, which are 

arrayed binary patterns of gold nanoholes including silver nanoguides on the aperture 

surface. To fabricate binary nanoapertures, a gold thin film was initially evaporated on 

a BK7 glass substrate with a 2-nm chromium adhesion layer. Circular nanohole 

aperture arrays were defined using electron beam lithography on a negative e-beam 

resist layer (ARN-7520N, Allresist Inc., Germany), which was deposited after spin-

coating for 1 min at 5000 rpm and then soft-baked for 5 min at 85 °C. Aperture 

patterns were transferred to a 50-nm-thick gold layer after removing the resist by 

evaporation and a lift-off process. To make arrayed silver nanoguides, a positive resist 

(AR-P 630, Allresist, Germany) was spin-coated for 1 min at 6000 rpm and soft-baked 

for 5 min at 175 °C. The position of nanoguides was aligned using stage positioning 

and angular tilts with markers, and then the nanograting patterns were defined by 

additional e-beam lithography. After development, 1-nm chrome, 100-nm silver, and 1-

nm chrome layers were evaporated and the nanoguides can be transferred by lift-off. 

Chromium layers can improve biocompatibility rather than the silver surface. 

Figure 3.3.5 clearly shows that unidirectional and linear motions of M. mobile 

were experimentally observed when gliding between the fabricated nanoguides. The 

array period and the distance between gratings were 1 μm and 700 nm, respectively. 

The gliding positions of M. mobile were not displaced far in the displacement axis (y-
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axis) from the centroid pixels of arrayed nanoholes. In other worlds, aligned 

nanoguides can keep M. mobile from gliding off the field region of EOT, which leads 

to decrease the sampling uncertainty in the lateral plane. 

Before experiments, the exact nature of near-field distribution was 

investigated to understand the concept of this work. I initially designed binary 

nanoapertures of two different sizes at  = 300 and 400 nm (in diameter) to induce the 

different light penetration from surface. However, real fabricated structures had slightly 

larger diameters as  = 310 and 410 nm due to a proximity effect of fabrication. For a 

theoretical study, electric field distribution on arrayed binary nanoholes was 

numerically calculated using 3D RCWA. To obtain the real of EOT field distribution at 

normal incidence of light at 532-nm wavelength, two different nanohole diameters 

were set to be 310 and 410 nm, respectively. The array period of binary nanoapertures 

was determined as Λ = 1660 nm based on the real fabrication size. In other words, 

neighboring holes of a binary nanoaperture were separated at a distance of Λ/2 = 830 

nm. Figure 3.3.4(b) presents numerically calculated field distribution (|E|)2 of EOT in 

the xz-plane. EOT on a 410-nm nanohole is highly enhanced. To quantify the field of 

EOT, two parameters are measured: penetration depth and a full width at half 

maximum (FWHM) of the transmitted field. Penetration depth in the axial direction 

was calculated at 500 nm from the top aperture surface and the FWHM in this case was 

measured at 300 nm. In contrast, EOT is significantly decreased on a smaller aperture 

with lower light penetration of 350 nm and FWHM at 240 nm. The degree of light 
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penetration can be controlled by varying the nanoaperture size. 

 

 

 

Figure 3.3.4. (a) A SEM image of binary nanohole aperture arrays. (b) Electric field 

distribution binary nanoapertures in the xz-plane (x and z represent gliding and depth 

axis as presented in Figure 3.3.2). The image in part (a) is reprinted and reproduced 

with permission from Ref. 33 ©  (2015) American Chemical Society. 
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Figure 3.3.5. Unidirectional and linear gliding motions of M. mobile near the 

nanoguide arrays. Reprinted with permission from Ref. 33 ©  (2015) American 

Chemical Society. 
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3.3.2.4 Concept of the center of brightness 

 

To represent three-dimensional bacterial positions while gliding, the centroid 

position of a fluorescence-excited volume was conceptually defined as the center of 

brightness, 

where k is an index of fluorophores that are excited at the membrane of M. mobile. Ik 

and rk represent the fluorescence intensity and the vectorial position of fluorophores, 

respectively. In other words, if M. mobile has axial gliding motions, axially up-and-

down variations of fluorophores are sequentially sampled in terms of the center of 

brightness. 

 

 

 

3.3.2.5 Image analysis and postprocessing 

  

To extract super-resolved axial information from each of normalized signal intensities 

that measured while a single bacterium glides on consecutive nanoapertures, the 

overall reconstruction process for image analysis and postprocessing based on EOT is 

presented as a flow chart in Figure 3.3.6. A stack of EOT fields in the lateral (xy) plane 

𝒄(𝒓) = ∑ 𝐼𝑘𝒓𝑘

𝑘

/ ∑ 𝐼𝑘

𝑘

 (10) 
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was initially calculated along the depth axis up to 1 μm (z = 1 μm) from surface (z = 0) 

at 20-nm interval, i.e., 

Here, m is an axial index running from 0 to 50 (= 1μm/20 nm). EOT field distribution 

in the axial (xz) plane was also obtained at y = 0 (shown in Figure 3.3.4), 

Gaussian nature of the incident beam was adjusted to overall fluorescence images 

acquired by EM-CCD based on the following equation: intensity, 

where 𝑤𝐺  was measured at 53 pixels and (𝑥0, 𝑦0) represents the centroid pixel 

coordinate of ROI. 

For superlocalization sampling of M. mobile gliding on EOT, first, the center 

of brightness of M. mobile, 𝒄(𝕣), is measured at each raw image in the entire image 

sequences (n) using least squares fitting of the 2D Gaussian function, i.e., 

𝒄(𝕣) ~ 𝒄(𝑥, 𝑦, 𝐼). Second, the lateral displacement in the y axis while M. mobile 

gliding was compensated by lateral projection and linear interpolation, which are 

graphically illustrated in A of Figure 3.3.6. For the lateral projection to the center line 

of arrayed nanoapertures, i.e., gliding axis, an axial index (m) was found for 𝐼𝑛(𝑥, 𝑦) 

between 𝐼(𝑥, 𝑦, 𝑧𝑚) and 𝐼(𝑥, 𝑦, 𝑧𝑚+1), which were also projected to the aperture 

center, i.e., 𝐼(𝑥, 𝑦0 , 𝑧𝑚) and 𝐼(𝑥, 𝑦0 , 𝑧𝑚+1). After lateral projection, 𝐼𝑛(𝑥, 𝑦0) was 

|𝐸(𝑥, 𝑦)|2
𝑧𝑚 =0,20,40,~,960,980,1000 𝑛𝑚 (𝑚 = 0, 1, 2, ~, 49, 50) (11) 

|𝐸(𝑥, 𝑧)|2
𝑦=0 (12) 

𝐼𝐿 =   𝐼𝐿0 exp {−
[(𝑥 − 𝑥0)2 + (𝑦 − 𝑦0)2]

2𝑤𝐺
2 } (13) 
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determined from 𝐼(𝑥, 𝑦0 , 𝑧𝑚)  and  𝐼(𝑥, 𝑦0 , 𝑧𝑚+1)  based on linear interpolation. 

Finally, each axial position presented as 𝒄(𝑥, 𝑦0 , 𝑧), which corresponds to 𝐼𝑛(𝑥, 𝑦0), 

was extracted by spatial field analysis of EOT as illustrated in B of Figure 3.3.6: Here, 

three points at time t1, t2, and t3 undergo firstly lateral compensation to move each 

point to center of the gliding axis (x-axis) and the intensity variation is sequentially 

mapped axially. Axial movements (e.g. axial variations from the zero reference 

position, z = 0) were estimated for overall time-lapse image sequences by direct 

mapping of compensated intensity 𝐼𝑛(𝑥, 𝑦0)  to the field distribution of EOT 

|𝑬𝑛(𝑥, 𝑦0, 𝑧)|2
𝑧 = 0 ~ 1 μm 

 in the xz plane, i.e., 

  

𝒄(𝑥, 𝑦0 , 𝑧) ∶  𝐼𝑛(𝑥, 𝑦0) ↔ |𝐸𝑛(𝑥, 𝑦0, 𝑧)|2
𝑧 = 0 ~ 1 μm 

 (14) 
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Figure 3.3.6. Flowchart for image analysis and postprocessing. Reprinted with 

permission from Ref. 33 ©  (2015) American Chemical Society. 
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3.2.2.6 Definition of terms 

  

In this study, to evaluate the performance of EOT-based superlocalization 

sampling based on the quantitative analysis, terms such as sampling error, accuracy 

and precision are preliminarily defined. Figure 3.3.7 shows a graphic illustration to 

define the lateral and axial sampling error compared to accuracy and precision 

associated with spatial dynamics of M. mobile gliding. First, the sampling error 

represents the SD to determine a sampling point by superlocalization. In this chapter, 

the lateral sampling error was determined by least squares fitting and the axial 

sampling error was measured at the direct mapping process between intensity and EOT. 

In this chapter, the accuracy and precision of spatially sampled points of bacteria 

moving on EOT were also defined. To analyze the axial gliding information, axial 

accuracy means the average distance (zavg) from surface (z = 0) with deviation, which 

was defined as axial variation (Δz) associated with the average displacement of all 

sampled points from zavg. 
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Figure 3.3.7. Graphic illustration of the definition of the lateral and axial sampling 

error in contrast to accuracy and precision associated with cell dynamics. Reprinted 

with permission from Ref. 33 ©  (2015) American Chemical Society.  
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3.3.3 Results 

3.3.3.1 EOT-based imaging 

 

Figure 3.3.8 shows time-sequential raw images captured when wild-type M. 

mobile walked on a single nanohole aperture and fluorescence intensity profiles 

measured at the centroid pixel of nanohole. The pixel size is 160 × 160 nm2 and images 

are consisted of 9 × 9 pixels, so the nanohole with  = 400 nm may occupied 

approximately 3 × 3 pixels from the center. The centroid position of each aperture was 

measured and aligned to the center using time-averaged bright-field imaging in this 

study. When gliding M. mobile approaches a nanoaperture, fluorescence signals 

becomes larger and the maximum fluorescence is observed if M. mobile is positioned 

near the aperture center. After a while, fluorescence is decreased when M. mobile 

glides out of the aperture. If M. mobile keeps a fixed distance from surface when 

gliding a nanoaperture, time-sequential fluorescence signals would follow the field 

profile of EOT. However, the effect of a bacterial shape is not negligible in this study 

because the shape of wild-type intact M. mobile is highly asymmetric due to flask-

shaped cell membrane. This asymmetric shape of M. mobile affects acquired 

fluorescence not to follow the EOT. If the shape effect in the measured fluorescence 

can be minimized, fluorescence intensity variations from the field distribution of EOT 

would predominantly depend on axial movements of gliding M. mobile. Fluorescence 

images of Cy3-labelled wild-type intact M. mobile are shown in Figure 3.3.8(a), and 
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the time-sequential fluorescence intensity profile corresponding to Figure 3.3.8(a) 

(intact M. mobile) is presented as a black line in Figure 3.3.8(c). The raw images and 

time-sequential intensities largely follow the distribution profile of EOT. However, 

note that the snapshot image marked by a black arrow shows the exceptional 

fluorescence intensity that was emitted much higher than any other case. This intensity 

variation was significantly affected by the asymmetrical shape of intact M. mobile. 

Therefore, asymmetry in the bacterial shape can contribute to non-uniformity of the 

measured fluorescence intensity. 

In this chapter, four assumptions are considered for three-dimensional 

superlocalization imaging based on EOT to extract the axial motions of M. mobile from 

the intensity variation: (1) the lateral positions can be known, (2) fluorescence of M. 

mobile should be significantly stronger than background noise, and (3) Cy3-labeled 

fluorescence is assumed to be uniformly distributed. (4) Since the fluorescence 

intensity of M. mobile may be affected by its shape, the shape should be symmetrical in 

three dimensions. To understand the shape effect of bacteria, a spherical form is 

preferred compared to flask-shaped M. mobile. Spherical M. mobile was mainly used in 

experiments in a similar manner to the case using intact M. mobile. The spherical shape 

of M. mobile can be controlled by shrinking [39]. Figure 3.3.9 shows TEM images of 

spherical M. mobile with a globular cell body, which is enabled by extracellular pH-

change of medium or osmotic shock using Tris buffer. As shown in the TEM image, the 

body size of spherical M. mobile was observed less than 1 μm. Figure 3.3.8(b) shows 
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time-lapse images of spherical M. mobile gliding over a nanohole aperture. The 

fluorescence profile as a red line in Figure 3.3.8(c) presents that intensity changes can 

be much less compared to the black line. Consequently, we have used spherical M. 

mobile to avoid shape-dependent artifacts in the results, in which the intensity variation 

can be dominantly associated with the axial displacement of M. mobile gliding. A 

cooled EM-CCD with high quantum efficiency was used to suppress various noise 

factors including dark current and electron shot noise that can lead to additional 

intensity fluctuations. In control experiments, the background noise was confirmed to 

ensure that it would not affect the conclusion. 
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Figure 3.3.8. M. mobile gliding over a single nanoaperture. Schematics and raw 

images of (a) asymmetric (flask-shaped) and (b) symmetric (spherical) intact M. mobile. 

(c) Intensity profiles of M. mobile with asymmetric (black) and symmetric (red) cell 

membrane. Reprinted with permission from Ref. 33 ©  (2015) American Chemical 

Society. 
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Figure 3.3.9. (a) TEM image of spherical M. mobile and (b) a magnified image. The 

image in part (a) is reprinted and reproduced with permission from Ref. 33 ©  (2015) 

American Chemical Society. 

 

 

 

3.3.3.2 Super-resolution lateral sampling 

 

Gliding characteristics of a single bacterium, spherical M. mobile, are 

investigated using multiple nanoapertures in three dimensions. First, super-resolved 

lateral sampling of M. mobile was performed by 2D Gaussian nonlinear least-squares 

fitting using eight consecutive nanoapertures.  The Procedure based on fitting each 

raw image in the entire image sequence of a gliding bacterium to the 2D Gaussian 

function has been widely performed [40-46]. Figure 3.3.10(a) shows kymograph 

images captured when M. mobile glides over a row of nanoapertures with the size of  

(a) (b)

2 μm 1 μm
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= 410 nm (A, C, E, and G) and 310 nm (B, D, F, and H) alternate. Neighboring 

nanoholes were spaced five CCD pixels apart in the image plane. Due to the presence 

of nanoguiding, M. mobile can glide along the gliding axis (x-axis), which connected 

the centers of arrayed nanoapertures. Corresponding intensity profiles measured at 

each aperture are presented in Figure 3.3.10(b). Note that intensity variations including 

dropped signals observed at the center of A, B, E, F, and G are caused by changes of 

the axial position of the bacterium, which can be significantly related with the 

movements of M. mobile in the lateral and axial plane. Lateral displacements of gliding 

M. mobile are presented in Figure 3.3.10(c). The lateral coordinate represented the 

center of brightness 𝒄(𝕣) projected onto the xy-plane, which was determined by least-

square fitting using the 2D Gaussian function. In Figure 3.3.10(c), all lateral positions 

over eight consecutive apertures were overlapped such that each symbol represents the 

positions of M. mobile gliding over each nanohole. Neighboring points of the same 

symbol (i.e., acquired on the same nanohole) from continuous image frames were 0.03 

seconds apart. It is clear that this particular M. mobile glides along the gliding axis with 

lateral displacement smaller than 72.7 nm (n = 8). Note that the fluorescently-labeled 

body of M. mobile with Cy3 is nearly twice as large as a nanoaperture and the size of 

the EOT field. Figure 3.3.10(d) presents a 3D scatter plot of fluorescence intensity in 

the lateral (x, y) coordinates. 
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Figure 3.3.10. Lateral gliding dynamics of M. mobile over eight consecutive 

nanoaperture arrays (A-H: ϕ = 400 nm for A, C, E, G and ϕ = 300 nm for B, D, F, H). 

(a) Kymograph images of M. mobile. (b) Time-lapse intensity profiles of M. mobile 

while gliding over each nanoaperture. (c) Overlayed all sampled positions of M. mobile 

over the nanoapertures. The largest lateral displacement was measured to be less than 

half a pixel, ~72.7 nm. For convenience, nanoholes (ϕ = 300 and 400 nm) are presented 

as dashed circles concentric to the center of the imaging pixel. (d) 3D scatter plot of 

fluorescent intensities corresponding to the lateral positions of (c). The images in part 

(a) and (b) are reprinted and reproduced with permission from Ref. 33 ©  (2015) 

American Chemical Society. 

(a)
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Time-lapse tracking the lateral position of M. mobile gliding on each nanohole 

A-H was performed as shown in Figure 3.3.11, which also presents the raw image at 

CCD. Arrows in each center plot of lateral positions represent the gliding direction of 

M. mobile and t denotes the start and the end time of image acquisition while M. 

mobile gliding over each nanohole. As mentioned above, the largest displacement in 

the lateral plane was smaller than half a pixel. 3D scatter plots of fluorescence intensity 

signals in the lateral plane are also presented (right in Figure 3.3.11). The SD 

associated with the process to extract the lateral position is important. The deviation is 

governed by the precision of 2D Gaussian least squares fitting and determines the 

lateral resolution for this imaging method. The number of image pixels improves the 

fitting precision in proportion to √𝑁𝑝𝑖𝑥𝑒𝑙 (𝑁𝑝𝑖𝑥𝑒𝑙 = 81, in this study), which is highly 

affected by the amount of photons. In other words, if more photons are acquired, the 

deviation can be decreased with higher SNR in proportion to 1/√𝑁 (𝑁: the number of 

photons). Here, the lateral sampling error (δ𝑥 , δ𝑦) is defined by the deviation. Each 

sampled points of M. mobile in the lateral (xy) plane was estimated with sampling 

errors as a measure of image resolution, which were measured to be δ𝑥  = 24 nm and 

δ𝑦 = 15 nm in the gliding and displacement direction, respectively. 
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Figure 3.3.11. Lateral positions of M. mobile over each of the eight the nanoapertures 

(A-H). (Left) A raw CCD image overlayed with lateral positions of M. mobile, (center) 

a 2D plot of sampled positions in the lateral plane, and (right) a 3D intensity scatter 

plot in the xy-plane. The arrows represent the direction of gliding and t denotes the 

start and the end time of image acquisition. (Top left) an inset shows the schematic 

dimensions of nanoholes of  = 300 and 400 nm. A dark solid line represents an 

observation region of 240  240 nm2 in the lateral plane, which includes a single 

imaging pixel (160  160 nm2) at the center (yellow-shaded region in the inset and 3D 

scatter plots). The single pixel and nanoholes are estimated to be concentric. Reprinted 
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and reproduced with permission from Ref. 33 ©  (2015) American Chemical Society. 

 

 

 

3.2.3.3 Super-resolution axial sampling 

  

To extract the super-resolved axial information from each of normalized 

signal intensities in Figure 3.3.10 and 3.3.11, the postprocessing for image 

reconstruction was performed (see Section 3.3.2.5). After image postprocessing, axial 

displacement of M. mobile was extracted in terms of the center of brightness as 

presented in Figure 3.3.12 and 3.3.13. The overall procedure presented in Figure 3.3.12 

is as follows: (1) raw image was acquired. (2) Each lateral position of 𝒄𝑟𝑎𝑤(𝑥, 𝑦, 𝐼) is 

extracted by least squares fitting. (3) The zero reference position (z = 0) in the axial 

direction is set from the reference signal, which is determined from the average 

fluorescence intensity of inactive M. mobile, the bottom surface of cell membrane is 

stuck to the surface of nanoaperture. (4) Based on the lateral projection and linear 

interpolation to compensate the lateral gliding displacements, normalized intensity 

𝐼(𝑥, 𝑦0) is obtained from raw image. (5) The axial coordinate in the z-axis can be 

extracted based on |𝐸(𝑥, 𝑦0, 𝑧)|2 by axial scanning in the field of EOT corresponding 

to the lateral coordinate of 𝒄(𝑥, 𝑦0, 𝐼). (6) Since axial positions of inactive bacteria 

may be slightly shifted in the lateral and axial direction depending on the surface 
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condition, the intensity reference for z = 0 may be fluctuated, which leads to the axial 

sampling error δ𝑧. Thus, the sampling error in the axial direction is estimated by 

considering a mean value and the SD of the intensity references when extracting the z 

coordinates of 𝒄(𝑥, 𝑦0, 𝑧). (7) Finally, axial motion characteristics of M. mobile gliding 

on arrayed nanoapertures can be deduced from 𝒄(𝑥, 𝑦0, 𝑧). 2D projection in the xz-

plane is also shown in the figure. From the axial tracking information presented in 

Figure 3.3.13, three major factors may be responsible for the axial variation of M. 

mobile. First, the variation follows the profile of membrane surface of spherical M. 

mobile, i.e., broad parabolic shape is largely reflected in the variation of axially 

sampled points as shown in Figure 3.3.14. While M. mobile glides into and out of the 

nanoaperture, the center of brightness 𝒄(𝑥, 𝑦0, 𝑧) is axially shifted within half a body 

size, which causes the membrane curvature artifact. Second, the results show pattern-

dependent variations of axially sampled points (top in Figure 3.3.13(b)). Although the 

nanohole depth was not a large-scale barrier for M. mobile, gliding M. mobile 

represented the pattern dependence when moving into and out of the nanohole. Note 

that the pattern dependence was differently affected by the size of nanoholes, i.e., the 

pattern dependence was more conspicuous on larger nanoholes. Smaller apertures at ϕ 

= 310 nm seem not to affect the bacterial gliding. Finally, the variation is associated 

with the axial gliding dynamics, as shown in the bottom of Figure 3.3.13(b), i.e., there 

is a strong relation between the variation and walking (gliding) hypothesis of M. 

mobile. Figure 3.3.13(c) shows axial movements of gliding M. mobile with the 
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exclusion of the influence by the presence of nanopatterns as well as membrane 

curvature artifact. For this, one assumption was preset that the curvature artifact and 

pattern-dependence were reflected in 𝒄(𝑥, 𝑦0, 𝑧) near the first and last sampling point 

on each nanohole. To measure the axial movement z, the standard deviation of local 

fluctuation near the minimum sampled axial position (n = 5 for each of the eight 

nanoholes) was 76 nm for this particular M. mobile. To illustrate the axial trajectory of 

gliding M. mobile in Figure 3.3.13(c), the size of bacteria and distance between 

neighboring holes are downscaled to half and one-tenth, respectively, for improved 

visualization. Note that axial variations (Δz) were determined in the axial range of 800 

nm from the zero reference position (z = 0) with 50-nm grids. Once the middle of 

bottom of cell membrane coincides with the center of EOT field, which is observed 

near minimum 𝒄(𝑥, 𝑦0, 𝑧), M. mobile moves with fluctuations up and down in the axial 

direction when gliding. One model is also presented in Figure 3.3.13(c), which shows 

the change of body position of M. mobile on each nanohole. 50-nm differential of axial 

positions of M. mobile in motion between neighboring holes G and H is shown in the 

inset figure. 
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Figure 3.3.12. Extraction of axial information of gliding M. mobile for the case of 

Nanohole G. Reprinted with permission from Ref. 33 ©  (2015) American Chemical 

Society. 
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Figure 3.3.13. Super-resolved axial dynamics of M. mobile. (a) Axial gliding 

displacements of M. mobile on each nanoaperture along the gliding axis after lateral 

displacement compensation. (b) Schematic illustration of effects that may cause 

intensity variation after lateral compensation in terms of the center of brightness: (top) 

pattern dependence and (bottom) axial gliding motion as well as the effect of 

membrane curvature of spherical M. mobile. (c) Tracking of axial movements in the 

course of M. mobile gliding without regard for pattern dependence. The inset shows 

50-nm differential of axial variations between neighboring holes (G and H). Reprinted 

and reproduced with permission from Ref. 33 ©  (2015) American Chemical Society. 
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Figure 3.3.14. Schematic illustration of spherical M. mobile while gliding over a 

nanoaperture from left to right. Reprinted and reproduced with permission from Ref. 

33 ©  (2015) American Chemical Society. 
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For general understanding of gliding characteristics of M. mobile, multiple 

bacteria of M. mobile are now analyzed. Figure 3.3.15(a) shows the overall distribution 

measured from of the axial variation of six different samples of M. mobile, which was 

statistically fitted to a normal distribution. The FWHM of the normal distribution 

correlates with the average axial movements of multiple bacteria. The axial range of M. 

mobile was measured to be 217 ± 94 nm (SD, n = 185) and the ratio of axial variation 

to axial accuracy (i.e., average distance from the zero reference position) is 0.43 (Δ𝑧 𝑧⁄  

 94/217). In other words, M. mobile in the course of the lateral gliding undergoes 

considerably axial movements.  A 3D scatter plot in Figure 3.3.15(b) shows the 

overall distribution of axial sampling errors, which may be affected by the number of 

photons that were acquired in the field of EOT. The average sampling error along the 

depth axis was estimated to be δz = 57 nm. 
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Figure 3.3.15. Axial characteristics of multiple bacteria gliding over more than six 

consecutive nanohole apertures. (a) Overall axial positions of the whole bacterial group 

(six M. mobiles) are fitted with the normal distribution with the variation of z = 94 

nm. (b) 3D scatter plot presents axial sampling error in color at each sampled position 

in three dimensions. A lower sampling error is clear obtained in lower depth region, i.e., 

at higher intensity distribution of EOT. Reprinted and reproduced with permission from 

Ref. 33 ©  (2015) American Chemical Society. 

  

(a) (b)
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3.2.4 Discussion and conclusion 

 

Several issues in this study for three-dimensional superlocalization imaging 

based on EOT are discussed: (1) performance of superlocalization sampling, (2) the 

advantage using nanoguides, and (3) the feasibility to analyze bacterial walking 

hypotheses. 

Three-dimensional analysis of gliding dynamics of bacteria was explored that 

M. mobile may have axial movements with the variation of 94 nm when gliding on 

nanoscale patterned surface. Sampling errors in three dimensions were estimated to be 

δ𝑥 = 24, δ𝑦 = 15, δ𝑧 = 57 nm as a substitute of the effective resolution for imaging 

and tracking. The measured sampling errors were approximately less than one tenth of 

the lateral and axial resolution in conventional microscopy calculated by Rayleigh 

criterion. Since superlocalization sampling was based on the near-field characteristics, 

NSOM can be used to measure the electromagnetic field of EOT experimentally within 

the measurement accuracy. Thus, the strength of three-dimensional superlocalization 

sampling based on EOT can be extended to investigate more general dynamics of 

biomolecules. Compared to conventional tracking techniques, this sampling technique 

can have multiplex capability for imaging and tracking multiple bacteria 

simultaneously with the significantly improved localization precision. Three-

dimensional microscopy based on lateral and axial sectioning can be also feasible. 

Another strength of this technique is that light penetration of EOT can be free 
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controlled to be far deeper than that of TIRFM, so customizable light excitation in 

deeper range of the depth axis can be implemented to measure intracellular phenomena 

occurred inside a cell. Axial flexibility techniques have attracted interests for super-

resolution microscopy such as light sheet microscopy [47,48]. 

The power of nanoguides is the possibility of controlling gliding motions of 

multiple bacteria simultaneously. Although M. mobile has random motions at surface, 

unidirectional gliding along the wall of microtracks was reported [49]. An important 

feasibility is proposed that periodic spots of EOT can be employed as arrayed probes 

that are fixed spatially for an arrayed scanning optical microscopy based on alignments 

of biomolecules by nanoguiding. The possibility of a massive cargo system of bacteria 

as direct transporters can be suggested using the nanoguides. 

Regarding the walking mechanism of bacteria, a tilt model in the axial 

dimension can be deduced from the axial extracted data by adopting previously 

reported walking models based on pivoting movements of gliding M. mobile in the 

lateral plane [39]. In the tilt model, axial intensity variation can be mapped to a specific 

tilt angle with respect to the center axis of the cell body. If the structure of proteins 

such as Gli349 and Gli521 directly derives the continuous gliding of a sing bacterium, 

positions of bacteria presented by the axial variance may be correlated with the 

stochastic change of working motor proteins in general condition [50]. Inferred axial 

movements of gliding M. mobile in Figure 3.3.13 and 3.3.15 can be originated form the 

structural dynamics. Because the size of the structural protein complex is large, the 
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estimated axial variation of 94 nm shows coincidence.  

In summary, three-dimensional superlocalization imaging was performed by 

spatial sampling using arrayed binary nanoapertures based on EOT. The results 

revealed axial gliding movements of M. mobile with a fairly large axial variation z = 

94 nm. The sampling error was estimated with respect to a resolution on nanoscale, 

which is significantly improved compared to conventional imaging and tracking. Thus, 

superlocalization sampling based on EOT can be one of powerful tools for analytical 

imaging of biomolecular dynamics with super-resolution in three dimensions. 
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Section 3.4. 

PSALM 

 

 

PSALM was developed to improve the lateral imaging resolution for 

plasmon-enhanced TIRF microscopy [14]. For PSALM, spatially switched activation 

of hot spots, highly localized electromagnetic fields, is performed by multiple light 

incidence conditions. The main concept of PSALM is illustrated in Figure 3.4.1. Two 

different targets located at both sides of a subwavelength nanograting can be resolved 

within the Abbe diffraction limit by switching the position of fluorescence excitation 

(on/off in the figure) in the lateral plane. In this case, the image resolution is 

determined based on the size of two-dimensional nanograting with a 100-nm-width 

grating ridge. The feasibility of super-resolution down to 100 nm can be suggested by 

effectively decreasing the distance between hot spots, i.e., increasing the multiple light 

incidence conditions to plasmonic nanostructure. 
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Figure 3.4.1. Concept illustration of PSALM. Spatial switching of near-field hot spots 

at a single nanograting. Plasmon-localized positions can be controlled. 

 

 

 

3.4.1 Methods 

3.4.1.1 Design of nanograting 

 

For PSALM under two light incidence conditions (abbreviated to two-channel 

PSALM as presented in Figure 3.4.2), plasmonic nanostructure was designed as 

periodic nanograting arrays with a period Λ = 300 nm, a grating width d = 100 nm, and 

thickness dg = 40 nm on a 10-nm-thick thin film (df = 10 nm). The first light incidence 

(L1 in Figure 3.4.2) at a wave vector kin(θ) creates a near-field hot spot E(x) (HS1). 

The second light incidence (L2) at an opposite wave vector kin(−θ) creates E(−x) (HS2) 
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by symmetry. In other words, PSALM is derived by two-channel switching of light 

incidence with kx = k0sin(60°) and k0sin(−60°), where k0 is the wave vector of light in 

the free space. Each hot spot displaced by a preset distance, which is approximately the 

size of the nanograting ridge, is sequentially switched. Figure 3.4.3 presents 

numerically calculated near-field distributions using two-dimensional RCWA, which 

clearly show formation of narrow hot spots with approximately 30-nm FWHM. 

Symmetric light incidence to both sides of nanograting with directions of θin = ±60° 

forms spatially switched hot spots. 

 

 

 

Figure 3.4.2. Schematic illustration of the basic principle of PSALM. Switching of 

light incidence between L1 and L2 produces spatial switching of hot spots between 

HS1 and HS2. 
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Figure 3.4.3. Numerically calculation of near-field distributions at a nanograting with 

df = 10 nm, dg = 40 nm, and Λ = 300 μm at (a) θin = 60° and (b) θin = −60°. The size of 

nanograting ridge is currently 100 nm, which is a measure of the imaging resolution in 

PSALM. Reprinted and reproduced with permission from Ref. 14 ©  (2010) Optical 

Society of America. 

 

 

3.4.1.2 Fabrication of nanograting and optical set-up 

 

For experimental verification of the concept, gold nanograting samples were 

fabricated using e-beam lithography and a lift-off process. Figure 3.4.4(a) shows a 

SEM image of nanograting arrays, which used for fluorescence experiments and set on 

a SF10 prism of a prism-type TIRF microscope as shown in Figure 3.4.4(b). The 

optical set-up has adjustable light incidence (L1 and L2). A rotation mirror (RM) was 

used to control the beam path from a 488-nm-wavelength Ar-ion laser (125 mW, 
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Melles-Griot, Carlsbad, California, USA), i.e., two optical paths of incoming light 

were derived to excite hot spots with opposite angles of incidence. The speed of beam 

switching at RM was relied on the frame rate of EM-CCD, which is approximately 160 

ms/frame. The metallic nanograting structure was mounted on an SF10 triangular 

prism by index matching. The incident angle to excite LSPs was controlled beam-

splitting mirrors (M1 and M2), while two photodetectors (PD, UV-818, Newport, 

Irvine, California, USA) monitored the optical power of both incident beams. Raw 

images of fluorescence beads were captured using an EM-CCD camera (C9113, 

Hamamatsu, Japan) through an apochromatic objective lens (100×, NA = 1.49, 

Olympus, Japan) and a bandpass filter (D535/25M, Chroma, Rockingham, Vermont, 

USA). The incident angle was fixed at θin = ±60°, which is larger than the resonance 

angle based on momentum mismatch between plasmon resonance and near-fields [51]. 

Raw images were post-processed by deconvolution using nonlinear Gaussian linear 

square fits described in Ref. 24. In fluorescence experiments, 40-nm-size fluorescence 

beads (carboxylate-modified polystyrene sphere, TransFluoSpheres, Invitrogen, 

Carlsbad, California, USA) with 488 nm excitation and 560 nm emission were used 

with concentration of 1.0 × 109 beads/mL. A 10-μL volume of beads were diluted more 

than 100 times. The bead size coincides well with the size of hot spots so that the only 

single bead can excited horizontally at the nanograting surface. The imaging 

performance of PSALM was measured in terms of the image resolution compared to 

PE-TIRFM.  
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Figure 3.4.4. (a) SEM image of the fabricated nanograting. (b) Optical set-up for 

PSALM. (CO, collimator; PO, polarizer; M, mirrors; RM, rotation mirror; PH, pinhole; 

PD, photodetector; OB, objective; and F, filter). An inset shows the concept illustration 

of on/off excitation of fluorescence while switching the light incidence between L1 and 

L2. Reprinted and reproduced with permission from Ref. 14 ©  (2010) Optical Society 

of America. 
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3.4.2 Results 

 

Figure 3.4.5(a) presents a raw image of fluorescence nanobeads measured by 

conventional PE-TIRFM on the gold thin film. The beads look blurred under the 

diffraction limit and cannot be resolved. The size imaged by each CCD pixel is 

approximately 230 nm, slightly larger than a diffraction-limited spot. On the other hand, 

if the beads are imaged by PSALM at same magnification, the dramatic improvement 

of resolution is clearly visible in Figure 3.4.5(b) in the x direction, which is orthogonal 

to the grating. In particular, insets A and C here are presumably the images of the beads 

that are apart by one grating ridge. The peak-to-peak distance was measured to be 

90~100 nm. This agrees well with the size of a grating ridge. Note that the images of 

the beads in Figure 3.4.5(b) are elliptical, because it is still diffraction limited in the y-

axis (parallel to gratings). The image can be made isotropic if symmetric 

nanostructures, such as nanoholes or nanodisks, are used to excite and localize the SPs. 

The clarity of the beads observed in Figure 3.4.5(b) relative to Figure 3.4.5(a) is 

associated with the localization of evanescent fields in the x direction that is taken 

advantage of during the switching of incident wave vectors. Note that relative 

inaccessibility of fluorescent beads to hot spots, which are much stronger at the bottom 

edges rather than at the top edges, may be affecting Figure 3.4.5(b). Figures Figure 

3.4.5(c)-(e) represent the intensity variation with the switching of a bead. The angular 

switching does not affect PE-TIRFM, as shown in Figure 3.4.5(c); thus, the intensity is 
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measured to be almost constant. In contrast, Figure 3.4.5(d) shows that of PSALM, in 

which light incidence at θin = 60° turns on the beads that are located on the right of a 

grating ridge. These beads are turned off at θin = −60°. Figure 3.4.5(e) shows the 

measured intensity when beads are presumed to be present on both sides of a 

nanograting ridge. In this case, the intensity difference measured during angular 

switching is much smaller. The difference itself is associated with local factors, 

including the differences in dipole orientations and the location on the grating. 
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Figure 3.4.5. Fluorescence beads are measured by (a) PE-TIRFM and (b) PSALM. All 

insets show the magnified images of beads (marked with arrows) and the scale bar is 

300 nm. Compared to PE-TIRFM, the presence/absence of different beads is resolved 

using PSALM with postprocessing. Intensity variations are also detected during 

angular switching of light: (c) PE-TIRFM, (d) PSALM with a bead on one side of the 

grating ridge, and (e) on both sides. Blue squares and red circles represent two-channel 

switching of light incidence. Reprinted and reproduced with permission from Ref. 14 

©  (2010) Optical Society of America. 
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3.4.3 Discussion 

 

Since the image resolution of two-channel PSLAM is determined by the size 

of a nanograting ridge as mentioned above, the image resolution obtained from a 100-

nm-width grating was ~100 nm in the best case. The lateral resolution of PSALM was 

enhanced comparing to the diffraction-limited resolution of 250 nm. Super-resolution 

imaging can be suggested using 3D nanostructures such as nanoholes, nanoposts, 

nanodisks, or nanoislands for multiple-channel PSALM, which means multiple light 

incidence conditions. Hot spot is spatially switched within a distance of a few tens of 

nanometers at the nanostructure surface, i.e., different molecules separated by the 

distance between the hot spots can be super-resolved on nanoscale. Figure 3.4.6 

present the concept illustration of an effective distance between spatially switched hot 

spots formed on a circular nanoaperture based on multiple-channel PSALM. For 

example, the resolution of two-channel PSALM using circular nanoaperture arrays is 

determined by the aperture diameter (d). If the number of light incidence conditions is 

optically increased, the distance between neighboring hot spots of 4-, 8-, and 16-

channel PSALM can be effectively decreased as 

where 𝑟 = 𝑑/2. 

𝑟√2 , 𝑟√2 − √2 , 𝑟√2 − √2 + √2 (15) 
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Figure 3.4.6. A concept illustration of multiple-channel PSALM. 
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Section 3.5. 

Summary 

 

 

3.5.1 Summary of plasmonic techniques for super-resolution 

imaging 

 

In this chapter, the feasibility of three-dimensional super-resolution imaging 

was explored using nanostructures. Three imaging techniques to break the diffraction 

limit were suggested: (1) NLS by plasmonic hot spots, (2) three-dimensional 

superlocalization sampling by EOT, and (3) PSALM. 

For NLS, arrayed nanoholes fabricated in a gold thick film were employed in TIRFM. 

Image reconstruction of raw data was implemented using the hot spot kernel and the 

effective resolution less than 100 nm was obtained. Sub-diffraction-limited images 

were reproduced to present the distribution information of fluorescence monomers of a 

microtubule. EOT-based superlocalization imaging was investigated to improve the 

spatial resolution in three dimensions. Comparing to TIRFM, EOT-based sampling has 

an advantage of measuring moving bacteria in terms of the penetration depth of light 
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excitation. Axial gliding positions were extracted by spatial mapping to EOT after 

lateral localization by using least-squares 2D Gaussian fits. Sub-diffraction-limited 

sampling precision down to 50 nm was obtained in the lateral and axial direction. 

Significance in this study is that M. mobile was first attempted to walk on the surface 

of metal nanostructures, where we explored the feasibility of imaging bacterial motility 

with super-resolution based on field-enhanced nanoaperture arrays. For further 

investigation, walking mechanisms can be expiscated from extracted data sequences of 

gliding bacteria. Arrayed EOT spots can be effectively applied for an arrayed scanning 

microscopy to image moving cells or bacteria or to scan the cellular appearance. 

PSALM was also developed to enhance the image resolution for PE-TIRFM. The 

feasibility of super-resolution imaging was suggested by 3D plasmonic nanostructures 

with multiple switching of light activation, i.e., multiple-channel PSALM. In 

conclusion, plasmonic nanostructures based on near-field localization have a great 

potential for super-resolution sampling and imaging. 
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3.5.2 Super-resolution techniques 

Cell imaging and intracellular detection have been dramatically investigated 

based on super-resolution microscopy such as STED, SIM, and SMLM (including 

PALM/STORM). In general, STED and SMLM have sub-50 nm lateral resolution and 

also improve the axial resolution for three-dimensional super-resolution imaging of 

live cells recently [52,53]. The lateral resolution of SIM is limited compared to STED 

and SMLM, whereas SIM has no need to use specific fluorescent dyes. In terms of data 

acquisition time, super-resolution techniques are limited to scanning time and speed. 

For example, STED can have relatively fast data acquisition speed despite a small field 

of view. The temporal resolution of SMRM is restricted to on/off switching to activate 

all fluorophores. For image reconstruction, STED has no need for complex post-

processing due to intrinsically optical reduce of PSF. 

Plasmonic techniques for super-resolution imaging that are suggested in 

Chapter 3 can have three strengths compared to STED, SIM, and SMLM: (1) Not only 

fixed samples but also cells or biomolecules that dynamically move can be imaged by 

periodic sampling. (2) It has no need to use specific organic or encoded dyes with no 

requirement of high fluorescence-labeling density. (3) The temporal resolution is not 

limited to data acquisition time and scanning speed. Multiple samples that are located 

or move on nanostructures can be measured simultaneously, regardless of the time. 

Although LSP-based imaging is powerful for spatial sampling of moving molecules 

without limitation of the temporal resolution, sampling region is restricted at each 
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nanostructure. The information of molecular events that occur in the absence of hot 

spots is inevitable to be lost. However, plasmonic techniques are more flexible since 

plasmonic characteristics of nanostructures can be adjusted depending on measurement 

conditions of imaging targets without complex data processing. Table II shows the 

comparison of strengths of weaknesses among these super-resolution microscopy 

including plasmonic techniques [26]. 
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Chapter 4. 

Sensing application of 

plasmonic nanostructure 
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In recent decades, plasmonic nanostructure based sensing has attracted 

tremendous interests to improve sensitivity. For example, LSPR biosensors have been 

developed using metal nanoparticles or surface-relief nanostructures [54]. Plasmon-

localized nanostructures have been also employed for other approaches such as surface 

enhanced Raman spectroscopy or WGM biosensors [55]. In this chapter, nanogap-

based colocalization is investigated to dramatically enhance the sensitivity of detecting 

DNA hybridization using SPR biosensors. 
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Section 4.1. 

Colocalization 

 

 

Extremely sensitive label-free detection of SPR biosensors was reported based 

on colocalization of target DNA molecules and plasmonic hot spots excited at nanogap 

structure arrays [56-59]. The colocalization can be self-aligned by oblique evaporation 

of a dielectric thin film layer over nanopatterns such as 2D gratings or 3D nanoholes. 

The nanogap structure is used for spatially selective target binding. Oblique 

evaporation was previously used to make nanogaps for molecular electronic devices or 

SERS platforms [60,61]. Figure 4.1.1 shows a concept illustration of self-aligned 

plasmonic colocalization between target molecules and the nanogap, where near-fields 

can be highly localized. 3D nanogap arrays were defined on subwavelength metallic 

nanoaperture arrays by oblique evaporation of a dielectric ITO film layer with the 

oblique evaporation angle (θeva). 
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Figure 4.1.1. 3D nanogap-based colocalization to detect DNA hybridization. (a) A 

schematic illustration of 3D nanopattern arrays and (b) 3D nanopattern profile for a 

side view across the dashed line (A to B) in (a). Schematics not in scale. Reprinted 

with permission from Ref. 59 ©  (2014) Elsevier BV. 

 

  



 101 

4.1.1 Numerical study 

 

Colocalization of the location of nanogap and electromagnetic hot spot was 

numerically confirmed. The hot spot is clearly formed at the ridge of circular and 

triangular nanopatterns as shown in Figure 4.1.2. Note that side modes in each field 

intensity profile along the lines in the figure cannot be negligible because suppression 

ratio of the most dominant side mode was measured approximately 2.3~2.5 dB. In this 

nanostructure, however, the optical signature affected by side modes can be excluded 

due to non-specific immobilization and hybridization of targets on a dielectric mask 

layer, which would be far less in the amount of target molecules than the specific 

binding and interaction in the nanogap region by colocalization. Thus, the contribution 

of the side modes for sensing, therefore, can be ignored. If the nanogap structure is not 

employed, non-colocalized detection may not be negligible. Near-field distribution of 

3D nanogap pattern arrays was similar to the case of absence of the dielectric ITO film 

layer. Based on numerically calculation, circular and triangular nanoaperture pattern 

arrays were optimally designed with the array period Λ = 2 μm and the aperture depth 

dg = 20 nm on a 40-nm-thick gold film. The diameter and side length was determined 

at 600 nm for circular and triangular aperture, respectively. 
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Figure 4.1.2. Near-field distribution produced by arrays of (a) circular and (b) 

triangular patterns at Λ = 2 μm. A 5-nm-thick ITO film was deposited as a dielectric 

mask layer at θeva = 30°. Both circular and triangular nanopatterns are 600 nm in size. 

Dashed lines present nanogap created at one side of the perimeter of nanopattern. 

Intensity profiles along the lines are also provided below. Reprinted with permission 

from Ref. 59 ©  (2014) Elsevier BV. 
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4.1.2 Overlap integral 

 

The effectiveness of colocalization for the SPR detection can be numerically 

validated with a factor of the overlap integral between biomolecular distribution and 

localized fields [62]. Sensitivity enhancement by near-field amplification based on 

plasmonic localization is associated with an increased overlap between near-field and 

molecular distributions [63,64]. The use of overlap is based on a supposition that the 

sensitivity is 𝑆 = 𝜕𝑞/𝜕𝑛, where q represents the quantity of interest, for example, 

incident angle, wavelength, or reflectivity. n denotes the refractive index of targets and 

is proportionate to the change of an overlap integral based on the first-order 

perturbation theory [65,66]: 

The overlap integral in Eq. (16) is assessed over the volume (𝑉). 휀(𝒓) and 𝑓(𝒓) are 

spatial distribution of target permittivity and normalized near-fields in three-

dimensions, respectively. In other words, the evaluation of near-field quantities in 

terms of the overlap integral can have a good agreement with the far-field detection 

sensitivity in SPR sensing. The overlap of colocalization suggests a way to make the 

most of the available evanescent near-fields for maximal sensitivity. 

Figure 4.1.3 presents the calculated overlap integral for evaluation of SPR 

sensitivity using nanograting arrays. Oblique evaporation of a dielectric thin film forms 

∫ 휀(𝒓)𝑓(𝒓) 𝑑𝑉 (16) 
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nanoscale linear opening at the side ridge of nanograting for colocalization of 

molecular binding. Since the overlap integral is significantly correlated with sensitivity 

enhancement of LSP-based detection, the optimization of the nanograting structure was 

numerically performed based on the overlap integral [57], which has been designed 

with a period Λ = 400 nm and a depth dg = 20 nm. 

 

 

 

Figure 4.1.3. Normalized overlap integral between near-fields and target distribution to 

evaluate colocalization for the improved detection sensitivity of dsDNA on various 

nanograting structures. The dashed curve represents a control value of the overlap 

integral at Λ = 400 nm. Inset shows near-field distribution of periodic nanogratings 

with Λ = 400 nm and dg = 20 nm for colocalized detection. Reprinted with permission 

from Ref. 57 ©  (2011) Optical Society of America.  
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Chapter 5. 

Conclusions and outlook 
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In this dissertation, the feasibility of plasmonic nanostructure based super-

resolution imaging was explored to analyze biomolecular interactions. A great potential 

of plasmonic nanostructures for three-dimensional super-resolution imaging was 

presented. Plasmonic hot spots created at the surface of subwavelength metallic 

nanostructures were employed for image reconstruction of raw data based on NLS 

from the hot spot kernel to improve the spatial resolution below the Abbe diffraction 

limit. The effective lateral resolution was obtained less than 100 nm, which leads to 

extract the information of fluorescence monomers of microtubule gliding. 

Since each raw image measured by NLS was postprocessed by deconvolution 

with the kernel of hot spot, it is important to investigate the evaluation of localized 

field distribution. Parameters such as the spot size and shape were considered. The 

optimum nanostructure can have the smallest hot spot with a symmetric shape. 

In terms of the axial resolution enhancement, super-resolved axial sampling of 

live cells or bacteria is feasible using subwavelength metallic nanoaperture arrays 

based on EOT. EOT-based superlocalization imaging was suggested to extract the 

gliding information of bacteria, M. mobile. Three-dimensional dynamic information 

and behaviors of M. mobile while gliding on consecutive nanohole arrays can be 

sampled by least-squares fitting of 2D Gaussian function in the lateral plane, then 

spatially mapping normalized fluorescence signals to the EOT field distribution in the 

axial direction. Sub-diffraction-limited resolution down to 50 nm was obtained in three 

dimensions. This study can have significance of the first attempt to measure M. mobile 
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walking on the surface of metallic nanostructures, where we explored the feasibility of 

sampling bacterial motility with super-resolution based on field-enhanced nanoaperture 

arrays. EOT-based super-resolution sampling method have suggested three-

dimensional analysis of gliding M. mobile, which has axial movements with an average 

variation Δz = 94 nm from surface. For further investigation, bacterial walking 

mechanisms can be expiscated from the extracted axial data of gliding bacteria. 

Periodic arrays of EOT spots can be effectively applied for an arrayed scanning optical 

microscopy to image moving cells or bacteria or to scan the overall shape. 

For the enhancement of lateral imaging resolution for plasmon-enhanced 

TIRF microscopy, PSALM was developed. The feasibility of super-resolution imaging 

was suggested using 3D plasmonic nanostructures for multiple-channel PSALM, 

which means multiple light incidence conditions. Furthermore, plasmonic 

nanostructure arrays can be used for sensing applications as well as super-resolution 

imaging, e.g., LSPR based biosensors or WGM techniques. 

In conclusion, these imaging methods and systems are expected for super-

resolution analysis in the overall researches of bioimaging and sensing to observe and 

track extremely small molecules or intracellular proteins. 
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Section 5.1. 

Discussion of pattern interference 

 

 

Pattern interference may be not negligible in plasmonic techniques. There are 

two expectable issues that are occurred because of using nanostructures. First, 

numerically initial design and real fabrication of nanostructures have finite mismatch 

due to the proximity effect in electron beam lithography, which can be corrected by 

considering the geometry measured using AFM or SEM. Second, motion 

characteristics of cells gliding at surface may be affected by the presence of the ridge 

of patterns as mentioned in Figure 3.2.11. Pattern dependence of gliding bacteria in 

terms of climb and rotary motions was also reported [49]. Furthermore, cell adhesion is 

also affected by surface roughness of nanostructures [67]. One way to compensate the 

pattern interference in terms of cell adhesion is to make flat surface by dielectric 

interfiling between ridges. Periodic graphene patterns can be also applied for cell 

imaging with the exclusion of pattern interference based on graphene plasmonics [68]. 
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Section 5.2. 

Future goals and outlook  

 

 

For three-dimensional super-resolution microscopy, a main challenge that of 

localization-based imaging by arrayed nanostructures is to provide super-resolved full-

field images. Measurements of molecules are limited to superlocalized sampling grids 

of nanostructures. Here, improvement of imaging system in terms of nanostructure and 

optical modulation is proposed to achieve the super-resolved full-field microscopy 

using nanostructures. The feasibility of full-field imaging was reported based on spatial 

switching of localized fields under the Nyquist-Shannon sampling theorem [16]. If we 

assume that the original object is sampled by simultaneous excitation of single unit 

pulses produced on arrayed nanostructure, the spatial frequency of sampled objects in 

the Fourier domain is given by 

Here, 𝛬𝑥, 𝛬𝑦, 𝑤𝑥 , and 𝑤𝑦 represent the sampling period and unit pulse width in the x- 

and y-axis. In this paper, the highest spatial frequency in the Fourier plane was 

determined for sub-diffraction-limited sampling period, i.e., the array period of 

nanostructures. The spatial resolution for far-field images is mainly determined by 

𝑓𝑠(𝑥, 𝑦) = 𝑓(𝑥, 𝑦) ∑ 𝑟𝑒𝑐𝑡 (
𝑥 − 𝑚𝛬𝑥

𝑤𝑥
,
𝑦 − 𝑚𝛬𝑦

𝑤𝑦
)

𝑚,𝑛
 (17) 
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period between sampling fields. Compared to non-switchable localization microscopy 

which is that sampling pulses are switched simultaneously, the resolution can be 

improved over two times if each individual pulse is activated by temporally sequential 

switching, which was named as S-SLM. For S-SLM, the aperture period at 

approximately 150 nm coincides with the diffraction-limited resolution, i.e., super-

resolution full-field images in far-field microscopy can be attained by choosing a 

shorter sampling pulse period down to 150 nm. 

The other technique to attain super-resolution images based on optical 

modulation of light was also discussed at Section 3.4 in Chapter 3 by spatial switching 

of a localized field. Instead of reducing the size of nanostructures, the optical distance 

between sampling points can be adjusted by nanoscale controlling the spatial position 

of the localized field in the nanostructured region of 300 nm or less. To establish the 

super-resolution PSALM by multiple light incidence/excitation switching, piezo-driven 

tip/tilt mirrors can be used for scanning optically. 

Spatial sampling can be implemented by the optically scanning nature which 

has been commonly employed for super-resolution techniques such as STED 

microscopy. To activate a single pulse under spatially switchable localization 

microscopy, on/off switching of the nanostructure can be feasible based on active 

plasmonics or using DMD or SLM [69-71]. 

In terms of cell biology, it has been recently challenged to analyze and extract 

more specific information of bioimaging samples with consequence of development of 
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super-resolution microscopy. The advantage of super-resolution imaging has widely 

contributed to a study of structural cytoskeletal proteins, nucleoid organization, 

chromosome distribution, and molecular dynamics of transcription and translation [30, 

72-75]. For further studies, the applicability of nanoplasmonics-based super-resolution 

imaging can be also suggested and investigated to analyze intracellular organisms, 

molecular organization, complex protein structures, single molecular nanoscale 

tracking, etc. 
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국문요약 

 

최근, 초고분해능 광학 현미경은 바이오이미징 연구 분야에서 활발하게 

연구되어 왔으며 이를 위한 다양한 기술들이 살아있는 세포, 세포 내 

단백질, 바이러스, 박테리아 등의 영상화를 위해 개발되었다. 공초점 형광 

현미경 혹은 전반사 형광 현미경과 같은 기존의 형광 영상 시스템에서는, 

잘 알려진 바와 같이 아베(Abbe) 회절 한계 거리 이내에 위치한 파장 이하 

크기의 서로 다른 물체가 카메라로 측정된 이미지에서는 구분될 수 없다. 

이때, 분해능 한계는 빛의 파장과 개구수(開口數)에 의하여 결정되며, 가시 

광 영역 대에서는 대략 빛의 반 파장, 즉 200~300 나노미터의 분해능을 

갖는다. 즉, 일반적인 광학 형광 현미경을 사용하여 회절 한계 이하의 

영역에서 일어나는 현상 혹은 작은 물체, 단분자, 바이러스, 단백질 등을 

측정하는 것이 불가능하다. 최근 주목 받고 있는, 회절 한계 이하의 

초고분해능 영상을 위한 자극 방출 억제, 구조 조명, 그리로 단일 분자 형광 

기반의 이미징 기술이 전 세계적으로 활발하게 연구되고 있다. 이러한 

초고분해능 광학현미경의 개발로 인해, 수 십 나노미터 스케일의 영상 

분해능으로서 세포 내 유기체 혹은 단 분자 트랙킹 연구가 이뤄지고 있다. 

 본 논문에서는, 다양한 생물학적 현상을 관찰하고 분석하기 위한 

플라즈모닉 나노구조 기반의 초고분해능 영상 시스템을 개발하고자 한다. 
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플라즈모닉 나노구조의 사용은 표면 전자기 필드의 국소화 현상을 유도하기 

때문에, 이 때 나노구조 표면에 나노스케일 국소화 필드로서의 핫 스팟이 

형성된다. 주기성을 갖는 나노구조 표면에서 발생되는 핫 스팟 

어레이로부터 세포, 박테리아, 혹은 바이오 물질 등의 공간적 샘플링이 

가능하기 때문에, 이러한 나노스케일 국소화 이미징을 기반으로 하여, 

검출기로부터 측정 된 원시 데이터는 아베 회절 한계 이하의 분해능을 갖는 

영상으로 복원 될 수 있다. 따라서 본 논문에서는, 필드 국소화 기반 파장 

이하의 금속 나노격자 및 나노구멍 구조를 사용한 초고분해능 이미징을 

위해, (1) 나노스케일 국소화 샘플링, (2) 특이 광 투과 현상 기반 삼차원 

초고분해능 샘플링, 그리고 (3) 플라즈모닉 국소화 필드의 공간적 활성화 및 

스위칭의 세 가지 주요 기술을 소개하고자 한다. 첫 번째로, 나노스케일 

국소화 샘플링 기반의 이미징 기술에서는 나노구멍 어레이 구조 표면에서 

발생되는 핫 스팟으로부터 측정 타겟의 움직임이 주기적 샘플링 되었으며, 

이로서 공간 분해능의 향상을 유도하였다. 표면에서 글라이딩 운동을 하는 

미세소관의 형광 모노머 분포 특성이 복원 된 회절 한계 이하의 분해능을 

갖는 이미지로부터 측정 되었으며, 일반적인 형광 현미경과 비교하여 네 배 

정도의 측면 분해능 향상 결과가 입증되었다. 

 필드 국소화 기반 삼차원 초고분해능 샘플링 및 이미징 기술에서는, 

금속 나노구멍 어레이 구조가 표면의 특이 광 투과 현상을 유도하기 위하여 
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사용되었다. 파장 이하의 크기를 갖는 금속 나노구멍 구조로 입사된 빛은 

플라즈모닉 커플링 현상으로 인해, 구조체를 강하게 투과할 수 있다. 이 때, 

나노구멍 사이즈를 조절하여 투과 깊이를 조정할 수 있으며 전반사 형광 

현미경의 소실파의 두께 보다 축 방향으로 훨씬 깊게 빛이 투과될 수 있기 

때문에, 표면으로부터 깊은 영역에서 존재하는 물질 혹은 바이오 현상을 

관찰할 수 있다는 이점이 있다. 측정된 형광 신호의 변동폭을 특이 광 투과 

스팟 필드에 공간적으로 매핑함으로써, 박테리아의 위치 정보를 삼차원 

영역에서 50 나노미터 이하의 샘플링 오차 및 정밀도로 추출하여 글라이딩 

운동 특성을 분석하였다. 또한, 플라즈모닉 국소화 필드의 공간적 활성화 및 

스위칭 기반 초고분해능 영상법에서는 나노패턴에서 발생하는 핫 스팟의 

위치를 공간적으로 조정하면서 다중 핫 스팟을 통한 샘플링을 하기 때문에, 

다중 핫 스팟 간 거리에 의하여 유효 분해능이 결정된다. 즉, 수 십 

나노미터 이내의 영역에서 빛의 활성화/비활성화 제어에 따라 초고분해능 

영상을 복원할 수 있게 된다. 이 밖에도 본 논문에서는 플라즈모닉 국소화 

기반의 나노구조를 사용한 연구로서 이미징 뿐만 아니라 센싱 분야로의 

적용 기술 또한 다루고자 한다. 

 

핵심되는 말: 초고분해능 이미징, 초고분해능 샘플링, 형광 현미경, 

플라즈모닉스, 나노구조, 플라즈모닉 국소화. 
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