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High resolution fluorescence microscopy using structured light for volumetric imaging
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Fluorescence microscopy is an indispensable technique for observing biological samples owing to its noninvasiveness,
target specificity, and sensitivity at the single-molecule level. In addition, the development of super-resolution techniques has
overcome the long-standing limitation in spatial resolution, expanding the capability of imaging sub-organelle structures.
However, most of the super-resolution techniques exhibit the resolving capability fully only in observations of sample
positions near the surface because of the requirement of complex illumination patterns or single molecule detection.

In this study, I investigated the use of structured light and fluorescence signal confinement for super-resolution
microscopy to image volumetric samples. To visualize submicroscopic structures at deep positions in a biological sample, the
combinations of sub-wavelength patterned structured light and signal confinement techniques at sample and detection planes
were examined, which efficiently carries weak high-spatial frequency signals compared to single molecule detection. For the
fast and large field of view imaging, techniques based on widefield-based structured illumination microscopy (SIM), which
utilizes sinusoidal illumination to detect and retrieve the high spatial frequency information, were examined. I also investigated
confocal-based structured illumination microscopy (image scanning microscopy (ISM)), which achieves super-resolution by
reassignment of fluorescence distribution excited by a focused light to improve the observable depth further. In both super-
resolution techniques, I introduced nonlinear fluorescence responses to localize the fluorescence emission within the focus. I
also explored the aberration correction techniques and high-quantum-yield fluorescent proteins to further enhance the imaging
capability in volumetric samples.

I utilized the selective plane activation of reversible photo-switching fluorescent proteins to localize and detect
fluorescence emission only in the focal plane of the objective lens for detection in SIM, allowing high-resolution observation
of the interior of thick samples. I confirmed image contrast was improved in fluorescence images of biological samples due to
the localization of fluorescent emission. I also confirmed that the developed technique achieved a temporal resolution of 1
frame/sec with 3D spatial resolution in the observation of a living cell. Furthermore, I applied 780-nm femtosecond pulsed
light to induce the nonlinear response in activation, providing a higher axial resolution and background rejection capability. I
succeeded in the observation of cellular nuclei at 25um deep in a spheroid with a diameter of about 100pm with high spatial
resolution.

I improved the spatial resolution of ISM in three dimensions by inducing a nonlinear response in fluorescence emission
using saturated excitation (SAX). The localization of fluorescent emission in a sample by SAX is useful for both improving the
spatial resolution and suppressing the background signals. I theoretically investigated the imaging property of image scanning
microscopy when nonlinear fluorescence responses are introduced. I experimentally confirmed the resolution improvement in
ISM by extracting up to 3rd-order nonlinear fluorescence responses and demonstrated the capability of imaging biological
samples. The developed technique provided 1.47-fold SNR improvement in 3rd-order nonlinear fluorescence signals, which
confirmed the improvement of spatial resolution in practical conditions.

1 proposed and demonstrated the use of deflectometry to expand the aberration correction range in the observation of
thick samples using adaptive optics. Deflectometry obtains the phase gradient of the wavefront from the distortion of the fringe
pattern reflected by the rough surface. The dynamic range of deflectometry measurement is controllable with different
frequencies of fringe patterns, which is useful for wide-range calibration of adaptive optics devices and aberration correction. I
developed a technique that uses a deformable mirror to calibrate deflectometry with a high dynamic range of phase control. I
also applied the technique for adaptive aperture correlation microscopy and demonstrated aberration correction in fluorescence
imaging of pollen grains, confirming the signal increase and practical resolution improvement. I also performed remote-
focusing fluorescence imaging by taking advantage of the high-dynamic range phase control. It was confirmed that the
imaging plane can be tuned within the range of 100 um and 20 pm without mechanical scanning in the fluorescent beads and
pollen grain, respectively.

I developed a fluorescence measurement system for screening high-quantum-yield fluorescent proteins from randomly
mutated variants expressed in E-coli. I proposed a technique that utilizes the saturation effect of fluorescence excitation to
evaluate the quantum yield and the excitation cross-section of a fluorescent protein, which can be performed by fluorescence
measurement under intensity-modulated excitation. I built an optical system that automatically detects the locations of E-coli
colonies in a dish and measures the fluorescence response. Multiple CW lasers with different wavelengths and a femtosecond
pulsed laser with tunable wavelengths at 350- 2500 nm are employed to evaluate varieties of fluorescent protein mutants with
single-photon and two-photon excitation.
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