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   Two-photon excitation microscopy (TPEM) provides spatial resolution beyond the diffraction limit of light using 
the nonlinear response of fluorescent molecules. One of the strong advantages of TPEM is that it can be performed 
using a laser-scanning microscope without a complicated excitation process or computational post-processing. 
However, TPEM has not been recognized as a super-resolution microscopy due to the use of near-infrared light as 
excitation light source, which provides lower spatial resolution than visible light. In this thesis, I combined visible 
light and nonlinear fluorescence responses in order to achieve super-resolution fluorescence imaging. To realize this 
aim, fluorescent probes providing stepwise multi-photon excitation were developed. 
   As a first approach, I adopted the use of photoinduced charge separation (PCS) to achieve stepwise two-photon 
excitation. A fluorescent probe with two electron donors and one electron acceptor was designed and named 
nitro-bisBODIPY. The first incident photon incident to the probe generates a charge-separated pair between one of 
donors and an acceptor, and then the second photon can be used for fluorescence excitation of the other donor. The 
2nd order nonlinear fluorescence response of nitro-bisBODIPY was confirmed by exciting the probe by CW laser 
light at 488 nm. Using the same experimental setup, fluorescence imaging of biological cells stained with 
nitro-bisBODIPY was conducted, and an improvement in image contrast and resolution was confirmed. 
   The photophysical mechanism of the nonlinear fluorescence response via PCS was investigated by constructing 
the model of the energy diagram of nitro-bisBODIPY. To quantify the parameters of electronic transition in the 
model, especially which were difficult to be provided theoretically, transient absorption spectra of nitro-bisBODIPY 
was measured. Referring the model and parameters, the fluorescence response of the probe was simulated. The good 
consistency of the simulated and experimentally-measured fluorescence responses indicated that the photophysical 
mechanism of the nonlinear optical response via PCS was based on the proposed energy diagram. 
   Secondly, I provided a concept to realize 3rd order nonlinear fluorescence response by fluorescence switching 
based on spirocycle opening/closing. In this concept, stepwise three-photon excitation was expected to occur through 
two-photon excitation for spirocycle opening and subsequent one-photon excitation for fluorescence emission by 
visible-wavelength pulsed light excitation. Fluorescence response of three kinds of spirocyclic compounds (HySOx, 
MMSiR, RSA) under the visible wavelength pulsed excitation were measured, of which absorption peaks and 
lifetimes of spirocycle opening were different. As results, a 3rd order nonlinear fluorescence response was obtained 
with MMSiR under 610 nm pulsed excitation.  
   To apply the concept based on the modification of probes also to Raman microscopy, I investigated the 
development of a probe to image intracellular molecules via surface enhanced Raman scattering (SERS). The probe 
was composed of gold nanoparticles and fabricated at desired positions in cells using laser-induced photoreduction. 
The volume of the aggregated gold nanoparticles was controlled by modifying the excitation intensity and exposure 
time for photoreduction. And the detection of SERS spectra using the probes photoreduced inside cells was 
confirmed.�
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