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Single-cell volumetric imaging is essential for researching individual characteristics of cells. As a
nonscanning imaging technique, light field microscopy (LFM) is a critical tool to achieve real-
time three-dimensional imaging with the advantage of single-shot. To address the inherent limits
including nonuniform resolution and block-wise artifacts, various modified LFM strategies have
been developed to provide new insights into the structural and functional information of cells.
This review will introduce the principle and development of LFM, discuss the improved
approaches based on hardware designs and 3D reconstruction algorithms, and present the

applications in single-cell imaging.
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1. Introduction

Complex biological systems are composed of mil-
lions of cells. Single-cell imaging and analysis are
fundamental to research biomedical mechanisms,
which create a comprehensive understanding at the
cellular level."*> Two-dimensional single-cell imag-
ing based on conventional wide-field fluorescence
microscopy has been extensively employed to visu-
alize the shape and detailed inner structures.*
With the rapidly growing interest in the study of
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spatial information and interactions of cells, 3D
microscopic imaging technology with high resolu-
tion, high speed and large field of view (FOV) is
highly demanded.®

To acquire the 3D information of cells, the gen-
eral imaging approach is to scan multiple planes of
the biological sample. For example, point-scanning
microscopy, such as confocal laser scanning mi-
croscopy (CLSM)® and multiphoton microscopy,”
provides high-spatial resolution and optical sec-
tioning at the expense of imaging speed and
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potential photobleaching and phototoxicity in bio-
logical specimens. Alternatively, light-sheet mi-
croscopy, based on plane illumination, enables
selective excitation of the focal plane with a thin
laminar laser beam to reduce the background sig-
nal.>’ However, it relies on a series of individual
images to build up a volume, which is inherently
sequential. As an emerging scanning-free imaging
technic, light field microscopy (LFM) has been ex-
tensively studied and applied in the biological field,
benefiting from the capability of fast volumetric
imaging.'%!! In principle, LFM simultaneously col-
lects both 2D spatial and 2D angular information of
the incident light, and then computationally
recovers the 3D information with single-shot imag-
ing. Moreover, the configuration is simple and low-
cost, which can be obtained only by some mod-
ifications on the traditional microscopy.'?'? These
advantages have driven the rapid development of
LFM in recent years. Nevertheless, classical LFM
suffers from compromised spatial resolution, uneven
axial resolution and reconstruction artifacts near
the native object plane (NOP). To solve these
issues, a variety of advanced LFM modalities have
evolved from the conventional LFM based on im-
aging system designs and volume reconstruction
algorithms.

This review first introduces the principle and
development of LFM techniques. Combining with
the applications in single-cell 3D imaging, we then
focus on the improved LFM imaging systems in-
cluding wide-field LFM, light-sheet LFM and the
integration with super-resolution microscopy tech-
niques. Moreover, various volume reconstruction
algorithms based on 3D deconvolution and deep
learning will be discussed and analyzed. Lastly, we
summarize the current technical challenges and fu-
ture progress in LFM based on single-cell 3D
imaging.

2. The Principle and Development

Light field imaging is a popular research field in
computational photography. The light field can be
modeled with a plenoptic function that is
L(z,y,2,0,6,\t)," describing the distribution of
all light rays in free-space, where x, y and z are the
space coordinates, § and ¢ denote the angles, A is
the wavelength of light and ¢ is the time. Due to the
computational complexity of seven-dimensional
(7D) plenoptic function, Levoy et al. simplified the

7D function and proposed a 4D light field model,
i.e., P(u,v,s,t)."” Assuming two planes (u,v) and
(s,t) that are not coplanar, the ray can be uniquely
represented by the two intersections with these two
planes, which contain 2D spatial information and
2D angular information. On this basis, an increasing
number of advanced devices have been proposed to
capture the light field images, including phase
mask,'® camera array'” and microlens array
(MLA).'®

Based on the emerging light field imaging tech-
niques, light field microscopy was originally intro-
duced by Marc Levoy in 2006 (Fig. 1(b)).!” They
placed an array of microlenses in the native image
plane (NIP) of conventional microscopy and then
moved the camera to the rear focal plane of the
MLA. Based on this, the spatial information can be
collected by each microlens, and different angles or
frequency information was captured by each sensor
pixel behind the microlens so that raw light field
image can be recorded. Practically, the f-number of
the MLA must be matched to that of the objective
to avoid overlapping or the waste of sensor space.
Furthermore, considering that the focal length of
MLA is usually a few millimeters, a 1:1 relay lens is
required to project the back focal plane of the MLA
onto the chip of sensor.!” Then the algorithm such
as tomography adopted by light field cameras can
be employed to reconstruct a full volume.

It is worth noting that the extra angular infor-
mation will lead to compromised spatial resolution,
and the inevitable diffraction of microscopy makes
the ray optics model inaccurate, which further
degrades the spatial resolution. In 2013, Broxton
proposed a wave optical model coupled with
Richardson—Lucy (RL) deconvolution algorithm,
which increased the resolution in LFM signifi-
cantly.”’ However, further improvement of the
image quality of LFM was hindered by two main
factors. First, the point spread function (PSF') of the
LFM was space-varying owing to different sampling
information at different depths, consequently caus-
ing reconstruction artifacts, especially at the NOP.
The second was high computational cost during the
iterative deconvolution process due to multiple
PSFs. To address these challenges, Fourier
integral microscope (FLMic) was introduced with
enhanced imaging performance and computational
efficiency.?! Instead of the native image plane, the
MLA was transformed to the Fourier (pupil) plane of
the objective using a Fourier lens (Fig. 1(c)). Each
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microlens locally captured the light from different
perspective angles and created a focused sub-image.
With this method, the spatial-angular information
can be recorded uncompromisingly, allowing spa-
tially invariant sampling and reducing square arti-
facts. Similarly, Guo et al. derived a wave optical
model that described the light propagation and
volume reconstruction in Fourier light field micros-
copy (FLFM),?” which was a high-potential tech-
nology in the realm of high-resolution single-cell
imaging. Despite rapid progress of LFM, there is an
unavoidable trade-off among different system char-
acteristics such as temporal-spatial resolution, im-
aging speed and the field of view. In recent years,
continuous efforts have been put forth to improve
the imaging capability of LFM or FLFM, which will
be discussed in Secs. 3 and 4 (Table 1).

3. Advanced Imaging Systems for LFM

In consideration of the inherent limits of classical
LFM, growing interests have been focused on the
improvement of hardware systems to provide ad-
vanced applications in single-cell 3D imaging in-
cluding organelles, cytomembrane and the dynamic
processes of live cells. Based on wide-field illumi-
nation mode, versatile LFM configurations with

Single-cell volumetric imaging with LFM
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Camera
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Comparison of different imaging configurations: (a) wide-field microscopy; (b) conventional LFM; (c) Fourier LFM;

different modification solutions have been widely
applied to observe and analyze the structures and
interactions of organelles. In addition, diverse illu-
mination approaches have emerged to enhance the
imaging quality significantly. For instance, confocal
LFM that implemented a generalized confocal de-
tection scheme can effectively avoid the interference
of out-of-focus fluorescence.?® Using pseudorandom
speckle produced by a spatial light modulator, the
speckle LFM displayed high-resolution brain-wide
volume imaging of neuronal activity with enhanced
contrast.’® In terms of the research of hemody-
namics, light-sheet LFM with enhanced optical
slicing capability has been a powerful imaging tool
for investigating the cell flow with cellular resolu-
tion. Moreover, the integration of LFM and super-
resolution microscopy provides the possibility to
further enhance the resolution to nanometer-scale.
We will discuss these advanced hardware systems
and biomedical applications in detail in the follow-
ing three sections.

3.1. Wide-field light field microscopy

Combining with wide-field illumination, multiple
LFM strategies have been developed to enhance the
resolution and signal-to-noise ratio, displaying

2230008-3



B. Gao, L. Gao & F. Wang

“INA'T PIseq-y10m39u [emat QA INAT-ADA (GT) ‘INAT peseq-Surures] doa(q AT (V1) “INAT
aaryeIpURn) (INATO (£1) (INAT Lreuonor :NATIA (g1) (Adoosororu srrgeunioa eipoedsiodAy joysdeug :NAHS (11) (AydeiSomoy reorydo uoryoefoid joysdeus :1,0dS
(0T) ‘INAT ommoefow o[3utg :INATINS (6) ‘INIAS 2A1390[qo-0[8UI§ :INTAS-OSV (8) {Ad00sSoIoTur UOTIRUTIIN[T SWINOA SATIS[S PISRA-PIRY-1YSIT :JNTAS (L) ‘INAT UOTIN[0SAT
reryeds otdoxjosy :INAT-0ST (9) INJAT Surauess pesueque-Iolny NJTISIN (¢) (AydeiSouro) earers)t renjnur ppy-yysi Suruueds sorpdo oandepe [eySiq :TIINTIS
-OvVda (¥) ‘AT umo, uonouny peards-jutod puqsy NATA-ASdY (€) TNAT oUNO wonn[osol-ysiy -INATA-HH (7) NAT wormosoI-ysty INAT-GH (1), $210N

76 Sunpen s[ed poorg 002 0ST X 08T X 09 e/T1 INAT-ADA

6 STI92 2953 — — — INATd»Qq Surures[-dea(]

68 Suryoe) S[[Pd POOI o1d 08T X 0€€ X 0€€ ¢e/81 NATO

18 [1e° rydoaiman — — — Jorid YUuerI-morg

<Y ®2 919 — — — ooeds aseyq ooreds aseydq

96 S[[2 poorg 00T 00T X 009 X 008 — INATIA

) S[199 €/S[[9° L, — 00§ X 000T X 000T ~ 9T1/8°8 INAHS

0L RLIPUOTOYIA] — — 91/80 LOdS LonrT-uospreypry

86 OURIUIDJA] — 9 X GT X 6T 00 INATIAS INAT uornjosar-redng

S[[e0

1§ PoO[( /TOr}9RIIUO0D [EIPIRIOATN 00 wrl 92-9.- *pide( ¢/t INAT 999Ys-1Y3T PLqAH

6% WNIPIRIOPUL /S[[99 POO[E] 05 008 X 0L¥ X 0L9 COFLG/EOFVE INIAS-OSV

/¥ Sunyoery S[[pd Poo[g 06 00T X 0% X 0FF 9~ /e~ INIAS

g Sunyoer) S[[pd Poo[g 002 00€ X 00€ X 00€ ~ TOFI6C~ /80F0C~ INAT-0ST INA'T $09Us-)y3T]

wEOSUﬁm\w wﬁuu@.ﬂﬁoo

154 /RLIPUOTOYIAL/QURIqUIDIA] e 0L X 0L X 06 70/%°0 INATSIN

8¢ SOTUIeUAp SWOSBISIN 4 9T X GGg X GTT ¥'0/22°0 LINI'ISOVA

L8 SOIMJONIYS DONN 00T 006 % 006 % 006 < 9-6/¢¢ INATA-ASdY

Gg BLIPUOYDOJI]A/SOUIOSIXOIO 05 ¥ X 0L X 0L~ ¢T-G'0/L0-€0 INATA-9H

1€ RLIPUOTDONIN /Xo[duio0 15[05) 01 € X €8T X €61 < L0-€0/L0-€0 INAT-YH

0€ BLIPUOPONN 00T < wrl ¢ < ydeg 1> INAT pestojeg INAT PIPY-OPIM
S90URIRJOY] uoryeorddy (zH) oyexr (g uwrl) ozis owmjoa Surdeury (wrl /z il /A — x) 1 POUIRIN UI)LI0SY /W9ISAS

Surdewy UoIN0SoY

‘Surdewll OLIJOWN]OA [[09-0[3UIS 10J sonbruyoe) AT YUSIoPI(]

T o[qeL

2230008-4



superior performance in biomedical imaging. Espe-
cially, organelles embedded within the cytoplasm
perform different functions for the natural opera-
tions of cells, which have been identified and ana-
lyzed widely using wide-field LFM. This section will
provide an overview of diverse solutions for wide-
field LFM, including the design of MLA, hybrid
PSF and scanning LFM.

3.1.1. LFM based on the design of MLA

The image quality is influenced significantly by the
parameters of ML A including the pitch, shape, focal
length and position in the system. To increase the
depth of field, a multifocal MLA was applied in a
plenoptic camera,?” which was an array of inter-
leaved microlenses with different focal lengths. On
this basis, Cong et al. introduced the multifocal
imaging to a new extended field of view LFM
(XLFM), enabling functional imaging of neural ac-
tivity in larval zebrafish.?® The 27 customized
microlenses were divided into two groups with dif-
ferent focal planes that extended the working range.
It should be noted that the system has not been
employed for a variety of applications other than
calcium imaging due to the lack of a computational
framework for light propagation.

Original LFM fundamentally remains nonuni-
form resolution across multiple depths and prohib-
itive reconstruction artifacts owing to the depth-
dependent sampling patterns. Defocused LFM sys-
tem was designed by simply adjusting the MLA to a
certain distance before or behind the NIP.?"-2%
Similar to the Plenoptic 2.0 camera,?” a defocused
optical setup that shifted the MLA behind the NIP
with a high-NA objective enabled high-resolution
imaging.?’ The system recorded a > 3 yum volume of
mitochondria in HeLa cells with near-diffraction-
limited resolution in three dimensions. Moreover, a,
high-resolution light field microscopy (HR-LFM)
determined the distance values of NIP and sensor
chip with numerical simulations to optimize the
spatial-angular distribution (Fig. 1(d)).*! With the
configuration, the researchers exhibited the 3D im-
aging results of mitochondria and Golgi complex in
fixed HeLa cells, showing well-resolved mitochon-
drial structures with a ~ 3 pm axial range and Golgi
structures with about 400 nm in all three dimen-
sions. When observing the living-cell, a key chal-
lenge is how to decrease the photobleaching and
photodamage. Using HR-LFM, the mitochondrial

Single-cell volumetric imaging with LFM
movements of 0.53 ums~! and occasional mito-
chondrial division were identified clearly with low
light exposure (0.05-0.5 W cm~2). Additionally, al-
though Golgi-derived membrane vesicles in living
COS-7 cells moved rapidly between the Golgi
complex and other intracellular organelles some-
times, HR-LFM captured the rapid movement and
interactions at a volume acquisition time of 0.01s
(Fig. 2(a)). Applying the same optical path design,
a content-adaptive algorithm for the automatic
correction of sCMOS-related noise (ACsN) was
developed to minimize the readout noise of CMOS
and sCMOS sensors.*? The 3D reconstructed images
of microtubules in a HeLa cell presented a signifi-
cant improvement in the spatial resolution of cel-
lular structures. Differing from HR-LFM, a novel
optical system, called Galilean-mode light field
miniscope (Gali-MiniLFM), was designed to place
the MLA in front of the NIP so that the virtual
native object plane was displaced to a deeper depth
into the sample (Fig. 1(e)).** The Monte Carlo
simulations illustrated the robustness in scattering
tissue for imaging 10 um fluorescent objects, while
the anisotropic resolution and spatial-variant PSF
still remained leading to expensive computational
cost.

3.1.2. LFM based on hybrid PSF

For conventional LFM, the system generally
depends on experimentally measured PSFs or nu-
merical PSFs for volumetric reconstruction, which
are susceptible to optical aberrations and block-wise
artifacts. In 2021, a method named wFLFM with a
hybrid wide-field image was developed by Liu and
Jia.?* The system was divided into two parts in-
cluding wide-field imaging and light field imaging
by a beam splitter. By displacing the low-resolution
on-axis elemental images and upsampled FLFM
PSF with wide-field images and focused wide-field
PSF, respectively, it presented 2-3 times higher
resolution compared with FLFM. Likewise, a hybrid
PSF was proposed by Hua et al. to calibrate the
deviation of calculated PSF, whose spatial positions
were displaced by the experimental PSF results.*”
As the 3D-based in vitro cell culture system, orga-
noids can be used to simulate the process of or-
ganogenesis and physiological and pathological
states, which have broad application prospects in
basic research and clinical diagnosis.” A hPSF-
FLFM strategy that combined the on-axis
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Organelle imaging with wide-field LFM. (a) Imaging Golgi complex in HeLa cells (left) and Golgi-derived membrane

vesicles in living COS-7 cells (right) using HR-LFM. Scale bars, 1 pm (left), 10 um (right). Reproduced with permission from Ref. 31.
(b) Imaging peroxisomes and mitochondria using HR-FLFM. Left: Reconstructed 3D image of peroxisomes. Right: Two-color stack
projection of peroxisomes and mitochondria. Scale bar, 5 yum. Reproduced with permission from Ref. 35. (¢) Nucleic structures in
organoids using hPSF-FLFM. Scale bar, 2 um. Reproduced with permission from Ref. 37. (d) Schematic of the sLFM system (top)
and migrasome formation with gradually increasing fluorescence (bottom). Scale bar, 10 um. Reproduced with permission from
Ref. 38. (e) Objective and mirror configurations of MiSLFM (left) and MIPs of the reconstructed contractile vacuole (magenta,
488 nm) and cell membrane (cyan, 561 nm) (right). Scale bar, 10 pm. Reproduced with permission from Ref. 41.

numerical PSF and experimental PSF of the lateral
location demonstrated excellent ability to visualize
and analyze the organoids.?” It was inspiring that
the 3D individual cellular nuclei structures close to
3.65 um have been identified clearly (Fig. 2(c)) and
the fast response of single cell under the osmotic and
mechanical stresses can be captured by the hPSF-
FLFM system, which was expected to be an im-
portant imaging tool for the research of organoids.

3.1.3. Scanning LFM

Scanning LFM (sLFM) was first proposed by Wu
et al.*® They developed digital adaptive optics
scanning light-field mutual iterative tomography
(DAOSLIMIT) with the optical diffraction-limited
resolution of 220 nm in the lateral and 400 nm in the

axial direction at the millisecond level. In consid-
eration of the contradiction between spatial reso-
lution and angular resolution of wide-field LFM,
DAOSLIMIT took advantage of the frequency
coupling of multiple angles caused by the optical
diffraction of MLA. Combining with high-speed
periodic scanning of a galvanometer, the spatial
overlap was introduced to preserve the high-fre-
quency information at the cost of temporal resolu-
tion, thus obtaining high spatial and angular
resolution simultaneously. Then a time-weighted
algorithm based on spatio-temporal smoothness
prior to biological samples was applied to decrease
the motion artifacts and avoid the temporal reso-
lution loss from scanning. In addition, DAOSLIMIT
established a new framework for digital adaptive
optics (DAO) imaging® to infer and correct the
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aberrations according to the variation of angular
components. With the unique capabilities of DAO-
SLIMIT, the researchers carried out a series of
experiments to study the dynamic process of
migrasomes”’ in mammals (Fig. 2(d)). By labeling
the neutrophils and vessels in the mouse liver, the
generation and growth of migrasomes were recorded
in detail. It was found that the migrasomes could be
taken up by other neutrophils and their division
abilities were potential for the information trans-
ferring in the immune system. When injecting the
breast cancer cells into the zebrafish and mice, the
process of vesicle split and migrasome production
could be observed for a long time. However, the
scanning LFM was restricted by the missing-cone
problem. The result was that the axial resolution of
the 3D reconstruction was lost and much lower than
the lateral resolution.

To address the limit, Xiong et al. further
developed the sLFM scheme and introduced a mir-
ror-enhanced scanning light-field microscopy,
MiSLFM.*! An additional mirror was implemented
below the sample to collect twice as many photons
with only half of the laser intensity. Then in com-
bination with phase-space deconvolution algorithm,
high-isotropic-resolution 3D imaging of ~ 400nm
with high speed and low phototoxicity could be
achieved. Using the configuration, B16-GFP live
cells were observed with 0.22mW mm 2 illumina-
tion density lasting ~ 14 h, while confocal micros-
copy only kept for 3 h. Furthermore, the contractile
vacuoles and membrane of Dictyostelium dis-
coideum can be identified with improved axial res-
olution, demonstrating the excellent ability of
imaging fast-moving biological samples (Fig. 2(e)).
However, the expense of improved axial resolution
was the reduced field of view and degraded resolu-
tion at the edge of imaging, which can be addressed
with multiple objective lenses.*?

3.2.

Classical LFM employing wide-field illumination
suffers from the background interference beyond the
volume of interest, consequently constraining the
contrast of the reconstructed 3D image. Alterna-
tively, in light-sheet microscopy, also termed single
plane illumination microscopy (SPIM), excitation
light is shaped into a plane beam perpendicular to
the detection objective. Individual slices are recor-
ded in parallel with the thin laminar light to block

Light-sheet light field microscopy

Single-cell volumetric imaging with LFM

out-of-focus light, permitting high-speed 3D optical
sectioning.”® By integrating the benefits of light
sheet illumination with LFM, the novel hybrid op-
tical configuration potentially allows fast acquisi-
tion of volumetric information with limited
background noise.

Considering that the progressive hybrid system
remained complicated and nontrivial to design and
build, a comprehensive guide was provided includ-
ing the selection of the optical components and a
detailed design workflow.!” Based on a digital
micromirror device (DMD), Wolff et al. presented a
three-time improvement of axial resolution from
about 1.5pum to about 4.5 um, yet sacrificing the
time resolution about three times. Moreover, when
the DMD redirected and formed the excitation
light, most of the pixels of DMD were in the off state
leading to a great waste of light power.** Differing
from DMD, a hybrid light-sheet light-field micros-
copy (LSLFM) system was designed to generate the
static excitation light-sheet by a cylindrical lens and
scan the plane light with a 1D galvo mirror, making
the illumination more efficient (Fig. 3(a)).*® The
researchers designed and implemented a switchable
and versatile platform that integrated three differ-
ent modalities including wide-field LFM, light-sheet
microscopy and the proposed LSLFM method. The
platform can acquire the images for light-sheet mi-
croscopy and LSLFM simultaneously benefiting
from the same light-sheet excitation source. For
wide-field LFM, a light-emitting diode was
employed for illumination. The imaging results of
fluorescent beads and live zebrafish demonstrated a
10-fold improvement in contrast and a 3.2-fold sig-
nal-to-noise ratio (SNR) of wide-field illumination.
It was worth noting that the additional artifacts
could degrade the image quality caused by the
scattering and absorption of samples from the plane
light.

In the field of single-cell imaging, the significance
of 3D imaging for living cells lies more in the ability
to monitor the kinetic process over a longer
period.*®*7 In recent years, various attempts based
on light-sheet light field microscopy techniques have
been made to explore the blood flow including car-
diac hemodynamics and cerebral hemodynamics. In
2019, Wagner et al. presented a creative isotropic
spatial resolution light-field microscopy (Iso-LFM)
based on dual-view imaging system (Fig. 3(b)).*
Combining the specific advantages of selective-
volume illumination and light field collection, two
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Fig. 3. Blood cell imaging and tracking with light-sheet LFM. (a) Conceptual schematics of LSLFM. Reproduced with permission
from Ref. 45. (b) Objective configuration of Iso-LFM (left) and blood flow quantifications from single-cell tracking (right).
Reproduced with permission from Ref. 42. (¢) Imaging GFP-labeled cardiomyocyte light chain and DsRed-labeled blood cells in an
embryonic heart. Scale bar, 50 yum. Reproduced with permission from Ref. 51. (d) 3D mechanical structure of detection path for
ASO-SVIM (left) and imaging whole-brain blood flow in zebrafish larvae (right). Scale bar, 100 um. Reproduced with permission

from Ref. 49.

detection objectives were installed orthogonally,
perpendicular to the illumination objective and two
MLA were arranged at the native image plane of the
two detective objectives, respectively. It was in-
spiring that the spatial resolution was uniform and
there were no motion blur artifacts benefiting from
the simultaneous illumination and recording of two
light fields. These characteristics played a signifi-
cant role in the imaging and analysis of fast blood
flow, potentially driving the rapid development of
hemodynamics. Using the scheme, the researchers
presented in vivo imaging of the beating heart in the
juvenile medaka fish. The cardiomyocytes were
observed in the volume FOV range of
~ 300 x 300 x 300 um® at a volume rate of 143 Hz,
and the cardiomyocyte nuclei could be identified
clearly with single-cell resolution. Then they
tracked the undiluted eGFP-labeled circulating
blood cells in the cardiovascular system at up to

1400 ums~! while the classical LFM performed
poorly due to the low resolution. Despite its superior
performance, the expanded laser beam of 100 ym
was used to completely fill the volume of interest
without scanning, which could generate blurred
boundaries. Alternatively, a confined excitation
beam of ~5 pum was chosen by light-field-based se-
lective volume illumination microscopy (SVIM)
achieving better spatial precision.*® There were two
excitation modes via 1p (one-photon) continuous-
wave lasers and 2p (two-photon) femtosecond-
pulsed lasers. Two objectives that were perpendic-
ular to each other were implemented for selective
illumination and light field capture separately.
When imaging the live beating heart of a
~250 x 150 x 150 um®  zebrafish larva at 90
volumes s~!, SVIM outperformed wide-field LFM
with 50% better contrast of motions of the beating
heart wall and 10% of moving blood cells. However,

2230008-8



the volume-scanning approach made the whole
system complicated and restricted the size of the
sample. Based on this, a modified configuration
termed axial single-objective SVIM (ASO-SVIM)
was further proposed by the research team.*” The
system implemented a unique objective with high
NA to decrease the system complexity. Instead
of lateral illumination, one-photon excitation
(1P-ASO-SVIM) employed a cylindrical lens to tilt
the light sheet illumination plane in 1D scanning.
For two-photon, a near-infrared Gaussian beam was
raster-scanned in 2D increasing the imaging depth.
As a result, two-color imaging of blood cells and
endocardium in the whole-brain blood flow of zeb-
rafish larvae with ~ 670 x 470 x 200 um® volume at
~ 50Hz demonstrated improved resolution and
contrast (Fig. 3(d)). In addition, together with
retrospective gating method,” Wang et al. captured
myocardial contraction and the motion of single
blood cell at about 200 Hz, thereby contributing
to the development of the cardiac mechanics
(Fig. 3(c)).”" We anticipate light-sheet light field
microscopy to provide a promising paradigm for the
investigation of complex cardiac hemodynamics and
cerebral hemodynamics at the cellular level.

3.3. LFM combined with
super-resolution microscopy
techniques

Super-resolution microscopy can offer the visuali-
zation of the previously unobserved nanoscale
structures by bypassing the resolution limitation of
optical diffraction.”? After more than two decades of
development, it has evolved to be a predominant
tool for exploring the inner structure of single
cells.”*"* In recent years, several novel approaches
that combined super-resolution microscopy with
LFM have been verified to enhance the spatial res-
olution of 3D imaging, even up to the nanoscale.
One of the super-resolution imaging techniques is
structured illumination microscopy (SIM).® By
designing the spatial structure of the illumination
light, the high-frequency information can be shifted
to the visible low-pass band of the microscopy.
Then a specific algorithm can be employed to
separate the high-frequency components to recon-
struct a super-resolution image. Inspired by the
advanced SIM, a structured-illumination light-field
microscopy (SI-LFM) was proposed, yielding a
high-resolution and high-speed 3D imaging

Single-cell volumetric imaging with LFM

configuration.”® The researchers implemented a
DMD to generate depth invariant structured pat-
tern with a super-pixel approach (Fig. 4(a)). Then a
light field reconstruction approach for raw light
field images refocusing and a SIM reconstruction
strategy to obtain high-frequency information
worked together to achieve high-resolution volu-
metric imaging. Moreover, Fu et al. introduced the
light-sheet illumination to the structured light illu-
mination light field microscopy, termed SLI-LFM,>”
at the imaging field of view of 250 x 250 x 80 ym®
with high SNR. A polygonal scanner and a galva-
nometer scanned the plane light-sheet horizontally
and vertically separately. With two exposures, two
light field images with uniform and sinusoidal pat-
tern illumination generated by DMD were captured
successively. Then, they proposed a reconstruction
model integrating deconvolution with the HiLo
algorithm to realize a 1.3-fold enhancement of axial
resolution compared with light sheet LFM, whereas
the lateral resolution remained limited and the
issues of artifacts at the focal plane were still
unsolved.

An alternative approach was single molecule
light field microscopy (SMLFM)"® that can image
the single fluorophore from multiple angles with the
advantage of aperture segmentation characteristic
of MLA (Fig. 4(b)). The square lattice MLA was
placed at the Fourier plane to build a FLFM system
and then the 3D localization model was established
with a linear equation of Ax = b, where A repre-
sented the localization difference from diverse per-
spective views and b was the set of 2D localizations
for a single emitter. The focal length of the lens that
was placed in a 4f configuration with a tube lens
determined the maximum precision and depth-of-
field of imaging system. Therefore, two achromatic
lenses of 75mm (configuration 1) and 100 mm
(configuration 2) were implemented, respectively, to
obtain different number of illuminated microlenses
and magnification. The researchers displayed the
test results of 100 nm fluorescent beads. Using 4000
emitted photons on average, both configurations
obtained isotropic lateral and axial precision, which
remained below 20 nm in the depth range of 3 pm.
When imaging the membrane of T cells, up to 25
light field localizations per frame were presented
(Fig. 4(c)). The system was significantly promising
for the multicolor imaging of membrane contour
and microvilli. However, SMLFM suffered from a
limited imaging field of view of 15 x 15 um? and low
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Imaging membrane using LFM based on super-resolution microscopy. (a) Schematic of SI-LFM. Reproduced with per-

mission from Ref. 56. (b) 3D emitter position estimation algorithm of SMLFM. (c) Imaging membrane of fixed Jurkat T-cells using
SMLFM. Scale bar, 2 um. (b) and (c) were reproduced with permission from Ref. 58.

photon utilization efficiency. Therefore, further
advancements in super-resolution LFM to achieve
nanometer-scale resolution and rapid 3D imaging
with larger FOV are highly desirable to explore.

4. 3D Reconstruction Algorithms for
LFM

After capturing the raw light field images, a robust
reconstruction algorithm is expected to achieve a
high-resolution 3D image. In particular, observing
the dynamic process of interactions between differ-
ent organelles in living cells necessitate excellent
imaging algorithms over relatively short time-
scales.”” Taking inspiration from photography, a
great number of advanced methods have been pro-
posed based on ray-optics model.’%-%! Light field
depth estimation method including epipolar plane
image (EPI) method®® and refocusing-based meth-
od,% originally proposed from photography, is to
obtain scene depth information using different fea-
tures of the light field. On this basis, combining the
EPI method and light field back projection (LFBP)
reconstruction algorithm, a light field light-sheet
fluorescence microscopy enhanced the depth reso-
lution to be less than 0.5 ym without the sacrifice of
spatial resolution.®* In addition, Shaw et al. inte-
grated the depth estimation approach of refocusing

into light field microscopy to observe and quantify
the 3D body shape and movement characteristics of
moving C. elegans.’® Nevertheless, the approaches
based on photography remain restricted by the in-
trinsic diffraction of light microscopy, causing much
inaccuracy in the light ray model. Alternatively, 3D
deconvolution algorithms based on wave-optical
model and deep learning without an accurate
mathematical model have been widely applied to
the 3D reconstruction of LFM, which can enhance
the spatial resolution significantly and eliminate the
artifacts simultaneously. As expected, both two
methods have fulfilled the potential in studying
the internal structure and dynamic process of single
cell.

4.1. 3D deconvolution-based

reconstruction

3D deconvolution is an operation to recover three-
dimensional volume from raw images which are
resolution-limited and corrupted by noise.’%5" Par-
ticularly, RL deconvolution was initially proposed
for LFM in 2013%° and then various modified
LFM based on RL algorithms have exhibited
appealing performance on single-cell imaging. For
example, Prevedel et al. observed the dynamic
activity of neuronal cells with high spatial and
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temporal resolution.’® Quicke et al. presented so-
matic and dendritic structures by 3D subcellular
GEVI imaging.®” Sung et al. imaged the mitochon-
dria localized of a bovine pulmonary artery endo-
thelial (BPAE) cell, showing the great ability of
optical section.” In 2021, a high-resolution Fourier
light-field microscopy (HR-FLFM) was developed
to explore the inner organelles of living cells for a
long time continuously.®® In conjunction with the
RL approach and 3D PSF, HR-FLFM retrieved the
volume information of the sample by 20-50 itera-
tions within 4 to 9s. As a result, the 3D structures
of immuno-stained mitochondria in COS-7 cells
were recorded with a near-diffraction-limited reso-
lution. In addition, two-color imaging of GFP-
labeled peroxisomes and MitoTracker-labeled
mitochondria exhibited the relative locations and
dynamic interactions of the two organelles for 30s
(Fig. 2(b)). The results showed that the peroxi-
somes distributed over a depth range of 1.5 ym were
interspersed in the mitochondrial voids with 3—4 ym
thickness.

Although the RL algorithm has achieved great
success, 3D reconstruction from captured raw light
field images is considered as an ill-posed inverse task
restricted by several unavoidable barriers. The it-
erative RL algorithm suffers from vast calculating
amount and strong artifacts near the NOP due to
space-variant PSF. To address the problems, a se-
ries of modifications to the RL approach have been
exploited to facilitate the image quality of 3D re-
construction. Zheng et al. obtained the loss function
through KL divergence of the Poisson noise likeli-
hood to achieve isotropic spatial resolution.”’ Wu
et al. presented a snapshot hyperspectral volumetric
microscopy (SHVM) with a creative 4D deconvo-
lution algorithm to record hyperspectral volumetric
data.” By combining the expectation maximization
(EM) method™ with the total variation (TV) reg-
ularization™ and utilizing the sparse prior of fluo-
rescent objects, the 4D deconvolution contributed
to increase the imaging speed significantly. Using
the scheme, the location of T cells and B cells and
the motion of T cells in lymph node can be identified
clearly. Furthermore, to mitigate artifacts, the total
variation (TV) regularization was also used by
Stefanoiu et al. for image denoising in FLFM.”™
Based on the conventional maximum likelihood
expectation maximization (MLEM) algorithm, the
researchers introduced the penalized likelihood™®
method to update each iteration of deconvolution.

Single-cell volumetric imaging with LFM

While for the novel 3D reconstruction strategy
proposed by Verinaz-Jadan et al.,”” the result of TV
regularization was not consistent with the experi-
mental result. Therefore, an alternating direction
method of multipliers (ADMM) optimization
strategy’® was chosen for minimizing artifacts. They
proposed an optimized forward model, which
employed a generating function to compute the
system response. Additionally, Stefanoiu et al.
proposed an anti-aliasing filtering approach to all
the LFM systems.?” The researchers first analyzed
the depth-related sampling patterns and the cause
of producing artifacts and then proposed a gener-
alized light field point spread function based on
wave optical. For the 3D deconvolution, an addi-
tional anti-aliasing filter using a Lanczos2 win-
dowed version of the sinc kernel was added for every
iteration of RL method. The imaging results of a
cardiomyocyte organoid at the depth of 0 to 50 ym
showed the higher resolved features without strong
artifacts in comparison with original RL algorithm.
Nevertheless, all of the above-mentioned approa-
ches remained restricted from noise when observing
the biological samples sensitive to phototoxicity. A
dictionary LFM (DiLFM) was presented to remove
a series of reconstructed artifacts and thus can fa-
cilitate the imaging performance at extremely low
illumination level remarkably (Fig. 5(a)).”® First, a
few iterations of RL were used to obtain raw re-
construction volume affected by harsh background
interference and artifacts. Then a pair of low- and
high-fidelity dictionaries were trained to replace the
matched poor RL reconstructions with high-quality
elements. By introducing different scales of noise
interference, the DIiLFM could further learn the
impact of noise to construct robust compensation.”™
The imaging results of zebrafish blood cells at
100 Hz with 0.12mW illumination power displayed
more detailed structures of blood cells and blood
vessel walls compared with classical LEFM.

Besides the RL algorithm, several methods based
on sparsity priors have achieved great reconstruc-
tion performance, but they were limited to neuronal
activity.®*%? Alternatively, a phase-space approach
was developed to eliminate the block-wise artifacts
close to the NOP and enhance the speed of
convergence during the deconvolution process
(Fig. 5(b)).® The angular components were rea-
ligned in the phase space, where the PSF was spa-
tial-invariant avoiding the periodic artifacts and
excessive iterations. Then utilizing the smooth
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constraint,** a cubic interpolation®® for up-sampling
was applied to improve the resolution. The
researchers imaged the GFP-labeled B16 cell, which
exhibited more subcellular structures and fewer
artifacts while the results of conventional RL algo-
rithm with 2 iterations and 20 iterations both
showed low contrast. On this basis, Xiong et al.
introduced the phase-space deconvolution into
mirror-enhanced scanning LFM,*' enhancing the
resolution to the diffraction-limit. In consideration
of low SNR and heavy computational complexity of
the original phase-space deconvolution, the spatial-
temporal low-rank prior with weighted nuclear
norm minimization (WNNM) denoising®® was in-
troduced, which enabled the volume reconstruction
of neutrophil cells in the weak illumination condi-
tion with high SNR (Fig. 5(c)).*” When imaging the
biological samples, inherent scattering and dense
fluorescence labeling degraded the image quality
inevitably.®® Zhang et al. developed a multiscale
model in the phase-space to observe the movement
track of blood cells of zebrafish larvae with high
resolution.® However, affected by the missing-cone

problem, this model suffered from lower axial reso-
lution compared with confocal microscopy, which
could be settled with super-resolution technology.

4.2. Deep-learning-based

reconstruction

Even though 3D deconvolution has realized high-
resolution volume reconstruction, these methods
still rely on precise mathematical light propagation
model and complex point spread function, prone to
be affected by system errors and experimental con-
ditions. Alternatively, the emerging deep learning
methods have been incorporated into LFM, which
can obtain 3D volume from raw light field images
directly, improving the reconstruction speed signif-
icantly.”?! In 2019, a DeepLFM was presented to
reconstruct 3D images of K562 cells with higher-
spatial resolution than RL algorithm.’” After 10
iterations of RL deconvolution, a 3D U-net”® was
applied to super-resolve the low resolution decon-
volved 3D volume. However, several iterations
brought extra computation requirements, and
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consequently limited the imaging speed. In contrast,
the modified U-net was used in a view-channel-
depth network (VCD-Net) that removed the RL
procedure to provide a direct bridge between the
raw light field images and reconstruction results
(Fig. 5(d)).”* With the advantages of high speed
and isotropic spatial resolution, the researchers
successfully achieved the 3D volume of cardiomyo-
cytes and blood cells at a 200-Hz volumetric imag-
ing rate. Instead of simulated data in VCD-Net, the
train data of LFM-Net was obtained from real LFM
images so that the optical characteristics can be
learned as prior knowledge.”” The network exhib-
ited excellent reconstruction volume with accuracy
similar to that of confocal imaging and enhanced
720-fold imaging speed coupled with 1/64 storage
space. Undoubtedly, the fast-evolving deep learning
technology will further expand the imaging perfor-
mance and application field of LFM.

5. Conclusions and Outlook

In the last decade, LFM for single-cell 3D imaging
has received significant attention and provided new
insights into the inner structures and biomechanical
characteristics of single cell, due to the remarkable
capability of capturing volume information by a
single-shot. Despite superior performance, LFM
remains suffering from compromised resolution and
strong artifacts owing to the segmentation of MLA.
This paper presented a brief review of the en-
hancement of LFM on the hardware systems and
3D reconstruction algorithms and introduced the
latest applications in single-cell imaging using im-
proved LFM strategies.

Current LFM implements mainly have several
challenges: (1) inherent trade-off between spatial
resolution and angular resolution; (2) inevitable
block-wise artifacts near the native object image;
(3) high demands on computation resources caused
by space-variant PSF; (4) low SNR interfered by
background fluorescence. To mitigate these restric-
tions, various strategies based on system designs or
reconstruction algorithms have emerged, leading to
greater advancements in single-cell volumetric im-
aging. For compromised spatial resolution, a more
accurate light propagation model contributes to
higher quality reconstruction volume. Furthermore,
integrating the super-resolution techniques with
LFM such as SMLM or SIM is expected to achieve
nanometer-scale resolution. In terms of severe

Single-cell volumetric imaging with LFM

artifacts, FLFM that shifts the position of MLA and
phase space that realigns the angular information
are both optional methods to avoid the artifacts
close to NOP. According to sLFM, the aberration
can be calibrated remarkably benefiting from ad-
vanced adaptive optics. Additionally, high compu-
tation cost can be effectively reduced through
simplified light model with prior knowledge and
fast-developed deep learning methods, which can
improve the reconstruction speed dramatically.
Lastly, a hybrid microscopy system that combines
the different illumination modes including confocal
and light-sheet can offer notable contrast
improvement.

Despite substantial progress in the area of LFM,
the spatial-temporal resolution and imaging volume
still mutually restrict each other. As shown in
Table 1, the improved methods and corresponding
performance are summarized for a better compari-
son. To maximize the strengths of LFM system in
the field of single-cell imaging, appropriate illumi-
nation modes, reconstruction algorithm and exper-
iment samples need to be considered carefully
according to the research requirements. When im-
aging the subcellular structures and dynamics of
organelles such as mitochondria and Golgi complex,
wide-field LFM can present better spatial resolution
in spite of lower imaging volume. And the integra-
tion of super-resolution microscopy can enhance the
resolution to nanometer-scale. For the research of
cardiac hemodynamics and cerebral hemodynamics,
light-sheet LFM with deep-learning technology is a
valuable tool due to reduced background noise and
efficient data processing, which contributes to
tracking the motion of single blood cell in live
embryos at a video time.

In the future, we expect that the developed light
field microscopy techniques will further provide
more valuable structural and functional information
of single cell. First, it is necessary to continue to
push the spatial resolution and computation effi-
ciency, which can be facilitated with more sensitive
sensors, robust reconstruction algorithms and faster
GPU processing. Furthermore, deeper penetration
depth still remains limited. Therefore, continuous
efforts are expected to achieve larger FOV without
the degradation of resolution. Certainly, the devel-
opment of novel near-infrared imaging systems and
fluorophores will provide the possibility of imaging
depth improvement. For the applications of single-
cell imaging, visualizing directly the subcellular
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interactions and conformations inside cells remains
a challenging task for LFM. In addition, the ex-
ploration of cardiac hemodynamics and cerebral
hemodynamics at the cellular level proposes high
requirements for LFM with real-time high-resolu-
tion imaging. Hopefully, with the progress of vari-
ous imaging techniques such as multiphoton
microscopy, light-sheet microscopy and super-reso-
lution microscopy, a hybrid system that harnesses
the advantages of different designs will open new
avenues to address biological problems.
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