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Saturable Fluorescence and Scattering for Super-Resolution Imaging
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Recent developments in fluorescence microscopy have overcome the limit of spatial resolution, which originates from the
wave nature of light. These super resolution microscopy techniques are expected as a promising tool for analysis of molecular
functions in biological systems. However, the current super-resolution techniques are available for observing only thin biological
samples, such as cultured cells on a substrate, since aberration and background signals induced in a sample prevent using these
schemes for realizing the resolution improvement. In addition, the target of these techniques is limited to fluorescent samples.
Super resolution techniques that do not require fluorescence labeling are also desired in order to observe samples without
interference by fluorescent probes.

In this research, I develop a super-resolution technique that improves the spatial resolution of confocal microscopy for the
observation of thick biological samples. Saturated excitation (SAX) is utilized to induce a nonlinear relation between excitation
and emission of fluorescent probes. Since the nonlinear response is confined in a region smaller than the illumination laser spot,
extraction of the nonlinear fluorescence signals realizes the improvement of the spatial resolution and image contrast. To observe
a whole 3D structure in a cell cluster, I have investigated the excitation condition for SAX microscopy to improve the
signal-to-noise ratio (SNR) and suppress photobleaching effects. The optimal excitation conditions were derived for the
observation of a fixed cell cluster stained with rhodamine 6G, and the distributions of actin-filaments in the cells were
successfully visualized with sub-diffraction-limited resolution.

For further improvement of the spatial resolution in SAX microscopy, an image processing technique for extracting
higher-order nonlinear fluorescence signals was developed. The technique extracts the nonlinear fluorescence signals from two or
three fluorescence images obtained with different excitation intensities and allows the increase of SNR in detecting nonlinear
signals by a factor of 32 compared to the original SAX microscopy technique. Using the developed technique, a spatial resolution
of 130 nm, which is one fourth of the excitation wavelength, was confirmed in the observation of fluorescent beads and biological
cells. The wuse of higher-order radially polarized (HRP) beam was also investigated to sharpen the excitation
point-spread-function. The HRP beam consists of 6 concentric rings shaped intensity distributions produced by radial polarization
with a phase shift of 7 in each concentric ring. This approach also achieved a two-fold improvement in the spatial resolution of
SAX microscopy in the observations of fluorescent beads and biological cells.

Non-labeling super-resolution microscopy utilizing the nonlinear relation between excitations and coherent anti-Stokes
Raman scattering (CARS) was also developed. The calculation of CARS signals using the harmonic oscillator model confirmed
the improvement of the spatial and spectral resolution simultaneously by extracting the nonlinear relations. By observing diamond
structures with the developed technique, the improvement of spatial- and spectral-resolution was achieved by saturating CARS.

Super-resolution imaging with non-fluorescent probes was also performed by using saturable scattering from gold
nanoparticles. I found that scattering from single gold nanoparticles with a diameter of 50-100 nm is saturable when strong laser
light is irradiated. From the measurement with different excitation wavelengths, the excitation at 532 nm, which corresponds to
the plasmon resonance of the particle, effectively induced the saturation of scattering from gold nanoparticles. By exploiting the
nonlinear relation between excitation and scattering signal induced by the saturation, super-resolution imaging of single gold

nanoparticles was demonstrated.
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