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Fig. S18. Application of AO-LLSM to other model organisms. (a) Drosophila olfactory receptor neuron axons in the 
antenna lobe during the target selection process, showing axons expressing membrane marker (mCD8-GFP, magenta) 
and microtubule marker (Halo7-EB1, green) before (top left) and after AO (bottom right). Inset: Zoom-in view of the 
white box showing the microtubule-rich exploring branches dynamics after AO correction. White and red arrows 
highlighting dynamically extending and retracting branches, respectively. Scale bar, 20 µm. (b) Top: Time series 
showing an L3 stage C. elegans larva co-expressing a CDK1/2 activity sensor (green) and histone (orange). Bottom: 
Division (white arrows) of a single somatic gonad cell -- the CDK1/2 activity sensor is excluded from the nucleus during 
mitosis (40, 46, and 48 mins) but re-localizes in the daughter cells afterwards (54 mins). Scale bar, 10 µm. (c) Left: 
Neuronal and mitochondrial dynamics (Movie S13) in human iPSC-derived brain organoids with global mitochondria 
label mitotracker (cyan) and cytoplasmic-mGFP (orange) expressed in ~20% of all cells. Scale bar, 20 µm. Right: a 
Neuronal projection in the boxed region dynamically extending to probe its environment. Scale bar, 5 µm. Time stamps 
correspond to minutes:seconds. 
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Fig. S19. AO correction is essential for accurate LLS-SIM reconstruction in multicellular environments. LLS-
SIM reconstruction of mitochondria (magneta) and plasma membranes (cyan) without (a) and with (b) AO in the 
zebrafish eye, in the same region as Fig. 5b.  Axial features (cyan and yellow arrows) are particularly distorted before 
correction. Scale bar, 5 µm (orthoslice view) and 2 µm (zoomed view). 
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Fig. S20. Denoising improves reconstruction of low SNR time-lapse AO-LLS-SIM data. (a) 5 µm MIP slab of a 
single low SNR raw volume at a fixed phase of LLS-SIM excitation, before and after denoising. (b) Corresponding LLS-
SIM reconstructions. Denoising extends the photon budget for the imaging and becomes critical for accurate 
reconstruction at later time points.  Scale bar, 10 µm. 
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Fig. S21. Processing steps for analyzing mitochondrial network morphology. Four examples that illustrate the 
analysis pipeline applied to mitochondria within a single cell segmented from zebrafish tissue. Left: Raw fluorescence 
imaging data (magenta). Middle: 3D segmentation identifying mitochondrial voxels. Right: Skeletonization representing 
the mitochondrial medial axis (green).  Scale bar, 2 µm. 
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Fig. S22. Comparison of linescan confocal and image scanning microscopy (ISM). 3D imaging of COS7 cells 
expressing the actin marker LifeAct-mCherry shows ISM resolution comparable to linescan confocal imaging with a 
tightly closed collection slit (0.2 Airy Unit, AU width) while maintaining the higher SNR typical of a larger slit (1.0 AU). 
Only the actin channel is shown here. See Movie S15 for two-color (actin and microtubule) imaging. Scale bar, 10 µm. 
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Fig. S23. AO improvement for two-photon Bessel light sheet imaging in thick brain slices. Comparison of images 
from a 300-µm thick acute brain slice (3-month-old Thy1-GFP-M mouse) acquired using a two-photon Bessel light sheet 
(NA = 0.55/0.58) without AO correction (left), with AO correction (middle), and with AO correction plus deconvolution 
(right). Scale bar, 20 µm. 
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Fig. S24. AO-TPM enables deep functional imaging in live mice. (a) 3D model of the upright MOSAIC work area 
for in vivo AO-TPM in mice. (b) Corresponding photograph with magnified view of a mouse in place for imaging. (c) 
Improved SNR for detection of GCaMP7s transients with (right) and without (left) AO correction. Scale bar, 20 µm. (d) 
Erythrocyte transport in a capillary imaged at 250 Hz using resonant scanning AO-TPM. Scale bar, 5 µm. (e) 3D model 
shows the TP femtosecond laser beam path, including the prism compressor for group velocity dispersion 
compensation and the acousto-optic modulator for output power control.  
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Fig. S25. Autofocus (AF) module for continuous axial alignment of light sheet to detection focal plane. (a) 3D 
model and optical path of the AF module design integrated into MOSAIC. (b) Image from the AF detection camera 
showing overlaid fluorescence signals generated simultaneously by the LLS (green) from the excitation objective and 
TPE focus (red) from the detection one. Scale bar, 10 µm. 
 
 
 
 
 
  

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 16, 2025. ; https://doi.org/10.1101/2025.06.02.657494doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.02.657494
http://creativecommons.org/licenses/by-nc/4.0/


 

52 
 

Movie Captions 

 
Movie S1. 3D CAD model of the MOSAIC system. The animation shows the main microscope assembly, enclosure 
(case), optical table, electronics, and control/acquisition workstation. 
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Movie S2. Long-term, large FOV 3D live imaging of LLC-PK1 cells via LLSM. Time-lapse sequence acquired over 
24 hours (989 time points at 90 sec intervals). Visualization shows endoplasmic reticulum (Calnexin-mEmerald, gray) 
and nuclei (H2B-mCherry, orange). The imaged volume at each time point is 1000 x 750 x 10 µm3. 
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Movie S3. Monitoring large-scale HeLa cell dynamics using label-free oblique illumination. Time lapse movie 
covering a 1218 x 725 µm2 FOV consisting of 1000 frames at 1 sec intervals (t~16.7 minutes total). 
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Movie S4. Correlative LLS fluorescence and label-free OI imaging of live hTERT-RPE1 cells. Part 1: Mitochondrial 
redistribution during migration of a single cell over 2.2 hours (145 time points, 56 sec intervals). Mitochondria (COX8a-
StayGold via LLS) color-coded by height and correlated with cell morphology via OI (gray). Part 2: ER (cyan) and Golgi 
(yellow) dynamics across a large cell population covering 226 x 226 x 10 µm3 over 9 hours (2000 time points at 16.3 
sec intervals), with OI (gray) for label free context.  
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Movie S5. Visualizing optogenetically induced macropinocytosis with correlative oblique illumination. 
Membrane ruffling and macropinocytosis induced in hTert-RPE1 cells expressing PA-Rac1-mCherry by point scanning 
excitation at 445 nm. Activation triggers dynamic membrane ruffling and the formation of macropinosomes. 
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Movie S6. 3D LLS-SIM imaging of cultured hTERT-RPE1 cells. Live hTERT-RPE1 cells expressing ER (calreticulin-
StayGold, gray) and Golgi (β4Gal-HaloTag9-JFX549, yellow) markers imaged via 3D LLS-SIM. Part A: Overall 
dynamics across a 188 x 50 x 10 µm3 FOV over ~4.17 hours (1500 time points, 10 sec intervals). Part B: Faster 
dynamics focused on two cells imaged over ~50 minutes (1500 time points, 2 sec intervals). 
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Movie S7. Time-lapse 3D-SIM imaging of live hTERT-RPE1 cells. Part A: Cells expressing mitochondria (COX8a-
StayGold, cyan) and Golgi (β4Gal-HaloTag9-JFX549, yellow) markers imaged across a ~160x100x10 µm3 volume for 
156 time points at 56 sec intervals (~2.4 hrs). Part B: Faster and significantly longer 3D SIM imaging (1500 time points, 
32 sec intervals, ~13 hours) enabled by denoising and the use of two rather than the customary three directions for the 
illumination patterns. 
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Movie S8. Multi-modal correlative imaging of organelle dynamics during cell division. A dividing hTERT-RPE1 
cell expressing markers for mitochondria (COX8a-StayGold, green-blue) and Golgi (β4Gal-T1–HaloTag9-JFX549, 
orange) imaged by five distinct correlative techniques as shown. The movie cycles through widefield, 3D-SIM, oblique 
illumination (OI), lattice light sheet (LLS), and LLS-SIM views, offering complementary perspectives on organelle 
partitioning and cell morphology throughout mitosis. 
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Movie S9. Two-color 3D LLSM-PAINT imaging of cellular architecture. Simultaneous imaging of the nuclear 
envelope (Lamin A/C, green) and mitochondrial outer membrane (TOMM20, magenta) over a 180 x 200 x 17 µm³ 
volume of cultured U2OS cells. 
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Movie S10. ExLLSM volume rendering of human hippocampal tissue from an Alzheimer's disease donor. Fly 
through within a ~2000 x 2375 x 98 µm3 (pre-expansion) tissue section at 4x expansion.  Immunostaining of axons 
(neurofilament200, cyan) and myelin sheaths (MBP, yellow) highlight structural abnormalities across the large volume. 
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Movie S11. Long-term AO-LLSM imaging of zebrafish tail fin regeneration. Time-lapse imaging of a regenerating 
zebrafish tail fin, starting immediately post amputation, in a 48 hpf embryo. The movie spans 12.5 hours (250 time 
points at ~3 min intervals) and shows all plasma membranes (orange) and nuclei (cyan) within a 240 x 180 x 60 µm3 
volume stitched from 2 x 2 AO corrective tiles. The AO-corrected, denoised, and enhanced data reveal diverse 
behaviors at the cellular, subcellular, and tissue levels, including migration, cell division, cell fusion, microvesicle 
secretion, anchoring fibril dynamics, and both epidermal and vascular remodeling.  
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Movie S12. Cell cycle state across a zebrafish tailbud. AO-LLSM time-lapse imaging of an 18 hpf zebrafish tailbud 
expressing membrane, histone, and DHB/CDK activity biosensor markers. The cytoplasmic-to-nuclear ratio of the 
biosensor (low=G1/S, high=G2) indicates cell cycle state (as noted in Fig. 4e). In this example, the largest fraction of 
cells in G2 reside near the periphery. (blue/green=G1/S, yellow/red=G2). 
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Movie S13. Neuronal and mitochondrial dynamics in a human iPSC-derived brain organoid. AOLLSM reveals 
mitochondial transport (Mitotracker, cyan) and neurite dynamics (sparse cytosolic mGFP, orange) in a living human 
brain organoid.  
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Movie S14. AO-LLS-SIM reveals mitochondrial morphologies and dynamics in the developing zebrafish. 
Imaging a 14 hpf zebrafish expressing mitochondrial (Cox8a-StayGold) and plasma membrane (Lynk-mChilada) 
markers. Part 1: A 61 x 57 x 40 µm3 volume imaged without and with AO correction. Part 2: Dynamics of membrane 
(gray) and mitochondria (pseudocolor) over a 56 x 56 x 40 µm³ volume for 60 time points at 93 sec intervals. 
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Movie S20. Two-color AO-TPM captures erythrocyte flow in capillaries at 250 Hz. A 83 x 12.8 µm2 FOV in a live 
Thy1-YFP-H mouse, with the vasculature labeled with Texas Red dextran (orange), and the erythrocytes appear as 
negative (unstained) regions within the plasma. 
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