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ABSTRACT

Volumetric interrogation of the cellular morphology and dynamic processes of organoid systems with a high
spatiotemporal resolution provides critical insights for understanding organogenesis, tissue homeostasis, and
organ function. Fluorescence microscopy has emerged as one of the most vital and informative driving forces for
probing the cellular complexity in organoid research. However, the underlying scanning mechanism of con-
ventional imaging methods inevitably compromises the time resolution of volumetric acquisition, leading to
increased photodamage and inability to capture fast cellular and tissue dynamic processes. Here, we report
Fourier light-field microscopy using a hybrid point-spread function (hPSF-FLFM) for fast, volumetric, and high-
resolution imaging of entire organoids. hPSF-FLFM transforms conventional 3D microscopy and enables explo-
ration of less accessible spatiotemporally-challenging regimes for organoid research. To validate hPSF-FLFM, we
demonstrate 3D imaging of rapid responses to extracellular physical cues such as osmotic and mechanical
stresses on human induced pluripotent stem cells-derived colon organoids (hCOs). The system offers cellular
(2-3 pm and 5-6 pm in x-y and 2, respectively) and millisecond-scale spatiotemporal characterization of whole-
organoid dynamic changes that span large imaging volumes (>900 pm x 900 pm x 200 pm in x, y, 2, respec-
tively). The hPSF-FLFM method provides a promising avenue to explore spatiotemporal-challenging cellular

responses in a wide variety of organoid research.

1. Introduction

Organoids are stem cell-derived 3D multicellular in vitro tissue con-
structs that recapitulate the pertinent in vivo organs (Osakada et al.,
2009; Sato et al., 2009). These miniaturized and simplified model sys-
tems have a remarkable resemblance to the microscale tissue architec-
tures and key functionalities of their in vivo counterparts, overcoming
the barriers of classical cell line and animal model systems to under-
standing human biology and medicine (Kim et al., 2020; Lancaster and
Knoblich, 2014; Rossi et al., 2018). The recent advances of various
organoid systems have demonstrated their great potential and promise
in modeling tissue development and disease (Clevers, 2016; Mu and
Zhang, 2022), high scalability and amenability to biomaterials and
protocols (Kratochvil et al., 2019), and in a wide range of applications in
basic biology (Drost and Clevers, 2018), drug discovery (Broutier et al.,
2017; Ching et al., 2021; Weeber et al., 2017), and regenerative medi-
cine (Grassi et al., 2019).
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Essentially, thorough exploitation of the promises of organoids re-
quires a detailed picture of the cellular complexity modeled with orga-
noids. Indeed, fluorescence microscopy has become a major driving
force to probe this complexity—to reveal the phenotypic and functional
states of organoid development and pathogenesis, gaining us critical
insights relevant to their original organs (Rios and Clevers, 2018). Un-
like traditional tissue sectioning, organoids are generated in 3D matrices
and thereby necessitate live, noninvasive observation to study fine
cellular details within an intact tissue architecture in vitro. To address
this need, one major consideration underlying live imaging of organoids
lies in the balance between volumetric capability (e.g., the spatiotem-
poral resolution, signal-to-noise ratio (SNR), optical sectioning) and
sample health (e.g., phototoxicity, photobleaching) (Laissue et al.,
2017). Conventional wide-field systems, for instance, have difficulty to
visualize 3D cultures with more than 2-3 cell layers due to the lack of
optical sectioning. Major 3D fluorescence microscopy techniques such as
confocal, multiphoton, and light-sheet fluorescence microscopy have
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thus far substantially transformed the study of complex 3D structures
and processes of organoids at the cellular and subcellular levels (Bol-
haqueiro et al., 2019; Dekkers et al., 2019; Drost et al., 2015; Rakotoson
et al., 2019; Serra et al., 2019). All these techniques have contributed to
elegant 3D characterizations of fixed and cleared intact organoids
(Almagro et al., 2021; Dekkers et al., 2019). However, though confocal
or multiphoton laser scanning techniques offer a high 3D resolution,
they are time-consuming and may lead to increased photodamage,
making the strategies less optimum for live imaging of large organoid
samples (Rios and Clevers, 2018). By contrast, light-sheet microscopy
provides effective optical sectioning without significant photobleaching
and altered physiology of organoid specimens, thus becoming a valuable
tool for the long-term investigation of live organoids (Alladin et al.,
2020; Hof et al., 2021; Serra et al., 2019). However, the light-sheet
methods remain suboptimal in broad applicability, primarily due to
the inadequate volumetric image throughput (Reynaud et al., 2015).
Specifically, the underlying light-sheet scanning mechanism, augmented
by potential tile stitching, inevitably entails a compromised volume time
resolution, especially when capturing complete or multiple organoids
ranging over hundreds of micrometers, leading to an unmet imaging gap
for organoid study to capture fast cellular and tissue dynamic processes
in a simultaneous, volumetric manner (e.g., collective cellular responses
at sub-second time scales across whole organoids).

The development of light-field microscopy (LFM) techniques sug-
gests a promising solution to organoid imaging. In principle, LFM can
simultaneously capture both the 2D spatial and 2D angular information
of light, permitting computational retrieval of the volume of a biological
sample from a single camera frame (Broxton et al., 2013; Fan et al.,
2019; Javidi et al., 2020; Levoy et al. 2006, 2009; Li et al., 2019;
Nobauer et al., 2017; Pégard et al., 2016; Prevedel et al., 2014; Wagner
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et al., 2019; Wu et al., 2021). Furthermore, the recent advances into
Fourier LFM (FLFM, or extended LFM—XLFM) have overcome the
intrinsic uneven sampling of the optical signals in LFM, achieving sub-
stantially enhanced volume image quality and computational efficiency
(Cong et al., 2017; Guo et al., 2019; Llavador et al., 2016; Scrofani et al.,
2018). The advancement has revolutionized the volumetric study of
various biological samples at cellular to subcellular, milliseconds
spatiotemporal resolution, ranging from the functional brain (Cong
et al., 2017; Yoon et al., 2020; Zhang et al., 2021) to single-cell speci-
mens (Hua et al., 2021; Sims et al., 2020). Therefore, despite remaining
unexplored, the Fourier light-field methodology promises fast snapshot
and scanning-free recording of intact organoids and their dynamic
cellular processes with minimum photodamage per volumetric acquisi-
tion compared to existing techniques.

In practice, however, such a Fourier light-field system demands two
major considerations to transform conventional schemes suitable for
organoid study. First, organoid model systems present a wide morpho-
logical and functional variability and thus require flexible configura-
tions to obtain cellular details at versatile spatiotemporal scales. Here,
we provide detailed design modeling and protocol and corresponding
instrumental strategies for constructing the microscope so that the
approach can be readily adjustable to a wide range of organoids of
various dynamics, sizes and shapes. Second, existing Fourier light-field
tissue imaging methods rely on numerical or experimental point-
spread functions (PSFs) to retrieve volumetric information (Cong
et al., 2017; Guo et al., 2019). They have offered adequate reconstruc-
tion precision and final image quality of tissues in two main scenarios.
Numerical PSFs provide faithful simulation for imaging systems using
standard optical elements (e.g., commercial microscope frame,
mass-produced microlens arrays) as opposed to custom-built systems
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Fig. 1. Fourier light-field microscopy with a hybrid point-spread function (hPSF-FLFM). a Schematic of the experimental setup. LED, light-emitting diode; BS, beam
splitter; DC, dichroic cube; M, mirror; TL, tube lens; NIP, native image plane; FL, Fourier lens; CP, camera plane; MLA, microlens array. Top inset displays the 3 x 3
MLA with the pitch d; = 3.30 mm and aperture dya = 1.30 mm. Bottom inset shows a photo of the custom-built system (detailed in Supplementary Note 1). b Axial
stack projection (step size = 400 nm) of the hybrid point-spread function (hPSF) through the 3 x 3 microlenses within an axial range from -150 pm to 150 pm, as
color-coded in the color scale bar. The inset exhibits the in-depth view of the PSF element of the central microlens. c Raw light-field image of a fluorescent sector star
(physical diameter = 893 pm) and the corresponding synthesized focal image (inset). d 3D reconstructed light-field images in x-y, x-z, y-z views of 2-pm fluorescent
beads distributed in 3D agarose gel of ~ 900 pm x 900 pm x 90 pm e Wide-field images of the same volume, acquired by overlaying 91 axial stacks at a step size of 1
pm, showing consistent sample structure while less compact axial profiles at each depth. f,g Zoomed-in x-y, x-z, y-z images (f) of the boxed region in d and their
corresponding cross-sectional profiles (g), exhibiting the FWHM values of 2.35 pm in x, 2.17 pm in y, and 5.24 pm in 2. Scale bars: 100 pm (b), 400 pm (c), 200 pm (c
inset), 100 pm (d,e), 40 pm (d,e insets), 10 pm (f).
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and parts, which may exhibit various alignment deviations in practice.
In contrast, experimental PSFs have been demonstrated for accurate
recording of neural activities that exhibit sufficient spatiotemporal
sparsity. At the same time, fluorescence fluctuations and a low SNR in
increased depths may cause reconstruction defects to extract more
densely packed cellular signals beyond neural spikes. In this regard, we
optimize the system performance by developing hybrid point-spread
functions (hPSFs) to address the uniformity of the SNR and practical
alignment in a customized system, which merge the advantage of both
numerical and experimental results, essential for optimum organoid
reconstruction.

Achieving these advances, in this work, we introduce a custom-built
hPSF-FLFM system for fast, volumetric, and high-resolution imaging of
entire organoids. In particular, we demonstrate the 3D visualization of
the impact of extracellular physical cues on human induced pluripotent
stem cells-derived colon organoids (hCOs). The system offers cellular,
milliseconds spatiotemporal details of whole-organoid dynamic changes
spanning hundreds of micrometers in all three dimensions in instanta-
neous response to extracellular cues such as osmotic stresses and me-
chanical forces. We expect the easy adaptability to standard
epifluorescence protocols of hPSF-FLFM and its cost-efficient scalability
to facilitate the approach to the wide variability of organoid model
systems. We anticipate the light-field method to provide a promising
avenue to explore spatiotemporal-challenging cellular responses in a
broad range of organoid research.

2. Material and methods
2.1. Light-field microscope design for organoid imaging

The design of the light-field system for organoid imaging was derived
based upon the theoretical model and general design protocol for FLFM
(Guo et al., 2019). In particular, a Fourier light-field system consists of
optical components in two main categories: (i) the components for a
standard epifluorescence setup including the objective lens, tube lens,
and camera, and (ii)) the components that generate light-field acquisi-
tion, including the Fourier lens (FL) and microlens array (MLA). As a
result, designing a FLFM system is to identify the parameters for both the
epifluorescence and light-field components to meet the desired imaging
performance (Supplementary Note 1).

As detailed in Supplementary Note 1, here, in brief, we first
determined the epifluorescence components, including a water-dipping
physiology objective lens (NA = 0.80, M = 16), a tube lens (f1;, = 300
mm), and a SCMOS camera (P = 6.5 pm, D¢, = 13.3 mm), where
respectively, NA and M represent the numerical aperture and magnifi-
cation of the objective, fy, represents the focal length of the tube lens,
and P and D.am represent the camera pixel size and the physical size of
the sensor. We then determined the light-field components for organoid
acquisition. Specifically, we expect the tissue imaging performance to
exhibit sufficient cellular details in all three dimensions and encompass
whole-mount organoids without tile acquisition(Dekkers et al., 2019). In
this sense, we proposed performance parameters as in a 3D cellular
resolution (2-3 pm and 5-6 pm in the lateral x and y and axial z di-
mensions, respectively) and an imaging volume (>900 pm x 900 pm x
200 pm in x, Y, 2, respectively). Next, the theoretical model generated a
variety of combinatorial performance parameters that meet the expec-
tation (Supplementary Table 1). We selected one such set of perfor-
mance parameters as Ry, = 3.37 pm, R, = 7.99 ym, FOV = 917 pm, and
DOF = 299 pm. Lastly, the design parameters for the light-field com-
ponents can be obtained as fg;, = 200 mm, dypa = 1.30 mm, N = 3, fya
= 30 mm, d; = 3.30 mm, and dyax = 4.67 mm. Notably, the high scal-
ability and design flexibility of light-field systems allow this design
protocol to produce any possible combination of elements to address
different imaging needs in organoid model systems.

Biosensors and Bioelectronics 208 (2022) 114201
2.2. Experimental setup

On the basis of the design parameters, the imaging system was
constructed as an entirely custom-built upright microscope imple-
mented with a 16 x , 0.8 NA, water-dipping physiological objective lens
and a blue light-emitting diode (LED) (Fig. la and Supplementary
Fig. 1). As detailed in Supplementary Methods and Materials, the epi-
fluorescence emission was collected through the customized aperture
and dichroic mirror (Supplementary Fig. 1) and distributed equally into
a wide-field and a light-field path by a 50:50 beam splitter. In the wide-
field path, the native image plane (NIP) was recorded using an sCMOS
camera as the ground truth and for comparison. In the light-field path,
the epifluorescence NIP was Fourier transformed in conjugation to the
aperture plane of the objective lens using a Fourier lens. The back focal
plane of the Fourier lens was partitioned by a 3 x 3 customized
microlens array (MLA, Supplementary Fig. 1), forming an array of
elemental images on its back focal plane, which was recorded by a
second sCMOS camera.

2.3. Image formation and hybrid point-spread functions (hPSFs)

Fourier light-field systems realize spatially uniform sampling and
parallel image formation and retrieval, which permits a unified 3D PSF
in describing the light-field propagation (Fig. 1b and Supplementary
Fig. 2) (Cong et al., 2017; Guo et al., 2019). Therefore, the elemental
images formed on the camera plane in the light-field path can be
considered as the convolution of the object and the 3D PSF, which, an
inverse process, underlies the reconstruction of the object space through
the deconvolution of the camera image with the 3D PSF. As a result, a 3D
PSF to faithfully depict the system determines the reconstruction pre-
cision and final image quality, especially essential for tissue imaging
that utilizes custom elements and collects signals through a considerable
volume depth.

In practice, the 3D PSF can be generated through either experimental
or numerical procedures. However, for the experimental PSF, the image
quality may be affected due to fluorescence fluctuations and a lowering
SNR as the imaging depth increases. In contrast, for the numerical PSF,
the reconstruction precision may be worsened due to the actual system
misalignment or aberrations. Therefore, both strategies may result in a
suboptimal reconstruction performance, which becomes especially
detrimental for the proposed system to extract fine cellular details
throughout a large imaging volume. In this work, we employed a hPSF
strategy for image analysis (detailed in Supplementary Note 2 and
Supplementary Fig. 3). In brief, at each axial position, the intensity
profile of the PSF was determined by the numerical PSF, and its lateral
location was decided by the corresponding experimental results. Here,
unlike the previous hPSF solution that only considered the positional
deviation at the focal plane (Hua et al., 2021), owing to the custom MLA,
the PSF may exhibit inconsistent deviations at varying depths, which
requires a hPSF to be derived on each layer (Supplementary Note 2). We
generated both the experimental and numerical PSFs under the same
condition (e.g., the coverslip, water immersion, etc.). Using this hPSF
strategy, the reconstruction process was calibrated for deviations while
achieving a consistent high SNR to avoid computational artifacts across
the entire imaging depth.

2.4. Organoid preparation and staining

The frozen vial of human iPSC-derived colon organoids (hCOs) was
purchased from Millipore Sigma (SCC 300). Organoids were cultured
according to the supplier’s protocols in general. Briefly, organoid frag-
ments were embedded in 25-uL growth factor reduced Matrigel (GFR
MG, Corning 356231) domes (protein concentration 8 mg/mL). After
gels solidify in the incubator, 500-750 pL of media were added. For the
first 3 days after thawing or passaging, ROCK inhibitor Y-27632 (R&D
Systems 1254) were added to the media to prevent cell death. Then
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Fig. 2. Imaging bovine pulmonary artery endothelial (BPAE) cells using hPSF-FLFM. a,b Raw light-field (a) and 3D reconstructed hPSF-FLFM (b) images of immuno-
stained F-actin in BPAE cells taken at an exposure time of 0.1 s ¢ Wide-field image of the same area as in b, showing consistent cellular information at a 6% reduced
field of view compared to b. d,g Zoomed-in images of the corresponding boxed regions in b. e,h Zoomed-in images of the corresponding boxed regions d,g. f,i Cross-
sectional intensity profiles along the corresponding dashed lines in e,h, respectively, showing well-resolved subcellular filamental structures. Scale bars: 250 pm (a),

100 pm (b, ¢), 20 pm (d, g), 5 pm (e, h).

media were exchanged every 2 days until the following passage. Orga-
noid culture media components and concentrations are detailed as
described in Supplementary Table 2. Organoids used in this work are, in
general, at day 5-7 after passaging (Crespo et al., 2017).

Matrigel domes containing the organoids were collected using wide
bore P1000 pipet tips. When separating organoids from the gel, scalpels
were used, and extra care was taken to maintain the structural integrity
of the organoids. After excessive gel was removed, organoids were
suspended in wash media (Advanced DMEM/F12 with 15 mM HEPES
and GlutaMAX) containing 5 pM of Syto 16 (Thermo Fisher S7578) for
nuclei staining. After 30-120 min incubation at 37 °C and 5% CO?, wash
media was carefully removed without disturbing the organoids. Orga-
noids were gently resuspended in GFR MG containing 5 pM of Syto 16,
and 10-20 pL of GFR MG containing 1-2 organoids were plated on the
imaging chamber. After a brief incubation, the gel construct was covered
with wash media with Syto 16 and placed on the microscope stage for
imaging.

3. Results
3.1. System characterization using caliber and fixed cell samples

To characterize the performance of the hPSF-FLFM system, we first
imaged caliber samples and measured the 3D reconstructed images
(Fig. 1c and Supplementary Fig. 4), including sector stars (Fig. 1c), a
negative USAF target, and mesh grid. The samples were attached to
green fluorescent tapes and immersed in water. The reconstructed im-
ages were used to determine the FOV (~900 pm x 900 pm), homoge-
neous magnification (~3.6 x ), and lateral resolution (~2.20 pm) of the
system, consistent with our designated performance parameters (Sup-
plementary Note 1).

Next, we imaged 2-ym green fluorescent beads distributed in agarose
gel and measured the 3D reconstructed images at varying depths (Fig. 1d
and Supplementary Fig. 5). The focal images of the volume were syn-
thesized by the light-field system taken within a single camera frame,
consistent with the 232 axial stacks (step size = 400 nm) taken by

scanning wide-field microscopy (Fig. 1e). The reconstructed images
were Gaussian-fitted and exhibited FWHM values of ~2 pm and ~6 pm
in the lateral and axial dimensions, respectively, across the sample
thickness of ~100 pm (Fig. 1f and g), consistent with the theoretical
prediction (Supplementary Note 1).

Lastly, to demonstrate cell imaging, we recorded the F-actins of
bovine pulmonary artery endothelial (BPAE) cells on a cover slide with
phalloidin immuno-stained by Alexa Fluor 488 (Fig. 2a). Notably, the
reconstructed light-field image showed consistent subcellular details
compared to the same region taken by the wide-field path while
providing a ~6% increase in the FOV (Fig. 2b and c). The delicate
structural variations of actin bundles can be detectable in the synthe-
sized focal stack, showing consistent morphology with the wide-field
image (Fig. 2d-i and Supplementary Fig. 6). In particular, the cross-
sectional profiles exhibited that actin bundles of 2-3 pm were well
resolved in the light-field images (Fig. 2d-i), presenting a lateral reso-
lution consistent with the measurements using the caliber samples
(Fig. 1 and Supplementary Fig. 4).

Notably, in the system characterization procedure, we have also
validated that for the custom-built system, the hPSFs exhibited a sub-
stantial improvement in the reconstruction precision and final image
quality of various caliber and biological samples over the corresponding
results obtained by experimental or numerical PSFs (Supplementary
Fig. 7). Here, the hPSF approach can effectively tackle practical light
propagation due to customized elements such as the MLA and infor-
mation loss or retrieval defects due to the inadequate SNR, permitting
the optimum reconstruction of organoid samples.

3.2. System characterization using organoid samples

We next demonstrated Fourier light-field imaging of 5-7 days old
human iPSC-derived colonic organoids (hCOs), which were contained in
Matrigel and incubated with a nucleic acid stain, Sytol6. As seen, the
organoids can be visualized exhibiting a wide variety of tissue
morphology at this developmental stage (Fig. 3a,f,i and Supplementary
Fig. 8). The system recorded the incident light field of each organoid into
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Fig. 3. Imaging organoids using hPSF-FLFM. a,b Raw light-field (a) and 3D reconstructed hPSF-FLFM (b) images of hCOs stained in nucleus with Syto 16 and taken at
an exposure time of 0.1 s ¢ Scanning wide-field MIP images of the same organoid, acquired by overlaying 202 axial stacks at a step size of 400 nm d Synthesized light-
field images show consistent cellular structures and enhanced optical sectioning and contrast throughout an 80-pm depth range in comparison with wide-field stack
images. f,g Raw light-field (f) and 3D reconstructed hPSF-FLFM (g) images exhibiting prominent hollow lumen of hCOs in all three dimensions (insets). h Zoomed-in
images of the boxed volume in (g), showing well-resolved 3D individual nucleic structures separated as close as 3.65 pm i Central element of the raw 3 x 3 light-field
images of multiple hCOs captured in one camera frame. j 3D reconstructed hPSF-FLFM images of a budded organoid. k,1 Zoomed-in images of the boxed crypts (k, x-y)
and along the yellow line (I, x-2) in (j), displaying thin epithelial lining separating the lumen from the outer environment. m,n Cross-sectional profiles along the red
dashed lines in k,], respectively, resolving epithelial cellular structures at a few micrometers in all three dimensions. Scale bars: 100 pm (a), 20 pm (b, c, k, 1), 50 pm

, e, g i), 2 pm (h), 200 pm (f), 150 pm ().

nine elemental images, allowing for the reconstruction of the full vol-
ume of organoid samples using a single camera frame at a volume
acquisition time of 0.1 s. Remarkably, hPSF-FLFM is able to recover the
nucleic structures in organoids that were out-of-focus and poorly
sectioned with axial stacks using wide-field microscopy (Fig. 3b-e and
Supplementary Fig. 8). For example, the system clearly resolved the
hollow lumen of the organoid in all three dimensions, a prominent
feature of hCOs (Fig. 3g). Also, the 3D reconstructed image of two
adjacent crypts of a budded organoid displayed the entire thin epithelial
lining separating the lumen from the outer environment (Fig. 3j-1).
Quantitatively, the high 3D resolution allows us to characterize the or-
ganization of individual cellular nuclei in organoids that are separated
as close as ~3 pm in all three dimensions (Fig. 3h, m, n). Also, the large
imaging volume of the light-field system allows capturing complete and
multiple organoids spanning a diameter over hundreds of micrometers
without the need for scanning or tile acquisition. Here we are able to
screen a large batch of organoids at a fast snapshot rate (primarily
determined by the camera speed), which procedure may require minutes
to hours per organoid of a comparable volume using confocal or light-
sheet microscopy (Dekkers et al., 2019). This improvement exhibits
>2-3 orders of magnitude faster in the volumetric acquisition, promising
substantial abilities to capture rapid dynamic processes while

maintaining minimum phototoxicity per organoid acquisition, as well as
for within-batch variability analysis for high throughput drug screening
assay (Sachs et al., 2018).

3.3. Observation of hCOs under osmotic stress

Extracellular physical cues such as the osmotic and mechanical
stresses dynamically regulate a number of physiological processes that
underlie the growth and homeostasis of organoids in vitro (Hof et al.,
2021; Li et al., 2021; Yang et al., 2021). However, the impact of these
extracellular physical cues on organoids remains elusive, because at the
microscopic level, the cellular compartments in tissue exhibit remark-
able spatiotemporal dynamics and heterogeneity in response to the
environmental cues, thus posing a challenge for the instantaneous
recording of the processes throughout the organoid volume using con-
ventional imaging methods.

Here, we first demonstrated the light-field observation of hCOs under
osmotic stress. For this experiment, 5-7 days old hCOs were embedded
in Matrigel and the nucleus stained with Sytol6. Hyperosmotic stress
was applied while imaging by adding 1 mL pre-warmed (37 °C) NaCl
solution to the isotonic culture medium (Supplementary Methods and
Materials). Without the need for scanning, hPSF-FLFM conducted a
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Fig. 4. Observation of organoids under osmotic stress using hPSF-FLFM. a,b Raw light-field (a) and 3D reconstructed hPSF-FLFM (b) images of a hCO (>200 pm x
200 pm x 200 pm) stained in nucleus with Syto 16 and taken at t = 0 s with a volume acquisition time of 10 ms. ¢ Same hPSF-FLFM organoid image taken at t = 90 s,
revealing structural contraction due to osmotic stress. d-i Time-lapse hPSF-FLFM images of the organoid at t = 0, 29.6, 44.7, 59.8, 74.9, 90.0 s, respectively, dis-
playing x-y MIP, y-z and x-z cross-sectional, depth-coded x-y MIP views of the organoid deformation. The depth information is coded as in the color-scale bar in (i). j
Volume variation over >1-min period after osmotic stress was induced during t = 1-5 s k Volumetric rendering of the boxed region in (d). I x-y, y-z, and x-z views of
the volume at time points t = 0, 29.6, 44.7, 59.8, 74.9, 90.0 s m 3D trajectories of five cells marked by the white squares in (1). n Corresponding displacements of the
five cells over the time period between 29.6 and 90 s, exhibiting an accelerated contraction in this region due to heterogeneous osmotic response. Scale bars: 200 pm

(@), 50 pm (d), 20 pm (D).

continuous time-lapse observation of organoids with low wide-field
light exposure (<0.6 mJ cm™ per volume acquisition) at a volume
acquisition time of 10 ms over tens of thousands of time points without
noticeable photodamage (Fig. 4a and Supplementary Fig. 9). Notably,
the reconstructed images clearly identified >200 pm-level individual
nuclei over the entire sample volume >200 pm x 200 pm x 200 pm
within a single camera snapshot, revealing that the cellular architecture
is organized across a single-cell layer to form the spherical epithelial
lining of the organoid (Fig. 4b and c). As the NaCl solution was intro-
duced gradually from the edge of the Petri dish between t = 1-5 s, the
entire organoid rapidly reduced under the osmotic pressure as a result of
water efflux from the intact organoids. This instant large-scale collective
process has been primarily observed only in single cells with conven-
tional imaging methods (Guo et al., 2017) (Fig. 4d-i). As observed, the
whole volume underwent instant compression at the beginning, and
subsequently, a subregion at the top of the organoid contracted inwards
abruptly, indicating the high spatiotemporal heterogeneity of the
cellular response to the osmotic stress (Fig. 4d-i and Supplementary
Movies 1,2). Over a time period of ~1.5 min, we observed the volume of

the hCO was reduced by 32.3% under the hypertonic condition with the
4.52% NaCl solution, compared with that in the original isotonic media
(Fig. 4j). Furthermore, the high resolution of hPSF-FLFM allows us to
characterize the dynamic process under osmotic cues at the single-cell
level. In particular, we were able to continuously track the cells in all
three dimensions within the most dynamic subregion close to the top of
the organoid (Fig. 4k-n). As seen, the cells exhibited moderate motions
at the initial stage as a part of the collective volumetric compression and
were substantially accelerated to a local structural contraction due to the
osmotic stress (Fig. 4n). These results demonstrated the ability of
light-field observation of volumetric organoid dynamics without
compromising the spatial and temporal resolution. It should also be
noted that with multi-color imaging, the spatiotemporal resolution of
hPSF-FLFM will allow us to characterize individual cell volume changes
with richer information, promising the study of extracellular cues in a
multiscale manner from the intact organoid to the single-cell levels.
Supplementary video related to this article can be found at htt
ps://doi.org/10.1016/j.bios.2022.114201


https://doi.org/10.1016/j.bios.2022.114201
https://doi.org/10.1016/j.bios.2022.114201

W. Liu et al. Biosensors and Bioelectronics 208 (2022) 114201

a
b
+40 um mo -40 pm
c
€
=
N
Q

-400 I
2.7 21.7
Time (s)

-
(=
£
g [ 6.34
&2
3
=5 0
2.7 21.7
Time (s) S
35
9. 1004 X (um) 64 5 y(um)  x(pm) 5870 y (um)
.g 2.7 5 e omm 38.75 s
©
E" 0.73
-
o
o
0.47
2.7 21.7
Time (s)
r 0.662[
2
.
£ 0.655
a
o
vt
0.648 |~ .
27 21.7

Time (s)

Fig. 5. Observation of organoids under mechanical perturbation using hPSF-FLFM. a,b Photo (a) and schematic (b) of the motor-controlled mechanical loading
module. ¢ Diagram for mechanical loading and uploading distance by the motor. d,e 3D reconstructed hPSF-FLFM (d) and depth-coded (e) MIP images of a hCO at t =
2.7 s f,g Synthesized hPSF-FLFM x-y focal image at z = 14.8 pm and corresponding x-z and y-z cross-sectional views along the lines at t = 2.7 s (f) and 7.1 s (g),
exhibiting organoid deformation due to mechanical stress. h Zoomed-in x-y, x-2, y-z, and depth-coded views of the boxed region in (d) at t = 2.7, 5.5, 7.1, 10.0, 38.75
s as circled in (c), showing the compression and recovery process of single cells (arrows). i Displacements of representative cells in (h) over time, showing collective
responses to mechanical stress (c). j,k 3D trajectories of cells in the corresponding boxed regions in (d), showing opposite motions under mechanical stress. 1 Heat
map of averaged velocity distribution at t = 5 s in all three dimensions. m-p Zoomed-in images of corresponding boxed regions in (1), showing heterogeneous lateral
movements under mechanical stress. ¢ Morphology correlation measured through MIP images with respect to the starting frame. r Organoid eccentricity over time
measured through circled cells in the MIP images in (d). Scale bars: 50 pm (d, e, f, g, 1), 12 pm (h), 20 pm (m-p).
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3.4. Observation of hCOs under mechanical compression

Next, we demonstrated the light-field observation of mechanical
compression of hCOs. To apply a mechanical load, organoids were
encapsulated in Matrigel patty and top-covered by a cover glass. A
motor-controlled cantilever was placed on the cover glass to introduce a
vertical compression with sub-micrometer motor accuracy (Fig. 5a,
Supplementary Fig. 10, and Supplementary Methods and Materials). The
large working distance of the light-field system allows the accessibility
of the force manipulation to real-time image acquisition (Fig. 5a and b
and Supplementary Fig. 10). Using this platform, we captured the time-
dependent responses of organoids to mechanical forces through a stan-
dard loading-unloading experiment (Shen et al., 2019) (Fig. 5c).

During the cycle, the cover glass was first pressed downwards with a
constant speed of 200 pm/s until reaching the programmed maximum
displacement of 300 pm, where notably, the movement exhibited an
intrinsic 100-pm overrun due to the inertial movement of the motor. The
cover glass then remained stationary for 30 s to equilibrate to the
pressure within the organoid before it was released upwards at the same
speed back to its original position. While the thickness of gel was kept at
minimum to affix the organoids and to reduce its influence on me-
chanical deformation of the tissue, it should be mentioned that the
embedding gel was also deformed in the same direction under vertical
compression by the cover glass, causing an overall displacement of the
organoid, which was excluded from the actual tissue deformation in the
analysis to display the nuclei displacement solely due to the compression
(Supplementary Methods and Materials). The collective behavior was
recorded continuously at a volume acquisition time of 10 ms over the
entire course of mechanical perturbation and reconstructed using the
hPSF (Fig. 5d-g). As seen, the entire organoid sample first deformed
quickly upon application of mechanical stress, then achieved an equil-
ibrate deformed state as the compression was kept constant, and elas-
tically recovered close to its original morphology as the stress was
relieved (Supplementary Movie 3). Remarkably, even though both the
loading and unloading stages were completed within only 1-2 s, and the
high spatiotemporal resolution and volumetric ability of the system
allowed capture of the entire dynamic processes with well-resolved
cellular-level spatial and temporal details, which exhibited correlative
behavior among adjacent cells under the loading and unloading stress
(Fig. 5h-k and Supplementary Fig. 11). Over the whole organoid, this
ability to extract spatiotemporal characterizations of individual cells
leads to the 3D mapping of the velocity variations upon mechanical
perturbation, which revealed at the microscopic level, a global vertical
deformation but highly heterogeneous lateral movements, despite the
expected observation of lateral expansion in response to the indentation
in some subregions (Fig. 5l-p). To quantify collective behaviors, the
morphological correlation of the whole organoid over the entire test
indicated instantaneous and elastic deformation, maintenance of me-
chanical energy, and recovery upon relaxation (Fig. 5q). Furthermore,
the quantification of the eccentricity revealed heterogeneous tissue be-
haviors in the lateral dimension in response to vertical mechanical cues
(Fig. 5r1). Interestingly, enabled by the high resolution, both the cellular
displacements and organoid eccentricity showed a slight viscous
response during the indentation, implying the potential dissipation of
mechanical energy owing to either the internal microenvironment of the
tissue or the elasticity of the embedding gel (Fig. 5i,r).

Supplementary video related to this article can be found at htt
ps://doi.org/10.1016/j.bios.2022.114201

4. Discussion and conclusions

In summary, we have demonstrated hPSF-FLFM, a light-field mi-
croscopy system using hybrid point-spread functions for fast, volu-
metric, and high-resolution imaging of entire organoids. Unlike
conventional 3D organoid microscopy methods, hPSF-FLFM offers
scanning-free, snapshot recording with a cellular, milliseconds
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spatiotemporal resolution of near-millimeter-level whole-mount orga-
noids. In particular, we validated that the hPSF strategy enables 3D
characterization of cellular dynamic processes of whole organoids in
response to rapid extracellular physical cues, including the osmotic and
mechanical stresses. The results have overcome the limitation for the
instantaneous recording of rapid cellular details throughout the orga-
noid volume using conventional imaging methods. We anticipate the
light-field strategy to promise a new avenue for fast and long-term
organoid observation with minimum photodamage per volumetric
acquisition compared to existing techniques. Furthermore, as the hPSF-
FLFM system is fully adaptable to standard epifluorescence protocols,
the design and instrumentation are cost-efficient and highly scalable.
Combining versatile instrumental, biological, and computational stra-
tegies (Liu and Jia, 2021; Vizcaino et al., 2021; Wagner et al., 2021;
Wang et al., 2021; Wei et al., 2020; Weisenburger and Vaziri, 2018; Xu
et al., 2021; Yoon et al., 2020), we expect hPSF-FLFM to enable a wide
range of quantitative measurements and inspire future imaging in-
novations for organoid research and stimulate significant insights into
organs in vivo.

Data availability

The full design documents of the microscope and the datasets
generated and analyzed in this study are available from the corre-
sponding author upon request. The design files for the custom elements
will be available upon publication at: https://github.com/ShuJiala
b/Organoid FLFM.

Code availability

The code has been written in MATLAB (MathWorks) and has been
tested with version 2020a. The latest version of the software will be
available upon publication at: https://github.com/ShuJiaLab/Orga
noid_FLFM.
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