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Iterative tomography with digital adaptive optics
permits hour-long intravital observation of 3D
subcellular dynamics at millisecond scale
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lterative tomography with digital adaptive optics
permits hour-long intravital observation of 3D
subcellular dynamics at millisecond scale
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SUMMARY

Long-term subcellular intravital imaging in mammals is vital to study diverse intercellular behaviors and
organelle functions during native physiological processes. However, optical heterogeneity, tissue opacity,
and phototoxicity pose great challenges. Here, we propose a computational imaging framework, termed dig-
ital adaptive optics scanning light-field mutual iterative tomography (DAOSLIMIT), featuring high-speed,
high-resolution 3D imaging, tiled wavefront correction, and low phototoxicity with a compact system. By
tomographic imaging of the entire volume simultaneously, we obtained volumetric imaging across 225 x
225 x 16 pm?®, with a resolution of up to 220 nm laterally and 400 nm axially, at the millisecond scale, over
hundreds of thousands of time points. To establish the capabilities, we investigated large-scale cell migration
and neural activities in different species and observed various subcellular dynamics in mammals during

neutrophil migration and tumor cell circulation.

INTRODUCTION

Cells in living organs compose an exquisite microscopic world in
which the logistics, plasticity, interactions, and migrations of
cells and organelles play vital roles in diverse physiological phe-
nomena at high spatiotemporal resolution over the long term (Liu
et al., 2018; Pantazis and Supatto, 2014). The involvement of a
multitude of signals and tissue components provides a native
environment to reflect the natural dynamics of biological pro-
cesses that are not only hard to reconstitute in vitro or ex vivo
(Masedunskas et al., 2012) but also pose great challenges in
observing the full complexity at the subcellular level and milli-
second timescale, especially in mammals (Pittet and Weissleder,
2011; Weigert et al., 2013). For example, heartbeats and respira-
tion introduce motion blur and artifacts without high imaging
frame rates. The nonuniform distributions of the refractive index
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in tissue lead to severe optical aberrations, which degrade the
image resolution and signal-to-noise ratio (SNR) (Booth, 2014;
Ji, 2017). Strong light doses interfere with normal cellular
behavior and organelle functions, resulting in a limited photon
budget for intravital imaging.

To address these problems, various efforts have been made in
the past decade toward the development of subcellular intravital
microscopy (IVM), such as spinning-disk confocal microscopy
(SDCM) (Nakano, 2002), adaptive optics (AO) (Ji et al., 2010),
high-speed two-photon microscopy (Lu et al., 2020; Papagia-
koumou et al., 2010; Zipfel et al., 2003), and light-sheet micro-
scopy (LSM) (Chen et al., 2014; Keller et al., 2008; Power and
Huisken, 2017; Tomer et al., 2015; Voleti et al.,, 2019), that,
together with novel animal models (Pittet and Weissleder,
2011), have facilitated various studies in the fields of neurosci-
ence (Cichon and Gan, 2015; Peron et al., 2020), developmental



mailto:fanjingtao@mail.tsinghua.edu.cn
mailto:liyulab@mail.tsinghua.edu.cn
mailto:daiqh@tsinghua.edu.cn
https://doi.org/10.1016/j.cell.2021.04.029
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2021.04.029&domain=pdf

Cell

biology (Huang et al., 2020; Wan et al., 2019), immunology (Pittet
et al., 2018), and cancer biology (Ellenbroek and van Rheenen,
2014). However, there is an inevitable trade-off among resolu-
tion, speed, SNR, and sample health, which is known as the
“pyramid of frustration” in live fluorescence imaging (Laissue
et al., 2017). The situation becomes even worse in three-dimen-
sion (3D) organisms that usually require axial scanning of
multiple planes (Winter and Shroff, 2014). Therefore, the time
window for one experiment can support only hundreds of vol-
umes to avoid considerable photodamage with a total light
dose below ~300 J/cm? (Icha et al., 2017; Schneckenburger
et al., 2012). LSM alleviates the problem by exciting only the
in-focus regions to avoid unnecessary exposure (Power and
Huisken, 2017). Lattice LSM (LLSM) with AO (Liu et al., 2018)
further improves the spatiotemporal resolution in transparent or-
ganisms, but both the small field of view (FOV) and tiling AO
correction restrict its speed for a large volume. In addition, it is
difficult to apply LSM in mammalian tissue at subcellular resolu-
tion due to tissue opacity and space constraints (Power and
Huisken, 2017). Long-term, high-speed imaging in mammals at
subcellular resolution and low photon doses remains a
challenge.

Among the various forms of parallel volumetric imaging (Abra-
hamsson et al., 2013; Descloux et al., 2018; Weisenburger and
Vaziri, 2018), light-field microscopy (LFM) provides the most
photon-efficient solution by imaging the entire volume simulta-
neously with an extended depth of field (DOF) in a tomographic
manner. Benefiting from high-speed 3D imaging and compact
systems, LFM has achieved great success in large-scale neural
recording (Cong et al., 2017; Lin et al., 2020; Nobauer et al.,
2017; Prevedel et al., 2014; Zhang et al., 2021). However, even
with advanced algorithms (Broxton et al., 2013; Cohen et al.,
2014; Zhu et al., 2018) and schemes (Lim et al., 2009; Llavador
et al., 2015; Mukati and Gunturk, 2018; Park et al., 2019), its res-
olution without sacrificing DOF is typically limited to ~1 um by
the intrinsic trade-off between spatial and angular resolution
(Alonso, 2011; Martinez-Corral and Javidi, 2018; Zhu et al.,
2018), which is barely sufficient for subcellular structures and re-
stricts broad applications in cell biology.

Here, we propose a framework, called digital AO scanning LF
mutual iterative tomography (DAOSLIMIT), to achieve aberra-
tion-corrected 3D fluorescence imaging at ultrahigh spatiotem-
poral resolution with low phototoxicity across a large-scale
volume and hundreds of thousands of time points by harnessing
the full advantages of LFM after addressing the trade-off be-
tween spatial and angular resolution. Inspired by the photome-
chanical response of the fly eye (Hardie and Franze, 2012) and
subpixel shift in photography (Lim et al., 2009; Llavador et al.,
2015; Mukati and Gunturk, 2018; Park et al., 2019; Zhang
et al., 2014), we developed a compact scanning LFM (sLFM)
system with periodic drifting of the image plane to collect the
four-dimension (4D) spatial-angular light distribution at near-
diffraction-limited resolution and full photon efficiency (Fig-
ure 1A). Furthermore, we established the framework of digital
AO (DAO) for tiled aberration corrections across a large FOV
by manipulating 4D spatial-angular measurements in postpro-
cessing without additional wavefront sensors or spatial light
modulators (Figure 1B). In addition to various quantitative evalu-
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ations and comparisons, we demonstrate its utilities for both cell
biology and neuroscience in a variety of species, including
Drosophila larvae, zebrafish, and mice.

RESULTS

Principle and implementation of DAOSLIMIT

To address the trade-off between spatial and angular resolution,
we periodically scan the image plane with a 2D galvo system,
which provides spatial overlap between adjacent microlenses
at the cost of temporal resolution (Figures S1A-S1C). The sensor
pixels with the same relative position to the center of each micro-
lens belong to the same angular component, which can be real-
igned together for high-resolution 3D reconstruction with the
nonnegative constraint (STAR Methods; Figures 1C and S1D;
Video S1, part I). Interestingly, we found that the small aperture
of each microlens at the image plane functions like single-slit
diffraction, reserving high-frequency components in different
angular measurements without strong crosstalk. Such an effect
is necessary for the incoherent synthetic aperture of whole-
objective numerical aperture (NA), akin to a ptychographic pro-
cess (Humphry et al., 2012; Kauvar et al., 2017; Liu et al.,
2017; Zheng et al., 2013), but it is usually neglected in traditional
LFM due to undersampling in the spatial domain, which is now
addressed with periodic scanning, as shown by the point spread
functions (PSFs) and optical transfer functions (OTFs) (STAR
Methods; Figure 1D). By contrast, direct pupil segmentation at
the pupil plane, corresponding to wide-field microscopy (WFM)
with a low NA, inherently loses high-frequency information.

In addition, as the linear phase modulations at different
segmented apertures correspond to the spatial shifts of angular
components (Ji et al., 2010), we can not only estimate spatially
nonuniform aberrations from the disparities between angular
measurements (Milkie et al., 2011) but also correct the aberra-
tions by digitally shifting the angularimages (STAR Methods; Fig-
ures 1B and 1C). We term this process DAO. Therefore, we
developed a MIT algorithm based on the alternating direction
method of multipliers (ADMM) (Boyd et al., 2010) that incorpo-
rates iterative wavefront estimations and volume reconstructions
with tiled aberration corrections to improve the resolution and
SNR in complicated environments (STAR Methods; Figures
S1E-S1H; Video S1, part II).

To alleviate the motion artifacts and speed reduction induced
by scanning, we then exploited the spatiotemporal smoothness
prior with the time-weighted and time-loop algorithms (STAR
Methods; Video S1, part lll). As shown in Figure 1E, DAOSLIMIT
provides a periodic, sparse sampling pattern in the spatiotem-
poral domain. For every angular component, we conducted in-
verse distance weighting, which is commonly used in geography
(Luand Wong, 2008), in the local spatiotemporal domain within a
scanning period (Figure 1E). By interleaved reconstruction with a
sliding window (Huang et al., 2018; Ma et al., 2018), we can
obtain high-resolution, time-lapse angular components up to
the camera frame rate without motion artifacts, which is called
the time-weighted algorithm (Figure 1F). A time-loop algorithm
is then developed for video reconstructions to accelerate
convergence (STAR Methods). By imaging a sample moving at
different speeds, we verified the effectiveness of the algorithms
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Figure 1. Principle of DAOSLIMIT

(A) Schematic of the sLFM system for high-resolution spatial-angular measurements.

(B) lllustrations of DAO. Different angular components can be manipulated in postprocessing for 3D reconstruction and aberration corrections.

(C) lllustrations of the periodic scanning process and pixel realignment. Different colors correspond to specific galvo positions (indicated by the arrows) with a
period of 9 for 3 x 3 scanning. The sensor pixels with the same relative position to the center of each microlens belong to the same angle. Images at different
scanning positions can be realigned together to increase spatial sampling for 3D reconstruction with tiled aberration corrections digitally.

(D) Comparisons between the PSFs, OTFs, and simulated imaging results of LFM, sLFM, and WFM with a 63 /1.4 NA oil-immersion objective and WFM with a
63x/0.2 NA air objective at a center wavelength of 525 nm. The simulated sample is a high-frequency sinusoidal pattern with a period of 1.3 um, as shown in the
bottom right corner. To show the highest contrast, the sample is placed at the native focal plane for WFM and 1 um away from the focal plane for LFM and sLFM.
(E) lllustrations of the time-weighted algorithm. High-resolution time-lapse data can be obtained by applying inverse distance weighting in the xyt domain with a
sliding window.

(F) Comparisons between the reconstructed results (MIP) of DAOSLIMIT with and without the time-weighted algorithm.

Scale bars: 5 um, 2 um~" (D) and 10 pm (F).

See also Figures S1 and S2 and Video S1.

for speeds up to 55 pixels/frame (Figures S2A and S2B), even for
nonuniform motions (Figure S2C).

Resolution and SNR characterization of DAOSLIMIT

To evaluate the resolution of DAOSLIMIT under different con-
ditions, we imaged various samples with a 63x/1.4 NA oil-im-
mersion objective. First, we imaged fluorescence beads at
different axial planes and statistically analyzed the full-widths
at half maximum (FWHMs) (Figure 2A). With 3 x 3 scanning,
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sLFM showed 4- or 5-fold improvement over LFM in resolu-
tion, which was further enhanced with smaller variance by
DAO. Both the lateral and axial resolutions reached the Abbe
diffraction limit around the native objective plane (220 and
400 nm, respectively) and maintained near-diffraction-limited
performance over ~10 um (Figure 2B). We then conducted
bright-field imaging on a USAF-1951 resolution chart to further
verify the diffraction-limited performance (Figures S3A
and S3B).
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Figure 2. Resolution and SNR characterization of DAOSLIMIT

(A) Boxplots of the lateral and axial resolutions of LFM, sLFM (DAO off), and DAOSLIMIT at different axial positions with 63 x/1.4 NA oil-immersion objective. The
resolution is estimated by the FWHMs of the intensity profiles with a Gaussian fit for 100-nm-diameter beads distributed in 1% agarose (n = 300 beads, 20 beads
per plane). Error bars represent SD.

(B) MIP of two beads in yz plane obtained by DAOSLIMIT at the focal plane with a cross-section profile. We imaged the same bead at two axial planes separated
by 400 nm and added the images to create virtually spaced beads.

(C) Orthogonal MIPs from 12-um-thick slabs of MCF10A cells labeled with microtubules imaged by DAOSLIMIT (3 x 3 scanning), with normalized profiles of the
marked lines.

(D) Orthogonal MIPs from 16-um-thick slabs of HelLa cells labeled with actin (green) and nuclei (blue), which were obtained by WFM (90 axial slices at 200-nm
steps), WFM with 3D deconvolution, and DAOSLIMIT with 3 x 3 and 5 x 5 scannings. The Fourier transforms of the MIPs are shown with estimated resolutions by
FRC. Throughout the figure, the yellow dashed circles correspond to the Abbe diffraction limit of the objective.

(E) Orthogonal MIPs and corresponding Fourier transforms of the MCF10A cells with actin (green) and nuclei (blue) labeling imaged by SDCM (1.3 NA) and
DAOSLIMIT (1.4 NA) under different light doses used to obtain the volume marked at the bottom. The yellow dashed lines indicate the regions for yz and xz
projections.

(F) The normalized average intensities of the two channels were plotted against different light doses.

Scale bars: 200 nm (B); 4 um (C); 20 um, 4 um~" (D); and 50 um, 4 um~" (E).

See also Figures S3 and S4.

Moreover, we found that similar performance can be achieved  the DOF with more scanning numbers required to reach conver-
by 3 x 3and 13 x 13 scanning (Figures S3C and S3D). We con-  gence (Figures S3G and S3H). We then imaged microtubule-
ducted a series of simulations and found that the lateral scanning  labeled MCF10A cells with both 3 x 3 and 13 x 13 scanning,
number is approximately 16-fold redundant for 3D reconstruc-  showing the same distinguishable structures with 330-nm lateral
tion (Figures S3E and S3F). A higher angular resolution increases  intervals and 440-nm axial intervals (Figure 2C).
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Figure 3. Evaluations of tiled aberration corrections with DAO

(A) Orthogonal MIPs of a 100-um-thick Thy1-YFP brain slice by SDCM, WFM, and DAOSLIMIT without aberrations. The yellow dashed lines indicate the region for
Xz projection.

(B) Orthogonal MIPs of the same area after introducing a specific aberration obtained by WFM and DAOSLIMIT with and without DAO. Groundtruth aberration is
shown in the inset of WFM result, while estimated aberration by DAO is shown in the DAOSLIMIT result.

(C and D) Cross-section profiles marked by the arrows in (A) and (B), respectively.

(E) Color-coded MIPs of the 3D mitochondrial dynamics by DAOSLIMIT with no corrections, system corrections only, and full DAO corrections.

(F) Estimated average aberrations at different areas in (E).

(legend continued on next page)

3322 Cell 184, 3318-3332, June 10, 2021



Cell

Different from WFM with a shallow DOF, DAOSLIMIT keeps
the light focused along different elongated angular PSFs for bet-
ter photon efficiency. To show its SNR enhancement, we imaged
the same Hela cells by DAOSLIMIT and WFM with the same
low-light dose for each frame (Figure 2D; Table S1). Although
WFM with 3D Richardson-Lucy (RL) deconvolution (Sage et al.,
2017) involved 10 times more photons, DAOSLIMIT showed a
better SNR and contrast with similar performance for 3 x 3
and 5 x 5 scannings (Figure 2D). More high-frequency compo-
nents in the Fourier transform of the maximum intensity projec-
tions (MIPs) indicated a better resolution due to a higher SNR,
which could be estimated by Fourier ring correlation (FRC;
220 nm laterally and 400 nm axially for DAOSLIMIT) (Nieuwenhui-
zen et al., 2013). Moreover, we compared the imaging perfor-
mance of DAOSLIMIT and SDCM on the same MCF10A cells un-
der the same total light dose used to obtain a volume (Figure 2E;
Table S1). While most of the excited photons in SDCM are re-
jected to achieve optical sectioning, DAOSLIMIT can make full
use of the photons from the entire volume, resulting in a better
SNR with the same light dose. The average intensity at different
light doses demonstrates the comparable quantitative linearity
of both methods (Figure 2F).

We then compared DAOSLIMIT with LLSM, which has low
phototoxicity and high axial resolution by confining the excitation
area within an extremely thin layer (Chen et al., 2014; Liu et al.,
2018). Under similar light doses (Table S1), LLSM after deconvo-
lution showed better axial resolution than DAOSLIMIT due to
additional illumination with a comparable SNR and lateral resolu-
tion (Figures S4A and S4B). However, LLSM has a smaller FOV
limited by the trade-off between the LS thickness and length,
with hundreds of slices required for scanning, and is also difficult
to apply in tissue due to sample opacity. By contrast, DAOSLI-
MIT, as a simple add-on to normal WFM, can also be applied
in dense and scattering environments, such as Drosophila and
mice, with only 3 X 3 scanning (Figures S4C-S4F).

Evaluations of tiled aberration corrections by DAO

Both the resolution and SNR are severely degraded by
spatially nonuniform aberrations originating from the 3D het-
erogeneity of the refractive index in multicellular organisms
(Park et al., 2017). By capturing high-resolution 4D spatial-
angular information, DAOSLIMIT provides DAO capability for
high-speed tiled aberration corrections. To quantitatively eval-
uate the DAO performance, we first conducted a numerical
analysis with different levels of aberrations to show the effec-
tive aberration estimations and corrections (Figures S5A and
S5B). Next, we imaged a fixed slice with different numbers
of coverslips inserted before the 40%x/1.0 NA water-immersion
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objective to introduce different aberration levels experimen-
tally. DAO helped maintain good resolution and SNR, espe-
cially in the axial domain, without compromising the imaging
speed (Figure S5C).

To further compare DAO with hardware AO, we set up another
system with a spatial light modulator placed at the pupil plane to
add arbitrary aberrations as groundtruth (Figure S5D). We used
Thy1-YFP mouse brain slices as dense samples, which were first
imaged by SDCM, WFM, and DAOSLIMIT with system correc-
tions, corresponding to the results after hardware AO (Figure 3A).
Next, we imaged the sample again by WFM and DAOSLIMIT with
added aberrations up to the 41st Zernike order (Figure 3B). While
the resolution and contrast were degraded in WFM without hard-
ware AO, DAOSLIMIT accurately estimated the aberrations and
corrected them with better resolution and SNR (Figures 3B-3D).
The residual wavefront errors after correction were similar to
other hardware AO methods based on pupil segmentation (Ji
et al., 2010) (Figures S5E-S5G). In addition, we found that DAO
could correct spatially nonuniform aberrations by dividing the
whole FOV into several parts (STAR Methods; Figures S5H
and S5l).

For more demonstrations of multi-site DAO capability, we
imaged 3D mitochondrial dynamics in dorsal root ganglion
(DRG) neurons of rats across a large volume and compared
the color-coded MIPs obtained without corrections, with system
corrections only, and full DAO corrections (Figures 3E and 3F;
Video S1, part IV). System corrections with the experimental
PSF eliminated the reconstruction artifacts (Figure 3G), while
full DAO corrections further increased the resolution and SNR
(Figure 3H). In addition, we found that multi-site DAO is neces-
sary for a large FOV, as the center (corner) aberration applied
to the corner (center) region reduced the resolution (Figures 3l
and 3J). Various mitochondrial dynamics, such as fast move-
ments and fusion (Figure 3K; Video S1, part IV), were observed.
More mitochondria could be tracked with longer tracking dura-
tions by DAOSLIMIT in 3D (Figure 3L). A remarkable decrease
in the average speed of the 2D data was observed because
the projection from 3D to 2D reduced the amplitude of the speed
vector. High-speed 3D imaging with multi-site DAO thus pro-
vides a robust and accurate tracking analysis for various organ-
elle dynamics.

3D subcellular intravital imaging in mammals with low
phototoxicity

State-of-the-art subcellular IVM in mammals, such as reso-
nant scanning two-photon microscopy and SDCM, captures
only in-focus 2D information with unnecessary heat damage
to out-of-focus planes, restricting the imaging duration at

G) Reconstructed slice of the region in (E).

(
(H) Orthogonal MIPs from 2-um-thick slabs of the region in (E), with cross-section profiles.
(

1) Reconstructed slice of (G) with the correction wavefront estimated in (H).

(J) Reconstructed orthogonal MIPs of (H) with the correction wavefront estimated in (G).

(K) Color-coded MIPs of the region in E to show a mitochondrial fusion process.

(L) Histograms of the tracking length and average speed with the same tracking algorithm applied to the 2D video with DAO (n = 954 mitochondria tracked), the 3D
video without DAO (n = 1,642 mitochondria tracked), and the 3D video with DAO (n = 2,540 mitochondria tracked). The dashed lines represent the mean values.

Scale bars: 20 pm (A and B), 10 um (E, G, and ), 2 um (H and J), and 1 um (K).

See also Figure S5.
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high speed. Conversely, DAOSLIMIT inherently images the
entire excited volume simultaneously with the DAO capability
to improve the resolution and SNR in multicellular
environments.

To experimentally compare the imaging performance and
phototoxicity of DAOSLIMIT with those of resonant scanning
two-photon microscopy and SDCM, we set up an intravital imag-
ing system for mice to image endogenous neutrophils in the
spleen and liver (Figure 4A). A fluorescent-conjugated Ly-6G/
Ly-6C (neutrophil marker) antibody and vascular dye (AF647-
WGA, wheat germ agglutinin) were injected intravenously. The
mice were then anesthetized and dissected to expose the spleen
for imaging by different microscopes with similar volume
coverage at the Nyquist sampling rate and similar emission
photon levels (Table S1; Video S2). We first conducted imaging
by interleaved exposure to guarantee the same number of vol-
umes captured by different methods for half an hour (Figures
4B-4D). As the spleen is close to the thorax, the vibration caused
by breathing introduces motion blurs in two-photon microscopy
and SDCM, which can be observed in the magnified views of a
single cell. Two-photon microscopy showed lower resolution,
especially in the axial domain. More importantly, both two-
photon microscopy and SDCM showed strong photobleaching,
with the normalized intensity of the whole volume (yellow chan-
nel) reduced to half after capturing dozens of volumes, while
DAOSLIMIT showed no apparent bleaching (Figures 4F and
4G). We then conducted continuous imaging by DAOSLIMIT
with one-fifth the power density at ~10 times faster speed (3 vol-
ume/s) for 3 h (Figure 4E). Even after capturing tens of thousands
of volumes, slight bleaching was observed. For better visualiza-
tion, we show the kymographs (yt projections) of the marked
areas. The increase in the autofluorescence signals in Figure 4B
indicates strong phototoxicity due to continuous heat damage
by two-photon microscopy at high speed.

DAOSLIMIT investigation of migrasome dynamics in
mammals

In vivo cellular dynamics of immune cells have been well studied
by two-photon microscopy, but the large-scale, rapid, and intri-
cate subcellular dynamics are still less understood and difficult
to study because of low spatiotemporal resolution and organelle
sensitivity to light doses. For example, the migrasome is a newly
discovered organelle that marks the path of migrating cells and
provides regional cues for organ morphogenesis in zebrafish
(Jiang et al., 2019; Ma et al., 2015). However, it is difficult to visu-
alize migrasome dynamics in vivo due to its small size (0.5-2 um)
and high moatility in 3D, restricting our understanding of its func-
tions in mammals. DAOSLIMIT precisely fills this niche.

With the intravital imaging system for mice described before,
DAOSLIMIT revealed that neutrophils moved fast and produced
migrasomes after the generation of retraction fibers by
adhering to vessels during migration in the vasculature of
mouse livers (Figure 5A; Video S3, part I). Compared with
two-photon microscopy and SDCM, DAOSLIMIT showed bet-
ter spatiotemporal resolution and low phototoxicity, which is
essential to capture the whole process of migrasome biogen-
esis clearly in mice (Figure 5B). We also observed that the sur-
face membrane protein Ly-6G was gradually enriched in migra-
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somes, indicating the migrasome growth process (Figures 5C
and 5D; Video S3, part Il).

By monitoring a large volume over the long term, DAOSLIMIT
showed that some migrasomes detached from the vasculature
and circulated in blood vessels (Figure 5E; Video S4, part I).
Some other migrasomes remained attached to vessels (Fig-
ure 5F; Video S4, part ll). Such observations indicate that neutro-
phils may deliver signals and communicate with long-distance
immune cells through circulating migrasomes and enhance the
immune surveillance system.

In the meantime, migrasomes generated by one cell can be
taken up by other cells in vitro (Ma et al., 2015). Recently, lateral
transfer of MRNA and protein by migrasomes has been shown to
modify recipient cells (Zhu et al., 2021). With DAOSLIMIT, we
found that the migrasomes generated by one neutrophil in
mice were picked up by other neutrophils (Figure 5G; Video
S4, part lll). In addition, we observed that a single migrasome
attached on the vessel could sometimes be divided into multiple
ones (Figure 5H; Video S4, part IV). Considering the growing pro-
cess of migrasomes with gradual enrichment of surface mem-
brane proteins, the dividing capability of each migrasome may
help with efficient information broadcasting in the immune sys-
tem. Future studies might investigate the stimulus of migrasome
generations, specificity of the communication and information,
and diverse cytokines within this pathway, which require DAO-
SLIMIT for long-term, high-speed subcellular mammalian
imaging.

Investigation of tumor cell migration in zebrafish

and mice

Another classical example of in vivo 3D cell migration is tumor
metastasis. After arising from primary tumors, individual or
groups of invasive cancer cells invade the vasculature, which al-
lows circulating tumor cells (CTCs) to travel to distant sites and
seed metastatic colonies. CTCs move as individuals or clusters
in vessels and are constantly exposed to attacks by immune
cells and blood flow shear stress, which involves rapid and intri-
cate, large-scale cellular or subcellular dynamics (Lambert et al.,
2017). Despite significant advances in cancer research and
treatment, metastasis remains the least understood aspect of
cancer biology due to the lack of advanced imaging techniques
with sufficient spatiotemporal resolution in vivo over the
long term.

To observe the dynamics of metastasis, we used a xenograft
model in which we injected breast cancer cells stably expressing
membrane-localized Pleckstrin-homology-domain-mCherry (PH-
mCherry) into the vasculature of transgenic zebrafish Tg(fli:eGFP).
With DAOSLIMIT, we observed vasodilation before the cancer cell
arrived where the vessel turned around and vasoconstriction after
the cancer cell was washed away by blood flow (Figure 6A). When
cancer cells entered straight vessels, some individual cancer cells
were trapped in small-bore microvessels while circulating.
Notably, the trapped cancer cell split large vesicles from the cell
body under flow stress, and then, the split vesicle immediately
drifted with the blood flow (Figure 6B; Video S5, part ). With suf-
ficient spatiotemporal resolution, we observed numerous vesicle-
like structures circulating in the blood flow (Figure 6C; Video S5,
part ll). These observations raised some interesting possibilities:
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(A) lllustrations of the imaging schematic.

(B-D) Orthogonal MIPs (marked by the yellow dashed lines) of the neutrophil (yellow, Ly-6G/Ly-6C) and blood vessels (magenta, WGA) at different time stamps,
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bleaching process. Both the power densities during excitation and the total light doses are marked at the bottom. All the methods captured ~150 two-color
volumes.

(E) Orthogonal MIPs and the kymograph obtained by DAOSLIMIT with continuous exposure at 3 volume/s for over 3 h, corresponding to 17,550 two-color
volumes.

(F and G) Curves of the normalized average intensity versus time (F) and the number of volumes (G) for the yellow channels. Scale bar, 10 um.

See also Table S1 and Video S2.
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on the one hand, cancer cells may reduce their cell-body volume
to become free from small-bore microvessels; on the other hand,
cancer cells may deliver signals through these “splitting vesicles”
to distant organs.

More interesting phenomena can be observed during the col-
lective circulation and migration of tumor cells. We found that
multicellular clumps tended to move away from each other under
adhesion heterogeneity and flow shear stress. Many retraction
fibers and migrasome-like vesicle structures were generated
based on cell-cell contact during the dynamics of multicellular
clumps in vessels (Figures 6D and 6E; Video S5, part Ill). Long-
term imaging showed that some of the leaving tumor cells
were pulled back to the multicellular clumps by retraction fibers
against strong blood flow (Figure 6F; Video S5, part IV). This
observation suggests that retraction fibers may help maintain
CTCs as clusters by tethering them together.

We then conducted intravital imaging with DAOSLIMIT in
mouse livers after anaesthetization and injection of the mem-
brane-labeled HelLa cells (Figure 6G; Video S5, part V). We
found that similar phenomena also occurred in mammals. The
Hela cells trapped in the small vessels split large vesicles or
fragments directly at high speed in mice (Figure 6H), highly
similar to the vesicle-splitting process in zebrafish. In addition,
we observed that tumor cells could also generate retraction fi-
bers and produce migrasomes during migrations along the
vasculature (Figures 61 and 6J). These observations reveal un-
expected, complicated behaviors of CTCs and highlight the
importance of DAOSLIMIT for long-term, high-speed imaging
in mammals.

Large-scale 3D calcium dynamics at subcellular
resolution

Observing large-scale subcellular neural activities in vivo has
long been a pursuit in neuroscience (Chen et al., 2013). DAOSLI-
MIT provides a way to investigate high-speed 3D subcellular cal-
cium dynamics in complicated environments, which is difficult
for traditional methods. As a demonstration, we imaged sponta-
neous calcium propagations in a human 3D cerebral organoid
(Xu et al., 2016) (Figure 7A; Video S6, part I). The 3D calcium
wave evoked from the intersection of two neurons was visualized
by the temporally coded MIP and orthogonal MIPs (Figures 7B
and 7C). The temporal traces of the labeled regions of interest
(ROls) illustrate the diversity of calcium dynamics within a single
neuron (Figure 7D).

For in vivo imaging, we conducted 3D calcium imaging of a
cluster of five Cho neurons (Ich5) in awake Drosophila larvae
with sound stimulation (Zhang et al., 2013). Strong aberrations
and fast movements of the low-scattering larval body make it
difficult to record neural activities at subcellular resolution in
3D. However, with DAOSLIMIT, we could image all of the Cho
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neurons at 100 Hz (Figures 7E and 7F; Video S6, part Il). When
we applied a 500-Hz sound stimulus, strong calcium responses
appeared. A large variance in the calcium response occurred in
different parts of the Ich5 neurons (Figures 7G and 7H). Slight
fluctuations in the temporal traces may have resulted from
shot noise.

Next, we performed whole-brain calcium imaging in larval ze-
brafish at 24 Hz with a 20x/0.5 NA air objective (Video S6, part
Il). DAOSLIMIT showed better resolution than traditional LFM
without compromising the temporal resolution due to the great
redundancy of the 4D information in large-scale neural recording
(Figures 71 and 7J). The temporal traces of several typical neu-
rons were selected for detailed comparison (Figure 7K) to
show the reduced crosstalk between adjacent neurons and
enhanced SNR.

DISCUSSION

The orders-of-magnitude improvement in the spatiotemporal
resolution and imaging duration brings another challenge of
handling big data for both reconstruction and analysis. Fortu-
nately, the raw data of DAOSLIMIT are multiple angular compo-
nents, each of which can be approximated as the average
intensity projection along a specific direction (Figure S6A). The
center view can then be viewed as a real-time thumbnail video,
whose size is ~1,000 times smaller than that of the fully recon-
structed data (Figure S6B). Therefore, we developed a con-
tent-aware paradigm for DAOSLIMIT to first find the regions
and frames of interest from the center view and then reconstruct
the high-resolution volumes adaptively with a suitable spatio-
temporal scale based on the content (Figures S6C and S6D;
Video S7, part I). Such a framework can not only reduce the
computational costs but also provide real-time 3D feedback
for the high-throughput imaging of biological discoveries (Video
S7, part Il).

Working as a compact add-on to normal microscopes, DAO-
SLIMIT can be further exploited in multiple aspects. With DAO
capability, structured illumination techniques (Mertz, 2011;
York et al., 2012) can be incorporated to achieve high-speed,
3D super-resolution imaging in vivo with low phototoxicity. Bet-
ter scattering models and two-photon excitation can be inte-
grated with our technique to increase the penetration depth.
Moreover, as DAOSLIMIT alleviates the requirement of aberra-
tion correction for high-performance objectives, mesoscale ob-
jectives and gigapixel sensors can be used with tiled DAO at a
low cost for panoramic screening of intravital physiological pro-
cesses (Fan et al., 2019).

In conclusion, DAOSLIMIT fulfills the unmet requirement for
long-term, high-speed 3D subcellular IVM in tissue and facili-
tates the study of highly dynamic intercellular and intracellular

F) One migrasome remained attached to the vessel (Video S4, part Il).

See also Videos S3 and S4.

C) Migrasome formation with gradually increasing fluorescence (Video S3, part Il).
D) Average temporal trace of the newly generated migrasome marked with the red box in (C).
E) 3D migration of one migrasome in a vessel with a temporal-coded trace (Video S4, part I).

G) The migrasome generated by one neutrophil was picked up by another neutrophil (Video S4, part Ill).
H) Division process of a migrasome attached on the vessel (Video S4, part IV). Scale bar, 10 um.
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interactions of different mammalian cells and organelles in the
native state. With the involvement of complicated heteroge-
neous microenvironment and diverse cell signaling, we
observed diverse subcellular behaviors across multiple tempo-
ral scales. Much more basic cellular functions in specific path-
ological or physiological states can now be reinvestigated in
mammalian models in the future. We believe that DAOSLIMIT
can play important roles in revealing complicated biological
processes such as intestinal flora dynamics, cellular interac-
tions and behaviors during immune response, tumor metastasis
and tissue damage repair, and microglial functions in neural
networks.

Limitations of study

Different from traditional 2D imaging with a shallow DOF,
DAOSLIMIT keeps the photons focused within a large
extended DOF to prevent them from flooding in the out-of-
focus fluorescence and retrieves the axial information from
multiple angular components. However, the background fluo-
rescence far from the native objective plane still introduces
additional shot noises to the high-resolution 3D range and
may also reduce the dynamic range of the volume due to
the limited full well capacity of the sensor. Therefore, we
used inclined illuminations for a large volume to reduce the
background fluorescence. To quantitatively evaluate the back-
ground influence, we analyzed the noise performance of DAO-
SLIMIT with a numerical simulation under different levels of
background fluorescence (Figures S6E and S6F). In addition,
the missing cone problem persists due to wide-field collection
of DAOSLIMIT, leading to deteriorated axial sectioning for low-
frequency regions, which can be addressed with structured il-
luminations in the future. For the spatiotemporal smoothness
prior used in the time-weighted algorithm, we assume that
most biological samples change at relatively low speed due
to the high imaging frame rate with spatiotemporal continuity.
Finally, as a computational imaging method, the iterative algo-
rithm for high-resolution 3D reconstruction involves high
computational costs, which may be substantially accelerated
by deep learning techniques.

The potential migrasome functions in immune response and
tumor metastasis are speculations based on the imaging re-
sults and need to be verified with much more detailed data.
For comparisons between the DAOSLIMIT and other
methods, we assumed the results of WFM, confocal micro-
scopy, and SDCM as groundtruth by imaging the same areas
of static samples. However, it’s hard to obtain the ground-
truth for dynamic samples in vivo. For broad applications of
DAOSLIMIT, more comparisons are required in the future
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for various sample structures with groundtruth in different
environments.
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movement are labeled by yellow and white dashed arrows, respectively.

B) A tumor cell split a large vesicle when trapped in small-bore vessels (magenta, Tg(fli:GFP)) in zebrafish larvae (Video S5, part |).

D and E) Formation of retraction fibers and migrasome-like vesicles during tumor cell (Tspan4-GFP) migration in zebrafish vessels (Video S5, part Ill).
F) The tumor cells were pulled back along the retraction fibers against the blood flow in zebrafish larvae (Video S5, part IV). The directions of blood flow and cell

(G) Membrane dynamics of injected Hela cells (green, CM-Dil dye) in the vasculature (magenta, WGA) of a mouse liver (Video S5, part V).

(H) A trapped Hela cell split a large fragment.

(I) A HeLa cell generated retraction fibers and produced migrasomes during migration.
(J) Another migrasome generation process during the HelLa cell migration in mice (Video S5, part V). Scale bar, 10 um.

See also Video S5.
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(A) Color-coded MIPs of GCaMP6s-labeled human 3D cerebral organoids.

(B) Temporally coded MIPs of the selected area in (A). Different colors correspond to the start time.

(C) Orthogonal MIPs at different time stamps (Video S6, part I).
(D) Temporal traces (AF/Fg) of the ROls labeled in (A).

(E) Color-coded MIPs of Drosophila larval Cho neurons labeled with the jGCaMP7s indicator.

(F) Temporal-coded MIPs for the start time.
(G) Orthogonal MIPs at different time stamps (Video S6, part Il).

(H) Temporal traces (AF/Fg) of the ROls labeled in (E). The red arrow indicates the 500-Hz sound stimulus.
(I and J) Orthogonal MIPs of GCaMP6s-labeled zebrafish larva imaged by traditional LFM (I) and DAOSLIMIT (J) (Video S6, part lll).
(K) Temporal traces of the same neurons obtained by LFM and DAOSLIMIT marked by arrows in (I) and (J). Scale bars: 10 um (A-G) and 30 um (I and J).

See also Video S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Ly-6G/Ly-6C (RB6-8C5), PE ThermoFisher Cat# 12-5931-82; RRID: AB_466045

Mouse monoclonal nc82
B-Tubulin Antibody
Chicken anti-GFP

Alexa Fluor 488-conjugated
anti-chicken IgY H&L
Alexa Fluor 488-conjugated
goat anti-mouse

Alexa Fluor 488-labeled goat
anti-rabbit antibody

Developmental Studies Hybridoma Bank
Cell Signaling Technology

Abcam

Abcam

Invitrogen

Cell Signaling Technology

Cat# nc82; RRID: AB_2314866
Cat# 2146; RRID: AB_2210545
Cat# ab13970; RRID: AB_300798
Cat# ab150169; RRID: AB_2636803

Cat# A11001; RRID: AB_2534069

Cat# 4412; RRID: AB_1904025

Chemicals, peptides, and recombinant proteins

Wheat Germ Agglutinin, Alexa ThermoFisher W32466

Fluor 647 Conjugate

ActinGreen™ 488 stain GeneCopoeia AB-C052T

Cell Light GFP-actin ThermoFisher C10582

CellTracker CM-Dil Dye ThermoFisher C7000

Collagenase Il Worthington CLS-2

Dispase Il Roche 4942078001

Fluo-8 AM AAT Bioquest AAT-21081

Poly-Ornithine Sigma-Aldrich P3655

Laminin Roche 11243217001

N-phenylthiourea Sigma-Aldrich P7629

FluoSpheres Carboxylate-Modified ThermoFisher F8803

Microspheres, 0.1 um

FluoSpheres Carboxylate-Modified ThermoFisher F8811

Microspheres, 0.2 um

Critical commercial assays

T7 mMACHINE kit Ambion AM1344

Amaxa Basic Neuron SCN nucleofector Kit Lonza VSPI-1003

Human 3D Cerebral Organoid Hopstem Bioengineering Ltd. Co HopCell-3D-60

rLV-EF1a-GCamp6s-WPRE BrainVTA Custom made

Fixed porcine testis slice Sagaoptics Testis T.S.

USAF-1951 resolution chart Ready Optics 2015a Extreme USAF

Experimental models: Cell lines

MDA-MB-231 ATCC RRID:CVCL_0062

4T1 Xin Lin laboratory (Tsinghua University) RRID:CVCL_0125

Hela ATCC RRID:CVCL_0030

HelLa (for intravital imaging) Yanjun Liu laboratory (Fudan University) N/A

MCF10A National Infrastructure of Cell RRID:CVCL_0598
Line Resource (NICR)

DYR0100 Stem Cell Bank ATCC® ACS1011

Experimental models: Organisms/strains

Zebrafish: Tuebingen (Tu) Anming Meng laboratory N/A

(Tsinghua University)

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Zebrafish: Tg(fli:EGFP), y1Tg

Zebrafish: Tg(flk:mCherry), is5Tg

Anming Meng laboratory
(Tsinghua University)
Anming Meng laboratory
(Tsinghua University)

ZFIN ID: ZDB-ALT-011017-8

ZFIN ID: ZDB-ALT-110127-25

Zebrafish: Tg(huc:GCaMPé6) Jiulin Du laboratory (SIBS) N/A
Zebrafish: Tg(gatal:DsRed) Anming Meng laboratory N/A
(Tsinghua University)
Drosophila: ChAT Bloomington Stock Center 56500
Drosophila: TdTom Bloomington Stock Center 36328
Drosophila: jGCaMP7s Bloomington Stock Center 79032
Drosophila: w[1118] Wei Zhang Laboratory (Tsinghua University) N/A
Sprague-Dawley Rat SPF (Beijing) Biotechnology Co.,Ltd. N/A
Thy1-YFP-H transgenic mice Jackson Stock 003782
Mouse: C57BL/J Tsinghua University N/A
Recombinant DNA
Plasmid: Mito-GFP Bing Zhou Laboratory (Beihang University) N/A
Plasmid: pXT7-mCherry Anming Meng laboratory N/A
(Tsinghua University)
Plasmid: pXT7-GFP Anming Meng laboratory N/A

(Tsinghua University)

Software and algorithms

ImagedJ NIH Image for the Macintosh https://imagej.nih.gov/ij/index.html

MATLAB Mathworks https://www.mathworks.com/
products/matlab.html

Amira ThermoFisher https://www.thermofisher.com/us/en/
home/industrial/electron-microscopy/
electron-microscopy-instruments-
workflow-solutions/3d-visualization-
analysis-software.html

Imaris Oxford Instruments https://imaris.oxinst.com/

Mutual iterative tomography with DAO This paper See STAR Methods; https://github.

algorithm com/bbncWLG/DAOSLIMIT

Time-weighted algorithm This paper See STAR Methods; https://github.
com/bbncWLG/DAOSLIMIT

Time-loop algorithm This paper See STAR Methods; https://github.
com/bbncWLG/DAOSLIMIT

Other

Observer Z1 inverted microscope Zeiss N/A

IX 83 inverted microscope Olympus N/A

Zyla PLUS 4.2 Megapixel camera Andor N/A

63 x / 1.4NA Oil immersion objective Zeiss Plan-Apochromat 63x/1.4 Oil M27

40 x / 1.0NA Water immersion objective Zeiss W Plan-Apochromat 40x/1.0 DIC M27

20 x / 0.5NA Air immersion objective Zeiss EC Plan-Neofluar 20x/0.50 M27

60 x / 1.1NA Water immersion objective Olympus LUMFLNGBOXW

28.6 x /0.7NA Water immersion objective Special Optics N/A

25 x /1.1NA Water immersion objective Nikon N25X-APO-MP

405 nm, 488nm, 561nm, 640 nm Coherent N/A

OBIS lasers

Dichroic mirror Chroma ZT405/488/561/640rpcv2

Excitation filter Chroma ZET405/488/561/640xv2
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REAGENT or RESOURCE SOURCE IDENTIFIER

Emission filter Chroma ZET405/488/561/640mv2
ThermoStar body temperature RWD https://www.rwdls.com/product/
maintenance instrument operative/case1/804.html

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Qionghai
Dai (daigh@tsinghua.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability

The codes generated during this study with example data for static samples and time-lapse videos are available at GitHub with the
following link: https://github.com/bbncWLG/DAOSLIMIT. The published article includes all data generated during this study and all
the raw data is also available from the corresponding author upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebrafish
All experimental procedures were approved by the Institutional Animal Care and Use Committee at Tsinghua University, Beijing,
China. The biological sex of zebrafish used in the study is unknown.

Wild-type (Tuebingen strain) zebrafish were used in Figures S6B-S6D for the demonstration of content-aware imaging framework.
Zebrafish embryos were injected with 300 pg of tspan4a-EGFP or PH-EGFP mRNA (synthesized in vitro with an mMessage mMa-
chine T7 kit (AM1344, Ambion)) in one cell at the 16-cell stage (1.5 h postfertilization, hpf). At the 70% epiboly stage (8 hpf), injected
embryos were embedded in 1% low-melting-point agarose in glass bottom dishes (D35-14-0-N, In Vitro Scientific) for live imaging.
Fertilized zebrafish embryos were maintained at 28.5°C in Holtfreter’s solution (NaCl 59 mM, KCI 0.67 mM, CaCl, 0.76 mM, NaHCO3
2.4 mM).

To investigate tumor cell migrations in zebrafish, Tg(fli:GFP) or Tg(flk:xmCherry) transgenic zebrafish embryos were collected and
maintained at 28.5°C in Holtfreter’s solution. Embryos were then cultured with 0.003% N-phenylthiourea (Sigma-Aldrich, P7629) from
12 hpf to block pigment formation. At 36-48 hpf, the larvae were treated with ethyl 3-aminobenzoate methanesulfonate salt (100 mg/
L) to induce anesthesia, and then, the membrane-labeled tumor cells (4T1 or MDA-MB-231) were injected into the larvae by pericar-
dial injection. The larvae carrying tumor cells were mounted in 1% low-melting-point agarose for imaging by DAOSLIMIT.

For imaging of the blood flow dynamics, Tg(flk:zEGFP; gata1:DsRed) transgenic zebrafish embryos were collected and cultured at
28.5°C in Holtfreter’s solution. At 4-5 days postfertilization (dpf), the zebrafish larvae were anesthetized by ethyl 3-aminobenzoate
methanesulfonate salt (100 mg/L) and mounted in 1% low-melting-point agarose for imaging at 26-27 °C.

For whole-brain calcium imaging, Tg(huc:GCaMP6) transgenic zebrafish embryos were collected and kept at 28.5°C in Holtfreter’s
solution. At 4 days postfertilization, the zebrafish larvae were mounted in 1% low-melting-point agarose for calcium imaging at
26-27°C.

Drosophila larvae

For in vivo calcium imaging of Drosophila larval Cho neurons, the ChAT-Gal4 line (56500), UAS-TdTom line (36328) and 20XUAS-IVS-
jGCaMP7s line (79032) were obtained from the Bloomington Stock Center. Animals were raised at 25°C in an incubator under a 12-h
light/dark cycle with humidity controlled at 70%. The biological sex of Drosophila larvae used in the study is unknown. Imaging of
larval Cho neurons was performed with third instar larvae according to previously described protocols (Zhang et al., 2013). During
DAOSLIMIT imaging, a larva was pressed between two coverslips with a drop of distilled water to reduce its movement. The calcium
indicator GCaMP7s was used to measure the calcium signal.

Mice

For in vivo mice experiments, C57BL6/J mice (male, 8-12 weeks) were used. Mice were housed under a 12-h light/dark cycle with
food and water available ad libitum. All experimental procedures were approved by the Institutional Animal Care and Use Committee
at Tsinghua University, Beijing, China.
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Porcine testis slice
The porcine testis slice was obtained directly from the Sagaoptics LLC as a normal specimen to test the imaging performance. The
biological sex and age of the sample are unknown.

Cell culture
Animal materials were collected in accordance with a protocol approved by the Institutional Animal Care and Use Committee of
Tsinghua University.

Hela cell line is a kind gift from Dr. Yanjun Liu, Fudan University. HelLa cells were maintained in DMEM supplemented with 10%
FBS, 1% Pen-Strep antibiotics and 1% GlutaMAX at 37°C in a 5% CO, incubator.

MCF10A cell line was purchased from National Infrastructure of Cell Line Resource (NICR). MCF10A cells were used only for im-
aging comparison as a common cell line to show the sample diversity. The cells were maintained in DMEM/F12 supplemented with
5% Horse Serum, 20 ng/ml EGF, 0.5 mg/ml Hydrocortisone, 100 ng/ml Cholera Toxin, 10 pg/ml Insulin, and 1% Pen/Strep solution at
37°C ina 5% CO, incubator.

MDA-MB-231 cell line was purchased from National Infrastructure of Cell Line Resource (NICR). MDA-MB-231 cells were main-
tained in RPMI-1640 supplemented with 10% FBS, 1% Pen-Strep antibiotics and 1% GlutaMAX at 37°C in a 5% CO, incubator.

4T1 cell line is a kind gift from Dr. Xin Lin, Tsinghua University. 4T1 cells were maintained in RPMI-1640 supplemented with 10%
FBS, 1% Pen-Strep antibiotics and 1% GlutaMAX at 37°C in a 5% CO, incubator.

DRG neurons were used for high-speed 3D imaging of mitochondrial dynamics (Figures 3G-3N). DRG neurons were trimmed and
isolated from 8- to 10-day postnatal SD rat spinal cords in HBSS (Invitrogen), digested in 2.5 U/ml dispase Il (Roche) and 200 U/ml
collagenase (Worthington Biochemical Corporation) at 37°C for 30 min and then shaken on the cell rotor at 30°C for 30 min (both male
and female rats were used). After a brief spin down, dissociated neurons were collected through a 70-um cell strainer (Falcon). For
mitochondrial labeling, 5 x 10%-1 x 10° freshly isolated DRG neurons were transfected with 0.5 ng of Mito-GFP (Lonza) for nucleo-
fection with SCN Basic Neuro Program 6 and the Amaxa Basic Neuron SCN Nucleofector Kit, and seeded on a #1.5, ®12 mm, round
cover glass (Fisher Scientific) precoated with 25 pug/ml polyornithine (Sigma-Aldrich) and 5 pg/ml laminin (Roche) at a density of 6,000
cells per coverslip. After electroporation, neurons were maintained in neurobasal A medium with 2% B27 supplements, 2 mM Glu-
taMAX and 2% FBS (Invitrogen) for 48 h or 72 h at 37°C in a 5% CO, incubator before imaging.

Slice preparation
All the animal materials were collected in accordance with a protocol approved by the Institutional Animal Care and Use Committee of
Tsinghua University.

For the preparation of fixed Drosophila brains, female Drosophila brains were first dissected and then fixed in 4% PFA (Cat# AR-
0211, Dingguo Biotech, China) for 30 min on a shaker at RT. The brain was later rehydrated with 0.3% Triton X-100 (Solarbio
524A0513) in PBS for 4 x 20 min at RT and incubated in blocking solution (5% goat serum in washing buffer) for 30 min at RT.
The sample was sequentially incubated with primary antibody (mouse monoclonal nc82; Developmental Studies Hybridoma
Bank), which was diluted at 1:500 in blocking solution at 4°C, and secondary antibody (Alexa 488-goat anti-mouse; A11001, Invitro-
gen), which was diluted at 1:200 in blocking solution at 4°C for 2 days. Then the sample was washed in 0.5% PBST for 3 x 1 h at RT.
Finally, the brain was mounted for imaging directly.

For the preparation of Thy1-YFP mouse brain slices, Thy1-YFP-H transgenic mice (Jackson stock No. 003782, age > P60, male)
were used (we are using the slices only to test the imaging performance of thick dense samples for the developed technology in this
paper). Mice were perfused transcardially with 50 mL of 0.01 M PBS followed by 25 mL of 4% PFA (dissolved in 0.01 M PBS). The
brain was harvested and postfixed in 4% PFA overnight at 4°C. Both 50-um-thick and 100-pum-thick slices were cut using a vibratome
(VT1200 S, Leica) at RT. The slices were then sealed in antifade solution (C1210, Applygen Technologies, Inc.) for long-term storage
at 4°C. Finally, the slices were mounted directly for imaging.

Human 3D cerebral organoid

Human 3D cerebral organoids were generated and maintained in human 3D cerebral organoid medium (Cat # HopCell-3D-60, Hop-
stem Bioengineering) by Hopstem Bioengineering according to the manufacturer’s protocols. Human induced pluripotent stem cells
(hiPSCs) DYR0100 were kindly provided by Stem Cell Bank, Chinese Academy of Sciences. Neural progenitor cells (NPCs) were
differentiated from DYR0100 cells by Hopstem Bioengineering, Ltd, following the differentiation method previously described (Xu
et al.,, 2016). The human 3D cerebral organoids were infected with lentivirus carrying rLV-EF1a-GCaMP6s-WPRE (provided by
BrainVTA) and returned to a 37°C CO, incubator for 1 week. Then, cerebral organoids were transferred to an imaging chamber in
calcium imaging buffer before imaging (150 mM NaCl, 4 mM KCI, 10 mM HEPES, 10 mM glucose).

METHOD DETAILS
Experimental setup and imaging conditions

The DAOSLIMIT system was built on a commercial epifluorescence microscope (Zeiss, Observer Z1). For single-color imaging, a
metal mask with a hollow ring was inserted at the pupil plane of the excitation path to reduce background fluorescence and prevent
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unnecessary photobleaching with inclined illumination (Tokunaga et al., 2008). The inner diameter and the outer diameter were cho-
sen as 9 mm and 10 mm, respectively, for the 63 x /1.4 NA oil-immersion objective to excite a relatively large volume covering the
whole FOV (Figure S1C). Multiple lasers were used for multicolor imaging by time-division multiplexing. For the detection path, a mi-
crolens array with a 100-um pitch and 2.1-mm effective focal length was inserted at the conjugate image plane. Its NA was slightly
larger than the NA of the image plane to prevent spectrum leakage (Levoy et al., 2006). Different subaperture angular components at
every local spatial area were sampled by corresponding sensor pixels after each microlens. The microlens aperture was so small
(approximately 5-6 times larger than the diffraction limit at the image plane) that it functioned like the single-slit diffraction and intro-
duced additional coherence to the incoherent light-field distribution, which is essential for the incoherent synthetic aperture. Such an
effect is usually ignored in traditional LFM due to the low spatial sampling rate, resulting in frequency aliasing (Broxton et al., 2013). A
2D galvo scanning system was utilized to shift the image plane by steps smaller than the pitch size of each microlens, which is
equivalent to moving the microlens array but in a much faster and more precise manner. The scanning process introduces the spatial
overlap of the local coherence measurements and solves the frequency aliasing problem with high resolution in both spatial and
angular domains (Figures S1A and S1B). Another 4f system relays the back focal plane of the microlens array to the sCMOS camera
(Zyla 4.2 PLUS, Andor, 2,048 x 2,048 pixels) with a magnification of 0.845 such that each microlens covers 13 X 13 sensor pixels,
corresponding to an area of 1.43 um X 1.43 um at the sample plane for the 63 x objective. All the relay systems were custom-de-
signed with off-the-shelf lenses to achieve diffraction-limited performance. Detailed imaging and reconstruction conditions for all ex-
periments in the paper, including the objective, excitation power, exposure time, frame rate, fluorophore, protein, filter set, scanning
period, and time-weighted coefficient, are illustrated in Table S1.

Principle of the incoherent synthetic aperture

Because of the fixed physical aperture of the microlens, traditional LFM can sample the spatial domain at a step size equal to only the
pitch size of the microlens, which results in a tradeoff between the spatial and angular resolutions. The scanning process in DAOSLI-
MIT loosens this constraint and can achieve high-resolution angular components with much smaller step sizes (Figure S1B). Here, we
model the imaging process of DAOSLIMIT in the phase-space domain, as previously described in (Lu et al., 2019), to provide spatially
uniform and smooth PSFs for different angular components.

All the denotations used here are labeled in Figure S1D. Due to the incoherent property of fluorescence microscopy, we obtain the
PSF by calculating the influence of an arbitrary 3D point with lateral coordinates py = (p1, p2) and axial coordinates p3z on every sam-
pling point by our DAOSLMIT. First, the complex field of the 3D point at the native image plane can be formulated as follows by Debye
theory:

M 2w
Ui(X) = Up,(x = Po) :WGXP( A Ps)
a ) .
/ Vvcos 0exp< - i47rp38"; (0/2)>J0 (27T s;n(é)) \/(x1 — P4 )2 + (X2 — ;32)2 )sin(&)d&, (Equation 1)
0

where x = (x1,X2) represents the lateral coordinates on the image plane, M represents the magpnification of the microscope, 2 repre-
sents the wavelength of emission fluorescence, fop; is the focal length of the objective lens, « represents the half-angle of the NA, and
Jo( +) is the zeroth-order Bessel function of the first kind. The modulation of the microlens with a center position x, can be represented
as follows:

t(x) = rect X=X oxp _”m||x %2, (Equation 2)
dl Af;dens

where n is the refractive index of the sample, and f,ens d; respectively represent the focal length and pitch size of a single microlens.

Here, rect( -) represents the 2D rectangle function, while rect (X;j“)) illustrates the aperture of the microlens. Different pixels behind

the microlens with a center position xo have the relative lateral displacement ug to the center position, as shown in Figure S1D, which
also correspond to different spatial frequency or angular components. The sampling of the sensor pixel can then be defined as
another rectangle function with an aperture size of the sensor pixel size ds. Therefore, the final influence of an arbitrary 3D point
with the axial coordinates p, on every measurement on the sensor of DAOSLIMIT (or so-called angular PSF) can be represented
as follows:

2

2mnf
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where F,,( +) is the 2D Fourier transform function. From the representation of the angular PSF, we can clearly observe the 2D spatial-
invariance property for different angular components:

Woe(Xo + 4X,Ppg + 4X,Ug) = W, (X0, Po, Uo), (Equation 4)
Such a property can not only accelerate the reconstruction algorithm but also divide the imaging process into different segmented
sub-aperture components, which provides the basis for DAO.

The small aperture of each microlens (100 um in our system), which is comparable to the diffraction limit at the image plane
(~13.7 um at a wavelength of 500 nm), creates additional coherence between different angular components (Figure 1D). As indicated
by the equation of the PSF, the angular components obtained from the local spatial sampling are different from those obtained from
the direct aperture segmentation because the dot product and the Fourier transform cannot change the order. As shown in Figure 1D,
the OTF of every angular component in DAOSLIMIT can cover the same frequency range as the WFM OTF with the whole-objective
NA, indicating the capability of incoherent synthetic aperture. In contrast, the angular components of the scheme with direct aperture
segmentation lose this coherence and retain only low-frequency information left.

In addition, for the current setup with each microlens covering ~13 X 13 sensor pixels at close to the Nyquist sampling limit, only a
3 x 3 lateral scanning period corresponding to 9 images is sufficient for most samples. We have conducted various experiments on
different sample structures to show the comparable performance of 3 X 3,5 x 5, and 13 x 13 scanning periods (Figures 2C and 2D
and S3C-S3H). Such data redundancy may result from the fact that every angular component has a different emphasis in the fre-
quency domain with many zeros in their corresponding OTFs, as shown in Figure 1D. In this case, we do not need a full sampling
to address the frequency aliasing problem in terms of 3D reconstruction. We conducted a series of simulations with different sizes
of microlenses and angular pixel numbers and found that full scanning is approximately 16-times redundant in terms of scanning
number for 3D reconstruction for different system parameters (Figures S3SE and S3F). Higher angular resolution with more spatial
models covered by each microlens increases the DOF with more scanning numbers required to reach convergence (Figures S3G
and S3H), but too many spatial modes make the synthetic aperture fail due to the reduction of additional coherence (Figure S3F).
For the future development of DAOSLIMIT, such a tradeoff between the 3D imaging range and temporal resolution can be carefully
chosen based on the specific applications.

Principle of digital adaptive optics

Optical aberrations induced by the optical system and imaging environment will reduce the resolution and SNR in 3D fluorescence
imaging, especially for high-NA objectives at subcellular resolution. Various AO techniques (Ji, 2017) have been proposed to correct
wavefront aberrations and improve imaging performance in scattering tissues and multicellular organisms. A common technique (Ji
etal., 2010) is to segment the rear pupil function into subregions, and deflect each group of rays toward focus by a deformable mirror
or spatial light modulator, based on a good estimation of the aberrated wavefront. These hardware AO systems can coherently syn-
thesize the light field and significantly improve the resolution and SNR. However, such systems need additional hardware for wave-
front sensing and wavefront corrections and usually reduce the imaging speed, as spatially nonuniform aberration corrections are
usually required (Park et al., 2017).

As shown in our schematic (Figure 1B), DAOSLIMIT provides a new computational way to estimate and correct the aberrations in
postprocessing with high-resolution angular measurements. According to the translation-shifting property of Fourier theorem, the
lateral shift of the image plane is equivalent to applying a linear phase modulation at the back-pupil plane. Different angular compo-
nents correspond to different sub-aperture regions. Therefore, the disparities between different angular components can be used to
infer the aberration wavefronts, which has actually been explored before in sensorless AO (Milkie et al., 2011). In the meantime, as
described before, multiple angular components of DAOSLIMIT can be used to achieve incoherent synthetic aperture of the whole-
objective NA by deconvolution. Then we can digitally shift the subaperture PSF based on the estimated aberrations to create a per-
fect focus. Such a process is also analogous to applying specific wavefront correction. The aberrated photons are used again by DAO
with a better estimation of the PSF to improve the resolution and SNR.

Moreover, as all of the DAO processes are conducted digitally, we can apply tiled DAO corrections by dividing the whole FOV into
small areas during postprocessing without influencing the detection speed. We then analyzed the residual wavefront errors with
different FOV sizes, corresponding to different pixel numbers in each angular measurement used for estimation (Figures S5H and
S5I). Even with dense samples under low-light conditions (~100 photons per pixel), we found that approximately 100 x 100 pixels
(~15 x 15 pm2) was sufficient to obtain similar accuracy compared with that of the 2048 x 2048 pixels of the whole sensor area.
However, smooth structures require a higher SNR to achieve good wavefront estimations with larger pixel numbers. Such a tradeoff
can be adjusted flexibly in postprocessing according to different samples.

Mutual iterative tomography with DAO

As DAOSLIMIT images the entire 3D volume simultaneously in a tomographic way along different angular PSFs, the volume recon-
struction process can be viewed as an inverse tomographic problem (Ng, 2005). Different from the previous 3D RL deconvolution
algorithm for LFM (Broxton et al., 2013), we modeled the problem in the phase space (Lu et al., 2019). The pipeline of the mutual
iterative tomography algorithm is shown in Figures S1E and S1F and visualized in detail in Video S1 (parts | and II).
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For all the raw data recorded by the sensor, we first crop the images to ROls with matched edges with the microlens. Then, a pre-
processing process is applied to realign the pixels in 4D spatial-angular components. Pixels located at the same position relative to
the center of each microlens in different sequentially scanned images were aligned together as a specific angular component (Fig-
ure 1C). Before iterative updates, the realigned multiplexed phase-space data are upsampled with cubic interpolation to obtain a
high-resolution mesh grid for the 3D synthesis of different angular components. A uniform volume is used as the initial volume for
the start of iterations, which can be replaced by the results obtained from former frames in time-lapse imaging for faster convergence.
We use the ADMM algorithm (Boyd et al., 2010) to update the volume and aberration iteratively. During every volume update, different
angular components are used sequentially to achieve the high-resolution 3D volume, including both forward projections for error esti-
mation and backward projections for correction. The aberrations are fixed during the volume update and are applied by shifting the
forward projection based on the disparity map disp*~"(x, u;) according to the correction wavefront estimated from the last iteration
(which is set to all zeros for the first iteration). The new volume estimated within each iteration k can then be represented as follows:

g/k (X7 Z) @ GCO”’ (X7 z)

_ k .
JxHT(x,z,u) +(1-wy)gf (x.2), (Equation 5)

g 1(x,2) —wy

_ M(X7 U/') T ) i
Georr(X,2) = Pix+ disp (X, «H' (x,z,4), (Equation 6)

P(X) = /91,11 (X,Z) *H(X,Z, ui)dz7 (EqUatiOn 7)

where j corresponds to the index of the angular component u;, © represents the dot product process, * represents the 2D convo-
lution process in the lateral domain (applied only to x), J represents the all-ones matrix, and w,, is the weight used to balance the
different shot noise for different spatial frequency components. H(x, z, u;) and H' (x, z, u;) respectively represent the PSF and its trans-
position of the angular component u;as H(xo,p3,Us) = Wp,(X0,0,up), which was previously defined in the phase-space model. In addi-
tion, w,, is calculated based on the energy distribution of the PSFs along different angles:

H(x,z,u;
c H (77/)“1 ,

Uy
E ”H(X,Z, uk) ” 1

Uk =Uq

wy, = (Equation 8)

where c is the coefficient to balance the convergence rate and performance, which depends on the number of angular components.
We choose ¢ =80 for all of our experiments because the number of angular components in our setup is 169.

After going through all the angular components with aberration corrections, we fix the updated volume and use it to estimate the
aberration wavefronts. We employ a smooth optical flow algorithm to estimate the required disparity maps by calculating the corre-
lations between the sub-aperture projection of the updated volume and the captured high-resolution angular measurement in
different small blocks. In all of our experiments, we calculate the optical flow by finding the maximum correlation positions for several
segmented regions (usually 7 x 7, corresponding to ~300 x 300 pixels). For continuous tiled reconstruction, we assume that the
aberration wavefront changes gently across the whole FOV. Therefore, we use a cubic interpolation to create the initial disparity
map for every pixel based on the disparities estimated from segmented regions. After going through all the angular components,
the disparity maps can be synthesized together to obtain different phase estimations for every pixel. We further remove the tilting
and defocus components from the estimated wavefronts and obtain the final disparity map used for the next volume update with
aberration corrections.

The whole algorithm usually takes approximately 10 to 20 iterations for convergence, as shown in Figure S1H. To prevent over-
shooting, the same iteration number of 20 was used for the 3D reconstruction of every single volume, especially for resolution char-
acterizations with fluorescence beads in Figures 2A and S4F. However, for time-lapse video, we used only 2 iterations for each vol-
ume based on our time-loop algorithms illustrated later. The actual time required for the volume reconstruction varies substantially
based on the volume size, iteration numbers and the working stations used. For a typical example, it takes approximately 1 min for 1
volume covering 300 x 300 x 50 voxels to reach convergence after 20 iterations on a desktop computer with a graphical processing
unit (CPU: Intel i9-9980XE, RAM: 128 GB, GPU: NVIDIA GeForce RTX 2080 Ti; Figure S1G) by our proof-of-concept implementations
based on MATLAB R2018b.

Volume reconstructions for time-lapse video

For time-lapse videos, we recognized the reconstruction of the 4D information (the time-lapse 3D video) as a whole to make full use of
the temporal continuity for SNR enhancement and reduction in computational costs. An interleaved reconstruction process (Ma et al.,
2018) with the time-weighted algorithm was applied to retrieve the temporal resolution sacrificed by the periodic scanning process
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based on the spatiotemporal smoothness prior. Unlike structured illumination microscopy (SIM) with only parts of the frequency
domain captured for one shot, every frame of DAOSLIMIT has all the frequency information with a periodic sparse sampling pattern
in the spatiotemporal domain (Figure 1E). Instead of the uniform initial value for static samples, we used the reconstructed result of the
previous frame after a simple rigid motion registration as the initial value for the current frame, which could greatly accelerate the
convergence of the algorithm. To eliminate the nonuniform performance with increasing frame number, we first updated the volumes
with the evolution over time and kept updating from the last frame to the first frame in the inverse direction, as a movie played back.
We call this process the time-loop algorithm, which incorporates multiple frames for every volume update to improve the SNR and
contrast, especially for the time-weighted algorithm. With only two iterations required for each volume at one time stamp, we can
obtain continuous 4D data at high spatiotemporal resolution (Video S1, part ll).

Time-weighted algorithm
The motions and intensity dynamics of the sample during the scanning process of DAOSLIMIT introduce motion artifacts after pixel
realignment, leading to reconstruction artifacts, as shown in Figure 1F. To address this problem and increase the imaging speed up to
the camera frame rate, we developed a time-weighted algorithm to exploit the spatiotemporal smoothness prior of biological sam-
ples with the sparse sampling schematic of DAOSLIMIT in the spatiotemporal domain as shown in Figure 1E. The prior is based on the
assumption that most biological samples change at relatively low speed due to the high imaging frame rate with spatiotemporal con-
tinuity. The quantitative analysis in Figure S2 and various comparisons in Video S1 (part Ill) show the effectiveness of the time-
weighted algorithm, even for samples with a moving speed as high as 300 um/s (corresponding to 55 pixels/frame under the
63 x /NA1.4 oil-immersion objective). Aimost no artifacts exist in the reconstructed results even for spatially nonuniform motions.
As shown in Figure 1C, the high-resolution angular measurements after pixel realignment M(x,y, u, ty) at each time stamp t; are
composed of 9 low-resolution light-field images at different galvo scanning positions M, (x, y, u, t) within the temporal sliding window.
Time-weighted angular measurements Mny (x,y,u,ty) can be obtained with inverse distance weighting in the spatiotemporal
domain, which is often used in geography with discrete samplings (Lu and Wong, 2008). Every pixel value in the spatiotemporal
domain can then be estimated by the adjacent sampling points with higher weights for closer distances in the spatiotemporal domain
(Figure 1E). Therefore, every pixel can be represented as below for the 3 x 3 scanning scheme:

t=to+4 t=ty+4
—({_ g ; lt—to | o] | .
Mrw(x,y, u,to)=(1—-r") > {Cub'c<<f °l/ Z4f °> ML(x,y7u7t)>} (Equation 9)

t=to—4 t=to—

+re-M(x,y,u, to)

a=45—-(25-3 x mod(y —1,3) + mod(x — 1,3) + mod(t; — 1,9)), (Equation 10)

where Cubic( +) refers to cubic interpolation to incorporate the spatial information of every low-resolution measurement with different
temporal weights applied according to the temporal sequence. For the 9 light-field frames within each sliding window, the frames t
closer to the center frame ty have a higher confidence with a larger weight as r'%. Here, r(0 <r <1) corresponds to the time-
weighted coefficient. r =1 is equivalent to the condition without a time-weighted algorithm, while r =0 is equivalent to the condition
using only a single light-field image at to. We demonstrated the influence of different time-weighted coefficients on the sample mo-
tions at different speeds quantitatively in Figure S2. The results show that fast sample movements, which require very small time-
weighted coefficients to eliminate the motion artifacts, reduce the spatial resolution, which is similar to the effect of motion blur.
The time-weighted coefficients used in all the experiments are described in Table S1.

Immunofluorescence staining of cultured cells

For comparisons of the imaging performance in Figure 2D, we used fixed HelLa cells. Two days before imaging, HelLa cells were
seeded on a #1.5, ®12 mm, round cover glass (Fisher Scientific) at a density of 4,000 cells per coverslip and then stained with
Cell Light GFP-actin reagents (Invitrogen). Later, cells were fixed in 4% PFA (Sigma), washed with PBS and mounted with antifade
mounting medium (containing 2 png/mL DAPI, Invitrogen).

For MCF10A cells labeling, the cells were seeded on a #1.5, 12 mm, round cover glass at a density of approximately 5,000 cells
per coverslip after three subculture. The next day, cells were fixed with 4% PFA for 10 min and permeated with 0.1% Triton X-100 with
3% BSA in PBS for 30 min. Then, the sample was labeled for either tubulin (Figure 2C) or F-actin (Figures 2E, S4A, and S4B). For
tubulin labeling, the cells were incubated overnight with a rabbit anti-human B-tubulin antibody (Cell Signaling Technology, #2146)
at 4°C and incubated for 2 h with an Alexa Fluor 488-labeled goat anti-rabbit antibody (Cell Signaling Technology, #4412) at room
temperature (RT) while protected from light exposure. For F-actin labeling, the cells were incubated with Alexa Fluor 488-phalloidin
(Invitrogen, 3 puL diluted in 200 pL of 3% BSA in PBS) for 20 min. After thorough washing with PBS, cells were mounted on glass slides
with antifade mounting medium containing 2 ng/mL DAPI and imaged by SDCM, WFM, and DAOSLIMIT. For LLSM imaging, the cells

e8 Cell 184, 3318-3332.e1-€9, June 10, 2021



Cell ¢? CellPress

were mounted on 12-mm-diameter coverslips, which were further dipped in a PBS-filled sample holder. The LLSM system was
adjusted carefully to create a lattice light sheet near the upper surface of the sample. Then, the cells were imaged by LLSM with
high-speed synchronized scanning (Chen et al., 2014).

Mouse experiments
All experimental procedures were approved by the Institutional Animal Care and Use Committee at Tsinghua University, Bei-
jing, China.

For neutrophil imaging, five micrograms of AF647-WGA (Thermo Fisher, W32466) and 1 ng of PE-Ly-6G/Ly-6C (eBioscience, 12-
5931-82) were injected into C57BL6/J mice (male, 8-12 weeks) by intravenous injection. After 5 min, anesthesia was induced in the
mice by Avertin injection (375 mg/kg, i.p.). Subsequently, the mice were dissected to expose the liver or spleen on a plate with a #1.5,
@12 mm, round cover glass in the center for DAOSLIMIT imaging. During imaging, the body temperature of mice was maintained
at 37°C.

For tumor cell imaging, in vitro cultured Hela cells were digested with trypsin and collected with centrifugation at 1000 g, 5 min,
4°C. Then, cells were resuspended in the PBS and stained with CellTracker CM-Dil Dye (ThermoFisher, C7000) at 5 ng /ml, 4°C for
15-20 min. After staining, cells were washed with PBS to get the membrane-labeled HeLa cells. During the 15-20 min staining, five
micrograms of AF647-WGA (Thermo Fisher, W32466) was injected into C57BL6/J mice (male, 8-12 weeks) by intravenous injection.
After 5 min, anesthesia was induced in the mice by Avertin injection (375 mg/kg, i.p.). Subsequently, the mice were dissected to
expose the spleen and membrane-labeled HeLa cells (~5 x 10°) were resuspended in 200 uL PBS and injected into the mice through
spleen injection. After 15 min, the mice were dissected to expose the liver on a plate with a #1.5, ®12 mm, round cover glass in the
center for DAOSLIMIT imaging. During imaging, the body temperature of mice was maintained at 37°C.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the data analyses were performed with customized MATLAB (MathWorks, MATLAB R2018b) programs, Imaris 9.3 (Oxford Instru-
ments), Amira and Huygens. We found the imaging results and data quality can be reliably reproducible and consistent across
different animals. All the tracking results were performed by Imaris with the same parameters for fair comparisons. The 3D rendering
of the volumes in videos was performed by Imaris and Amira without any photobleaching correction for all the data. The 3D decon-
volutions of the commercial light-sheet microscope and the spinning-disk confocal microscope were performed with Huygens. The
3D deconvolution of WFM and LLSM were performed with the Richardson-Lucy deconvolution algorithm based on the experimental
PSF (Richardson, 1972). The temporal traces of the calcium response were calculated by AF/Fq = (F- Fg)/Fo, where Fy is the mean
fluorescence intensity of the first 20 volumes. For all the color-coded MIPs, we mapped the maximum intensity and its axial position
to the value and hue in the HSV color space, respectively. For the temporally coded MIPs, we first mapped the start time point of each
voxel (the time point when the signal reaches 10% of the maximum intensity) to hue in the HSV color space and then used the stan-
dard deviation of each voxel as the intensity for MIP calculation.

All the statistical tests were performed by MATLAB. Normally distributed data were presented as mean values together with the
standard deviation. Throughout the manuscript, we applied bar plots to evaluate the spatial resolution by analyzing the FWHM of the
sub-diffraction limited fluorescence beads (Figures 2A, S3C, S3D, and S4F) and the residual wavefront errors after DAO (Figures S5E
and S5H), and applied histograms to analyze the tracking performance of mitochondria dynamics (Figure 3L). All of the statistical
details of experiments, specifically the size and type of individual samples, n, were indicated and specified in the figure legends.
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Figure S1. Implementation and pipeline of DAOSLIMIT, related to Figure 1 and STAR Methods
(A) Spatial-angular measurements of two fluorescence beads at the defocus plane with an Airy-unit aperture for spatial sampling and a lens for the measurement
of angular distributions, illustrating the intrinsic tradeoff between spatial and angular resolution. High-resolution spatial sampling results in blurring in the angular

(legend continued on next page)
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domain due to the uncertainty principle. (B) A larger aperture for spatial sampling can increase the angular resolution. Scanning of the large aperture with spatial
overlap helps retrieve the compromised spatial resolution as the constraints for state unmixing, bypassing the tradeoff between spatial and angular resolutions.
(C) Detailed schematic of sLFM. For high-speed multicolor imaging, we used time-division multiplexing with multiple lasers (405 nm, 488 nm, 561 nm, 640 nm)
through multiband filters and a multiband dichroic mirror to excite the sample at an inclined angle for background rejection. For some single-color data, we utilized
amercury lamp with a ring mask for inclined illumination. A microlens array was inserted at the image plane with an sCMOS sensor placed at the conjugated back
focal plane for parallel acquisitions of low-resolution spatial-angular measurements. We used a 2D galvo scanning system at the pupil plane to periodically shift
the image plane, introducing the spatial overlap between adjacent microlenses. (D) Schematic diagram of the phase-space PSF model of DAOSLIMIT. The center
of the microlens xo corresponds to the spatial coordinates, while the relative lateral displacement ug of a sensor pixel to the center of the microlens corresponds to
the angular coordinates. (E) Flowchart of the mutual iterative tomography algorithm with DAO. The algorithm is based on the framework of the ADMM to update
the 3D volume and tiled aberrations iteratively. The abbreviations used in the pseudo program are described in the upper right corner. (F) Demonstration of the
data-processing pipeline with successive improvements on two simulated fluorescence beads with an interval of 200 nm under a 63 x /1.4 NA oil-immersion
objective. (G) Convergence curves of the SNR versus time on the same simulated data by traditional LFM and DAOSLIMIT with approximately 20,000 photons per
pixel on average. (H) Convergence curves of DAOSLIMIT with different average photon numbers per pixel under Poisson noise distributions, showing that an
iteration number of 20 is suitable for most cases without overfitting. Scale bar: 2 um.
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Figure S2. Quantitative analysis of the time-weighted algorithm on experimental data, related to Figure 1

(A) llustration of the testing system with a piezo stage moving at different speeds during imaging. During the test, we imaged the autofluorescence of a porcine
testis slice under a 63 x /1.4 NA oil-immersion objective at 50 Hz by WFM, traditional LFM, and DAOSLIMIT (3 x 3 scanning) with an exposure time of 10 ms for
each frame. (B) Experimental results with motion speeds of 0, 100, 200, and 300 um/s are shown in different columns. All single frames of the WFM data are shown
in the first row, while the averages of 9 adjacent frames are shown in the second row, illustrating motion blur with a 9-fold reduction in temporal resolution. The
MIPs of the results obtained by traditional LFM with a single frame are shown in the third row. MIPs of the results obtained by DAOSLIMIT under time-loop
reconstructions with different time-weighted coefficients (r= 0.1, 0.5, 1) are shown in the last 3 rows. r = 1 is equivalent to the condition without the time-weighted
algorithm. (C) MIPs of flowing blood cells in zebrafish larva Tg(flk:EGFP; gata1:DsRed) imaged by DAOSLIMIT with different time-weighted coefficients. The video
was captured with a 20 x /0.5 NA objective at 100 Hz. Scale bar: 30 um.
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Figure S3. Resolution characterization of DAOSLIMIT with different scanning periods, related to Figure 2

(A) Bright-field imaging of a USAF-1951 resolution chart placed at different axial positions as labeled on the top by WFM and DAOSLIMIT. We used a 63 x /1.4 NA
oil-immersion objective at a center wavelength of 600 nm under an illumination NA close to 1 for imaging, corresponding to a theoretical Rayleigh limit of 305 nm.
While WFM can barely resolve group 11 element 2 (line width of 218 nm) due to aberration, DAOSLIMIT can achieve the diffraction limit up to group 11 element 5
(line width of 154 nm). (B) Spatial-angular domain of the yellow dashed line in A obtained by traditional LFM and DAOSLIMIT. (C and D) Boxplots of the lateral
resolution (C) and axial resolution (D) of DAOSLIMIT with different scanning periods at different axial positions relative to the native objective plane, indicating
similar performance for 3 x 3 and 13 x 13 scanning. The resolution is estimated by the FWHM of the lateral and axial intensity profiles with a Gaussian fit for 100-
nm-diameter fluorescence beads distributed in 1% agarose (n = 300 beads, with 20 beads per plane). Error bars represent SD here. The resolution was char-
acterized with the 63 x /1.4 NA oil-immersion objective, whose Abbe diffraction limit is shown by the dashed lines for comparison. (E) Reconstruction SNR curves
by different scanning periods versus different numbers of sensor pixels covered by each microlens with a fixed lens pitch of 100 um. The simulation data are the
same as those in Figure S1F. (F) Reconstruction SNR curves by different scanning periods versus different numbers of sensor pixels covered by each microlens
with a fixed sensor pixel size of 7.7 um. (G) FWHM of the axial profiles for the center-angle PSF along different sensor pixels covered by each microlens with a fixed
lens pitch of 100 um. (H) FWHM of the axial profiles for the center-angle PSF along different sensor pixels covered by each microlens with a fixed sensor pixel size

of 7.7 um. Scale bars: 3 pm and 4 pm™".
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Figure S4. Experimental comparisons among LLSM, WFM, confocal microscopy, and DAOSLIMIT, related to Figure 2

(A) Orthogonal MIPs of MCF10A cells with actin labeling obtained by DAOSLIMIT (3 x 3 scanning) under a 63 x /1.4 NA oil-immersion objective. A magnified view
is shown to match the whole FOV of LLSM. (B) Orthogonal MIPs after 3D deconvolution of MCF10A cells with actin labeling obtained by LLSM with a 28.6 x /0.7
NA water-immersion objective for excitation and a 25 x /1.1 NA water-immersion objective for detection. (C-E) Different axial slices (xy) of the same fixed
Drosophila brain imaged by WFM, confocal microscopy, and DAOSLIMIT, respectively. (F) Boxplots of the lateral and axial resolutions of DAOSLIMIT for the 20 x
/0.5 NA objective with different scanning periods, which were characterized by imaging 200-nm fluorescence beads at different axial planes. Error bars represent
SD here (n = 440 beads, with 20 beads per plane). The dashed lines indicate the Abbe diffraction limit. Scale bars: 10 um (A, B), 100 um (C-E).
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Figure S5. Quantitative evaluations of DAO performance with different aberration levels, related to Figure 3

(A) A simulated 6-um fluorescent bead was used as the groundtruth and imaged by WFM, confocal microscopy, sLFM (DAO off), and DAOSLIMIT with increasing
aberrations of the root mean square (RMS) from 0 to 2 A in different rows. The right column shows the groundtruth volume, the groundtruth aberrations, and
estimated aberrations by DAO with corresponding error maps. (B) Comparisons of the Zernike coefficients decomposed from the aberration wavefronts between
DAO with 3 x 3 scanning and 13 x 13 scanning and the groundtruth. (C) Orthogonal MIPs of the porcine testis slide obtained by WFM, LFM, sLFM (DAO off), and
DAOSLIMIT with different numbers of coverslips inserted in front of the 40 x /1.0 NA water-immersion objective. The insets show the estimated aberrations. (D)
Schematic of the hardware AO system with a spatial light modulator (SLM) and a linear polarizer (POL) placed at the pupil plane to add arbitrary aberrations for
evaluations. The objective (OBJ) used here is the 60 x /1.1 NA water-immersion objective. A dichroic mirror (DM) is used to separate the excitation beam and
detection beam. One camera (CAM1) is used for DAOSLIMIT detection with the microlens array (MLA) at the image plane and 2D galvo system at the conjugated
pupil plane. Another camera (CAM2) is used for wide-field detection for comparisons. (E) Boxplots of residual wavefront errors versus different aberration levels
applied in terms of RMS during imaging of 50-pm-thick and 100-um-thick Thy1-YFP brain slices. The residual wavefront error (o) is represented by the ratio of the
residual RMS to the peak-to-valley value of the added aberration. For each aberration level, we used n = 6 different aberrations with up to the Zernike order of 41.
Error bars represent SD here. (F) Groundtruth aberrations added by the SLM. (G) Corresponding estimated aberrations by DAO with the residual wavefront error
shown below. (H) Curves of residual wavefront errors versus different FOV sizes used for estimation under the same added aberrations. We used n = 6 different
aberrations with up to the Zernike order of 41. Error bars represent SD here. (I) The applied groundtruth phase and corresponding estimated phases by DAO with
different FOV sizes. Scale bars: 10 pm (A), 100 pm (C).
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Figure S6. Noise performance of DAOSLIMIT with different background levels and a content-aware paradigm, related to Figures 5, 6, and 7
(A) Comparisons between sampling strategies of WFM and DAOSLIMIT. The raw images of DAOSLIMIT after pixel realignment can be approximately viewed as
the average intensity projections along different angles with an extended DOF. (B) The center view can be used as a thumbnail video with a data size ~1,000 times
smaller than the reconstructed time-lapse 3D videos. We can find interesting biological dynamics from the center view and choose the regions and frames of
interest for high-resolution reconstruction. (C) Center-view ROIs selected from the thumbnail video. (D) Orthogonal MIPs of the selected region in C after

(legend continued on next page)
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reconstruction at both high resolution and high speed, illustrating the detailed process of cell fragmentation during cell apoptosis in zebrafish embryo devel-
opment. (E) lllustration of the numerical simulation with multiple subdiffraction-limited fluorescence beads separated at different distances (213 nm, 284 nm,
355 nm, and 426 nm) and under various background fluorescence levels. The objective simulated here is a 63 X /1.4 NA oil-immersion objective at a wavelength of
525 nm. The groundtruth is shown on the right, while the calculation of the contrast is illustrated at the bottom. (F) Simulated center views of the DAOSLIMIT
measurements and the reconstructed slices with different photon numbers emitted by each bead (1,000 and 1,000,000). Different columns correspond to
different background levels, measured by the signal-to-background ratio (SBR), including infinite SBR, 20 dB, 10 dB, and 3 dB. The contrast-versus-SBR curves
of different pairs of fluorescence beads are plotted on the right to quantitatively show the influence of background fluorescence and noise on resolution. Scale
bars: 10 um (A-D), 300 nm (E, F).
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