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Abstract  Super-resolution microscopy has broken through the diffraction limit of conventional optical microscopy,
providing a crucial tool for high-resolution optical imaging at the sub-cellular scale. This breakthrough has significantly
advanced research in frontier disciplines such as cell biology, neuroscience, and pathology. Among various super-
resolution techniques, structured illumination super-resolution microscopy (SIM) technology has emerged as a vital method
for studying the dynamics of fine structures in live cells, owing to its rapid imaging capability, low phototoxicity, and
excellent compatibility with fluorescent probes. With the rapid development of artificial intelligence, deep learning has
injected new momentum into SIM technology. Deep learning-enhanced SIM has achieved groundbreaking progress in
reducing phototoxicity, increasing imaging speed, improving resolution, and expanding functional applications, greatly
broadening its scope. This review systematically summarizes recent advances in deep learning-driven SIM technology and
provides a perspective on future developments in the field.
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Fig. 2 Principle of SIM technology. (a) Image of a sample illuminated by wide-field mode and its spatial spectra; (b) image of a sample

illuminated by a structured pattern and the spatial spectra shifting; (c) images of a sample illuminated by structured patterns with

various orientations and phase shifts, and the spatial spectra of the reconstructed super-resolution image
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Fig. 3 Phototoxicity reduction methods of SIM based on deep learning. (a) scU-Net architecture and its imaging results under extremely

low light conditions™™" |

two cascaded U-Nets are utilized for denoising and super-resolution reconstruction, respectively;

(b) schematic diagram of DFCAN"™", Fourier channel attention mechanism is utilized to optimize the high-frequency information

in the frequency domain; (c) schematic diagram of TDV-SIM™?, the image artifacts are suppressed by combining the physical

model with total deep variation regularization; (d) schematic diagram of PRS-SIM"”, through the pixel rearrangement strategy,

four groups of images with sub-pixel displacements in space but containing the same scene information are generated from a set

of original data for self-supervised denoising and reconstruction
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Imaging speed improvement of SIM based on deep learning. (a) Structure of U-Net-SIM3 and its imaging result™’, and the

super-resolution information is inferred from three input images by training with paired data; (b) schematic diagram of the
spectrum of composite structured illumination””; (c) principle of eDL-cSIM"™, by using composite structured light illumination,
super-resolution information with frequency shifts in multiple directions is captured in a single exposure, and super-resolution
reconstruction is carried out using an ensemble deep learning network; (d) principle of CECI-SIM"™™ it reduces the number of
acquired frames by compressing multi-frame structured light illumination images; (e) schematic diagram of VDL-SIM"", it

achieves video-level real-time reconstruction by combining lightweight network design and hardware acceleration
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Fig. 5 Resolution improvement methods of SIM based on deep learning. (a) Schematic diagram of the RCAN™, and the residual
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network is trained by SIM images and the corresponding high-resolution confocal images to double the axial resolution of SIM;
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