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Three-Dimensional Orientation and Localization Microscopy of Single
Molecules Using Super-Resolution Imaging Technology (Invited)

Zhao Ruihang, Lu Jin'
Key Laboratory for Biomedical Effects of Nanomaterials and Nanosafety, Chinese Academy of Sciences,

National Center for Nanoscience and Technology, Beijing 100190, China

Abstract  Super-resolution microscopy with nanoscale spatial resolution has become an important imaging tool in life
science research. As a super-resolution technique, single-molecule localization microscopy enables us to localize, identify,
and study the unique behaviors of single molecules. At the single-molecule level, the emitted fluorescence signal is highly
anisotropic. Resolving the polarization or three-dimensional orientation of single fluorescent molecules is an emerging field
in super-resolution microscopy. In this review, we describe the three-dimensional orientation of single molecules through
super-resolution imaging techniques. These techniques include fluorescence polarization microscopy and single-molecule
orientation imaging through point spread function engineering. Furthermore, we discuss other polarization super-resolution
imaging approaches for the applications of live cells and single nanoparticle studies. Finally, we discuss the potential
challenges and future research needs of single-molecule orientation localization microscopy. These challenges and
requirements can provide in-depth insights into future research in life sciences.
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Fig.2 Single-molecule localization affected by molecular orientation. (A) Single-molecule fluorescence with a fixed orientation forms

an asymmetric, elongated three-dimensional PSF in the image space, where slight defocus can cause a lateral shift in the photon

distribution relative to the true molecular position™”; (B) schematic of 4f system™; (C) the “y-phi” mask, which converts square

polarization light into y-polarized light; (D) schematic diagram of the “y-phi” mask converting radial polarization light into -

direction and converting azimuthal polarization light into — y direction BFP and PSF simulation, scale bar: 200 nm"
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Fig. 5 Super-resolution SMOLM imaging of lipid nanodomains

[38]

. (A) Tri-spot and Duo-spot phase masks; (B) Tri-spot and Duo-spot

PSFs, scale bars, 2 pm (left) and 500 nm (right); (C) Nile red orientation with different cholesterol levels; (D) Nile red

orientation with various acyl chain structures; (E) SMOLM imaging of SL.B nanodomains, scale bars, 2 pm
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Fig. 6 Principle for polarized vortex imaging'”. (A) schematic of the optical setup; (B) representative dipole orientations (top) and
corresponding polarized vortex PSFs (bottom), scale bar, 300 nm; (C) molecular binding orientations and rotational diffusion on

an amyloid fibrillar network, scale bar, 1 pm
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azimuthally (blue) polarized PSFs of rotationally fixed molecules, scale bar, 500 nm; (C) detection and orientation estimation

Fig.7 raPol microscope™

performance of raPol and xyPol PSFs; (D) rotational and translational diffusion of single molecules with increasing cholesterol

concentration, scale bar, 50 nm
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Fig.8 raMVR microscope'™. (A) Schematic of the raM VR setup; (B) the pyramidal and air pyramid mirrors in raM VR; (C) raw images

projected on the detectors, scale bar, 20 um; (D) representative DSF in each channel for one molecule, scale bars, 500 nm;
(E) 6D SMOLM images of lipid-coated spheres with with radii of 150 nm, 350 nm and 1,000 nm; (F) 6D SMOLM images of
HEK-293T cell, scale bar, 2 pm
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