Tilted depletion beam enables 3D super-resolution in STED microscopy
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Stimulated emission depletion (STED) microscopy allows surpassing the diffraction-limited
resolution 3D microscopy and opened up the studies of nanostructures in biological
applications1. This improvement in spatial resolution is realized by employing two laser
beams, excitation and depletion, and superimposing the two at the focus of an objective lens.
The depletion beam engineered with a helical phase steps (vortex beam) exhibits an intensity
distribution of a doughnut-like pattern in lateral plane, thus zero at the center and peaks in a
ring shape. Under the doughnut, excited molecules are de-excited through stimulated
emission processes, and the fluorescence signal from the spontaneous emission is detected
only from the central region of the excitation beam. This effectively reduces the size of the
point spread function of confocal microscopy, leading to an improved resolution.
To achieve 3D super-resolution, in addition to the vortex beam, one employs an additional
depletion beam, which is formed with π phase shift at the center (bottle beam) 2. The bottle
beam exhibits intensity peaks above and below the objective focus, and this generates deexcitation at the top and bottom of the excitation volume, resulting in an axial resolution
improvement. However, the bottle beam is known to be sensitive to refractive index mismatch
and/or optical inhomogeneity, and when the zero-center is lost the resolution and the signalto-background ratio declines.
Because the vortex beam is known to be less sensitive to the refractive index
inhomogeneity, we exploit the use of an inclined vortex beam for the resolution improvement
both in lateral and axial directions3. In order to introduce the tilt to the vortex beam, we
examined the following two approaches; (i) shifting the depletion beam relative to the center
of an objective lens, or (ii) by using a spatial light modulator, introducing a specific phase
pattern at the back aperture of the objective lens. The second approach is typically used for
adaptive optics to correct specimen-induced
aberration4. We utilize the method to induce a
specific aberration mode, coma and lateral
shift, to achieve the tilted depletion beam.
The experimental results of imaging a 60
nm fluorescent particle with the above (i)
approach showed a resolution improvement
of 2-fold in all the directions, compared with
a standard confocal microscopy image (Fig.).
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