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dimensional super-resolution images of actin (magenta) and chromatin (green) based on MAP-SIM"™;

reconstruction of microtubules in COS-7 cells™;

(¢) visualization of microtubule dynamics based on JSFR-SIM"™;

Super-resolution imaging results based on deconvolution algorithms in structured illumination microscopy. (a) Dual-color three-
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Fig. 2 Super-resolution imaging results based on regularization deconvolution algorithms in structured illumination microscopy.

(a) Dynamics of mitochondrial cristae structure in live cells based on Hessian-SIM™"; (b) sorSIM reconstruction of microtubule-

stained images in Vero cells"”; (¢) Sparse-SIM reconstruction of both inner and outer mitochondrial membranes in live COS-7

cells™; (d) super-fast imaging of fusion pores in INS-1 cells based on Sparse-SIM™; (e) super-resolution reconstruction results of

Sparse*ExM["]; (f) nulti-color 3D-SIM reconstruction of TV-FISTA-SIM (from left to right: outer mitochondrial membrane,

microtubule protein, and actin imaging)"”
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Fig. 3 Super-resolution imaging results based on deconvolution algorithms in improved structured illumination microscopy. (a) Imaging

results of the wave-like protein network in fixed HUVEC cells based on RIM""; (b) three-dimensional imaging results based on

RIM"“; (¢) mitochondrial fission and fusion processes mediated by the endoplasmic reticulum (magenta) based on GI-SIM"™”
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Fig. 4 Imaging results based on deconvolution algorithms in image scanning microscopy. (a) Principle of MSIM image reconstruction
and reconstruction of microtubules (green) and mitochondrial outer membrane (magenta)™; (b) principle of CSD-ISM image
reconstruction and the resulting reconstruction™; (c) application of NNLS deconvolution to a test sample with 70 nm
resolution™; (d) generation of ISM and Q-ISM images and reconstruction using the Joint Sparse Recovery (JSR) algorithm"”;

(e) Sparse SD-SIM imaging results of a four-color live cell, with lysosomes (yellow), mitochondrial matrix (green), cell nucleus

(blue), and microtubule proteins (red); (f) Sparse SD-SIM imaging results of the endoplasmic reticulum in live cells"
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Fig. 6 Super-resolution optical fluctuation imaging results based on deconvolution algorithms. (a) Workflow of classical super-resolution

optical fluctuation imaging techniques™; (b) Fourier SOFI resolution of the microtubule protein network in fibroblast cells"”;

[67]

(¢) 3B analysis of focal adhesion proteins in fixed cells””; (d) SIMBA imaging of grid protein clusters (ccp) in live HeLa cells™;

(e) multi-plane three-dimensional SOFT of live HeLa cells expressing vimentin-Dreiklang””
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Fig. 7 Super-resolution optical fluctuation imaging results based on deconvolution algorithms. (a) SRRF applied to wide-field
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Abstract

Significance Owing to its non-invasiveness and high specificity, fluorescence microscopy is widely utilized in biomedical research
to investigate the structures and functions of biological systems. Limited by the diffraction of light, the resolution of conventional
fluorescence microscopy is ~250 nanometer (nm) and ~800 nm on the lateral and axial axes, respectively, and it cannot resolve
nanostructures beyond this limit. To overcome the resolution limit, many super-resolution fluorescence microscopy techniques have
been developed, enabling biologists to record the dynamics of the fine structures of organisms and cells in their active states. This
offers the potential to elucidate the crucial details of biological phenomena.

Nevertheless, in super-resolution fluorescence microscopy, trade-offs exist between resolution, speed, and imaging depth.
Although these trade-offs can be moderated by optimizing the microscopy hardware, certain strict physical limitations cannot be easily
overcome. Therefore, enhancing microscopy performance via computational imaging methods is particularly important. For instance,
the application of deconvolution algorithms can transcend physical limits without changing the optical hardware, thereby improving the
dissection of biological information.

Progress This review introduces the technical principles of various deconvolution methods. Deconvolution techniques are applied to
four modes of super-resolution fluorescence microscopy: structured illumination microscopy (SIM), image scanning microscopy
(ISM), stimulated emission depletion (STED) microscopy, and super-resolution optical fluctuation imaging (SOFI). Various
modalities have been used for live cell imaging applications. For example, researchers have designed deconvolution algorithms to
eliminate the reconstruction artifacts produced during the reconstruction of SIM and to improve its resolution. Additionally, for SOFI,
deconvolution techniques can be applied as pre- or post-processing steps to further enhance the efficiency of utilizing statistical
information and to improve resolution. The recently developed advanced deconvolution algorithm, sparse deconvolution, is stable and
robust to various noise conditions and can effectively improve the three-dimensional resolution two-fold. Furthermore, it can be
combined with different variants of fluorescence microscopy to enhance their contrast and resolution in sizu without any changes.
Owing to significant advances in the corresponding super-resolution reconstruction techniques, live-cell super-resolution microscopy

has been effectively enhanced.

In the outlook section, considering the unrolling algorithm as an example, this review discusses the prospects of deconvolution
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methods based on deep learning. The combination of deep learning algorithms and microscopy imaging techniques may become a
future development trend in the field of live-cell super-resolution microscopy. This review briefly describes the Fourier ring correlation
(FRC) image resolution measurement method and its application in image reconstruction. Finally, a rolling FRC (rFRC) method is
introduced to quantitatively detect the reconstruction uncertainties of super-resolution techniques at the corresponding super-resolution

scale.

Conclusions and Prospects Owing to hardware limitations, extensive super-resolution microscopy methods have introduced
computational steps to achieve the optimal quality of super-resolution imaging. This review can serve as a bridge between the super-
resolution microscopy and computation communities to facilitate the application of novel computational techniques toward improved

resolution, accuracy, and image processing.

Key words microscopy; deconvolution; super-resolution microscopy; live-cell imaging; computational imaging; fluorescence

microscopy
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