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Nonlinear scattering and absorption for super-resolution optical microscopy
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The use of nonlinear light-matter interaction between illumination light and contrast probes is the key to
improve the spatial resolution of optical microscopy beyond the diffraction limit of light. Saturated
excitation (SAX) microscopy achieves super—-resolution imaging by utilizing the saturation effect of optical
responses from contrast probes. Because the saturated signals are localized at the center of an illumination
focal spot, the selective detection of the saturated signals allows us to improve the three-dimensional spatial
resolution of microscopic observation. The saturation effect is observed in various optical phenomena, and
therefore the principle of resolution improvement of SAX microscopy can be applied to a wide range of contrast
probes. In this dissertation, I discussed the development of SAX microscopy exploiting plasmonic scattering
frommetallic nanoparticles, light absorption of dye molecules, and Mie scattering from silicon nanostructures.

I developed a technique to obtain high contrast images in deep tissue by using saturable scattering
from gold nanoparticles. The use of gold nanoparticle as a contrast probe is advantageous to obtain signals
from a deep part of tissue because gold nanoparticles produce strong signal light as scattering light through
localized surface plasmon resonance with high photo-stability. In addition, SAX microscopy allows us to
selectively detect scattering signals from nanoparticle probes separately from background signals due to the
nonlinearity of plasmonic scattering from the gold nanoparticle probes. I observed gold nanospheres distributed
under a muscle tissue with a thickness of 200 um by using SAX microscopy with an excitation wavelength of
561 nm, and confirmed the improvements of both spatial resolution and image contrast.

To improve the penetration depth in tissue imaging, I utilized the nonlinearity of near—infrared (NIR)
scattering light from gold nanoshells and gold nanorods. Gold nanoshell and gold nanorod probes exhibit the
localized surface plasmon resonance at NIR wavelengths and exhibit strong scattering of NIR light that transmits
through a biological tissue more efficiently than visible light. I experimentally confirmed that plasmonic
scattering from a single gold nanoshell and a gold nanorod showed the saturation effect under CW illumination
at the wavelengths of 780 nm and 1064 nm, respectively. SAX images of gold nanoshell probes distributed within
a tissue-mimicking phantom showed significant improvements of image contrast and spatial resolution at an
observation depth of 400 pm.

I also utilized the saturation effect of light absorption by dye molecules to improve the spatial
resolution of laser scanning transmission microscopy. Absorbed light intensity by dye molecule shows saturation
at high excitation intensity with the saturation of the number of dye molecules at excited state. The saturated
absorption signal localized to the center of a focal spot was extracted by selectively detecting the nonlinear
transmission signal induced by the saturated absorption. The numerical calculation revealed that the detection
of nonlinear transmission signhals significantly improves the spatial resolution in transmission imaging for
both lateral and axial directions. I also experimentally demonstrated the improvement of spatial resolution
by observing polystyrene microbeads stained with eosin Y.

SAX microscopy is also capable of obtaining a high-resolution image of silicon nanostructure by using
the nonlinearity of Mie scattering induced by the photothermal effect. I observed a silicon nanoblock with
a size of about 100 nm by detecting 2" order nonlinear component of scattering signal with the excitation
wavelength of 561 nm, and demonstrated the two—fold improvement of the spatial resolution compared to

conventional laser scanning microscopy
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