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Abstract: Light-sheet fluorescent microscopy has become
the leading technique for in vivo imaging in the ﬁelds of
disease, medicine, and cell biology research. However,
designing proper illumination for high image resolution
and optical sectioning is challenging. Another issue is
geometric constraints arising from the multiple bulky
components for illumination and detection. Here, we
demonstrate that those issues can be well addressed by
integrating nanophotonic meta-lens as the illumination
component for LSFM. The meta-lens is composed of
800-nm-thick GaN nanostructures and is designed for a
light-sheet well-adapted to biological specimens such as
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the nematode Caenorhabditis elegans (C. elegans). With the
meta-lens, the complexity of the LSFM system is signiﬁcantly reduced, and it is capable of performing multicolor
ﬂuorescent imaging of live C. elegans with cellular resolution. Considering the miniature size and plane geometry of
the meta-lens, our system enables a new design for LSFM to
acquire in vivo images of biological specimens with high
resolution.
Keywords: fluorescence microscopy; light sheet microscopy; metasurface.

1 Introduction
Fluorescence imaging of fine structures in live specimens
provides a powerful way to understand cellular and subcellular dynamics in biology and clinical applications.
Among current microscopic imaging systems, lightsheet
fluorescent microscopy (LSFM) [1–6] has become the
leading technique for this purpose in recent years. In the
measurement using an LSFM [1–3], the specimen is
generally illuminated side-on using a thin sheet of light,
with beam waist smaller than feature sizes of a target
specimen, to offer optical sectioning capability in a highspeed fashion. Fluorescence images from the illuminated
section can then be observed along the detection axis,
which is orthogonal to the light-sheet excitation plane. Due
to the unique orthogonal scheme between excitation and
collection, LSFM has multiple advantages, including a
large ﬁeld of view (FoV), high image resolution, and low
photo-damage [3, 4, 11, 12]. This efﬁcient imaging technique has led to numerous cutting-edge ﬁndings and helped solve many problems in various ﬁelds [4, 12–14].
However, the unique experimental conﬁguration of LSFM
also results in many challenges. Constructing advanced
imaging systems usually suffers from the requirements of
bulky optical components, and this issue is even more
serious for building a miniature LSFM system [15–17]. It
This work is licensed under the Creative Commons Attribution 4.0 International
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is because the cumbersome excitation/imaging optical
components, as well as the sample holder, need to be integrated together in a very limited space. This seriously
restricts the space for placing and tracing bio-specimens
as well. A promising route to effectively solve this problem
is to introduce metasurface photonics [7–10, 18–27] in the
system. Metasurfaces consist of arrays of subwavelength
photonic resonators as unit cells that can efﬁciently
modulate amplitude/phase. With its capability to control
light in the nanoscale, metasurface optics provides a great
platform for realizing planar photonic devices with functionalities on demand [7, 20–22, 28–37]. Here, we demonstrate that the LSFM system complexity can be reduced
substantially by integrating a light-sheet metasurface lens
(called light-sheet meta-lens) for imaging live Caenorhabditis elegans, as depicted in Figure 1a. We developed
an ultrathin meta-lens to signiﬁcantly shrink the size of

the illumination arm in an LSFM from the tens of centimeterscale into the operation wavelength scale. We also demonstrate that, with a well-crafted nanophotonic meta-lens, a
light-sheet microscope can have much compact size and
have a comparable imaging capability as its conventional
counterpart.

2 Results and discussion
2.1 Design and fabrication of the
nanophotonic meta-lens
As illustrated in Figure 1, the light-sheet meta-lens is
composed of lithography-deﬁned GaN nanopillars as subwavelength resonators, which can locally modulate the
optical phase. To demonstrate the imaging capability of the

Figure 1: Meta-lens for light-sheet fluorescence microscopy (LSFM).
(a) Schematic of the LSFM for fluorescence imaging of a C. elegans. The meta-lens consists of 800-nm dielectric nanopillars for locally
modulating the phase. Inset shows the schematic diagram of ﬂuorescent images of oocytes, sperms, and embryos in the C. elegans. (b) The
simulation results of the phase modulations (blue points) and the transmissions (red points) of the nanopillars with different diameters.
Inset: the geometric parameters of the nanopillars. d: diameter. p: period of the unit cell, 300 nm. The height of the nanopillar is 800 nm.
(c) Titled-viewed SEM image of nanopillars in the light-sheet meta-lens. (d) An optical microscope image of the light-sheet meta-lens.
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LSFM system equipped with proposed light-sheet metalens, ﬂuorescent imaging of cellular structures in live
C. elegans was performed (Figure 1a). C. elegans is an
important model organism in the study of human diseases
[38, 39], drug discovery [40], and developmental biology
[41]. In addition to a short life cycle and simple body plan,
the transparent body allows direct observation of subcellular dynamics with ﬂuorescence tags in live C. elegans
animals. However, due to the large length-to-width ratio
(can be larger than 200), proper illumination for creating
optical sections on the whole animal is challenging. As a
result, though light-sheet ﬂuorescent microscopy has been
successfully used to trace rapid embryo development [42]
and the movement of the whole animal [43, 44], highresolution in vivo imaging of subcellular dynamics in live
C. elegans using compact LSFM systems can be demanding.
Therefore, a well-designed light-sheet is essential to achieve good optical sectioning as well as low out-of-focus
noise. Another issue is associated with the difﬁculty of
realizing an LSFM system capable of efﬁciently ﬁxing,
identifying, and tracking tiny C. elegans. Due to the great
degree of freedom of metasurface optics for designing the
optical functionalities at the nanoscale, producing a metalens with light-sheet parameters well-adapted to the parameters of a C. elegans is feasible. Also, the ultra-compact
size of the light-sheet meta-lens offers ﬂexibility for the
design of a system with a proper space to track and ﬁx small
C. elegans. In this way, the meta-lens enables a proper
illumination condition to image a live C. elegans. A fullygrown C. elegans is generally around 1-mm long and 50-μm
wide. The structures of interest, such as the oocytes and the
embryos, are of a few tens of micrometers. Therefore, to
provide a suitable illumination condition, the length, beam
waist, and FoV of the meta-lens are designed to be 1 mm,
6 µm, and 105 µm, respectively.
To realize the proposed light-sheet meta-lens with a
nanoscale thickness, designing a group of GaN nanopillars
that can cover a full 2π phase range is the key issue.
Commercial FDTD software CST was used to simulate the
properties of 800-nm GaN nanopillars with different diameters. Under illumination, waveguide-like modes
induced in the nanopillars can effectively modulate the
phase of the output light (supplementary information
Figure S1). A full 2π phase modulation range (the blue data
points in Figure 1b) with high transmission (>73%, the red
data points in Figure 1b) of the nanopillars is successfully
achieved via changing the nanopillars’ diameter. Notably,
different from the unit cells used in our previous designs
[8, 9, 34], the nanopillars are circularly symmetric, and
thus they are not sensitive to polarization states under
normal illumination. The polarization-independent
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property of the nanopillars ensures that the light-sheet
meta-lens does not require any additional polarization
components. In the design of the light-sheet meta-lens, the
phase proﬁle was numerically calculated (supplementary
information Figure S2). The meta-lens contains more than
10 million nanopillars with different diameters are arranged along the substrate surface according to the phase
proﬁle. The resulting light-sheet meta-lens is 1 mm in
length and was fabricated using electron-beam lithography followed by an etching process on an 800-nm GaN
ﬁlm (see supplementary information) [33]. A scanning
electron microscope (SEM) image of the GaN nanopillars in
the light-sheet meta-lens and an optical microscope image
of the light-sheet meta-lens are shown in Figure 1c and d,
respectively.

2.2 LSFM system characterization
The imaging capability of our meta-lens-equipped LSFM
for volumetric samples is tested by using fluorescent beads
embedded in agar. Fluorescent beads are widely utilized to
measure system performance as well as optical sectioning
capability. In our experimental measurement, a 532-nm
laser was used for excitation. A comparison of fluorescence
images taken with and without the light-sheet meta-lens
is presented in Figure 2a and b, respectively. With the
light-sheet generated by the meta-lens, only a single
bead (diameter: 15 µm, Fluoresbrite® YG Microspheres,
Polysciences) was excited and observed in Figure 2a.
Conversely, after removing the meta-lens, out-of-focus
background noise from de-focused beads was observed
(highlighted by orange circles in Figure 2b), indicating
poor optical sectioning capability without light-sheet illumination. To demonstrate the 3D scanning capability of the
system, the sample holder was scanning in the axial direction (i.e., the z-axis), and ﬂuorescence images of beads
at different depths were recorded accordingly. The images
of the ﬂuorescent beads, located at different positions, and
the associated video can be found in Supplementary video
1. As shown in Figure 2c, while scanning the light-sheet
along the z-axis, three individual ﬂuorescent beads can be
seen at different layers without any out-of-focus background. Furthermore, a 0.5-µm ﬂuorescent bead in agar
was used to measure the optical sectioning capability
(axial resolution) of our LSFM system by gradually scanning along the z-axis. The schematic diagram and experimental measurement of ﬂuorescence intensity along axial
scanning are shown in Figure 2d. A Gaussian-like intensity
distribution is observed in the plot, and the full width at
half maximum (FWHM) of the curve is ∼5 µm. Therefore, we
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Figure 2: Characterization of the meta-lens-equipped LSFM system. Comparison of imaging performance using 15-µm ﬂuorescent beads
(a) with and (b) without the meta-lens. Left panels in (a) and (b) are schematic diagrams of the setup, and the corresponding ﬂuorescence
images are presented in the right panels. (c) Lightsheet scanning along the z-axis (with the meta-lens), three individual beads can be observed
at three different layers, without any obvious out-of-focus background. (d) Optical sectioning capability test by using a 0.5-µm ﬂuorescent
bead. Left: a schematic diagram of the measurement. Right: the corresponding ﬂuorescent intensity proﬁle at different positions.

summarize the system shows the essential advantages of
general LSFM systems, and it can be used for imaging
ﬂuorescence specimens.

2.3 In vivo imaging of C. elegans
To demonstrate the capability of the system for fluorescence imaging of live animals at the cellular level, we
demonstrate the observation of the developing process
by examination of the germline of live C. elegans. The

C. elegans germline exhibits a series of germ cell nuclei at
different development stages, as depicted in Figure 3a.
Anesthesia immobilized C. elegans were mounted into a
slab of agar and transferred under the meta-lens-equipped
LSFM setup for observation. Detailed worm manipulation
procedures can be found in the Methods section. In order to
examine the performance of our LSFM system for imaging
live C. elegans, under different ﬂuorescence, mCherry [45]
or green ﬂuorescent protein (GFP) [44] tagged histone was
used to label germ cell nuclei, as presented in Figures 3 and
4. In the experiment, the excitation wavelength for the
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Figure 3: In vivo ﬂuorescence images of mCherry-tagged oocysts and embryos in a C. elegans.
(a) Schematic diagram of a C. elegans. (b) LSFM image of the C. elegans immobilized in agar. (c) Bright-ﬁeld image of the C. elegans. (d) The
corresponding zoom-in LSFM image. (e) Intensity cross-sections along the lines plotted in (b) and (c), respectively. (b) and (c) are shown on the
same scale.

mCherry and GFP is 532 and 491 nm, respectively. Under
bright-ﬁeld, observation of the germline in live worms
often is obstructed by other internal organs extending
alongside, mainly the gut (Figure 3c). Furthermore, since
the gut cells often generate autoﬂuorescence signals,
observation of ﬂuorescence from germline nuclei is often
perturbed when the gut is oriented in between gonad and
the objectives. In LSFM images, individual germline
nuclei, as well as nuclei in developing embryos, can be
clearly distinguished even when the worm is placed in
such orientation (Figure 3b, d, and 4b, e). A bright-ﬁeld
image of the live C. elegans is shown in Figure 4a. Highcontrast embryo images obtained from the meta-lens LSFM
are shown in Figure 4b, while a wide-ﬁeld ﬂuorescence
image is shown in Figure 4c. Figure 4d–f shows corresponding zoom-in images to the dashed-box regions

shown in Figure 4a–c. Therefore, the LSFM with the metalens can efﬁciently provide proper illumination for optical
sectioning. Even with low magnitude objectives (20×, NA:
0.5), the nucleus of ∼8 µm in diameter from an individual
oocyte can be clearly identiﬁed (Figure 3d). The results
also demonstrate that the system shows a resolution in
single-cell scale for C. elegans. The intensity cross-section
proﬁles, along the lines plotted in Figure 3b and c, are
shown in Figure 3e. The intensity proﬁle from the bright
ﬁeld image demonstrates no speciﬁc features. However,
the intensity proﬁle from the LSFM shows a clear proﬁle for
the oocyte. This comparison conﬁrms the ﬁne capability of
our system to observe in vivo images of C. elegans with
cellular resolution in real-time. Moreover, as shown in
Figure 4b, individual nuclei in late stage-embryos in the
C. elegans can be clearly distinguished in the LSFM image.
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Figure 4: In vivo observation of green ﬂuorescence from GFP in a C. elegans. To image the green ﬂuorescence emitted from the ﬂuorescently
tagged C. elegans, a 491-nm laser is utilized as the excitation of our LSFM. The peak wavelength of the ﬂuorescence is at 517 nm.
(a) Bright-ﬁeld image of the C. elegans immobilized in agar. (b) LSFM image of the C. elegans. (c) Wide-ﬁeld ﬂuorescence image of the
C. elegans. (d)–(f) Zoom-in to the dashed-box regions shown in (a)–(c), respectively. (d)–(f) are shown in the same scale.

In addition, to investigate optical sectioning capability
in a moving object, we have examined our system to
observe late stage C. elegans embryos, which exhibit constant twitching and rotation inside the egg, as shown in
Figure 5. A wide-ﬁeld ﬂuorescence image of the late-stage
embryo (Figure 5a) shows low contrast and poor distinction
among individual nuclei. Contrarily, the LSFM with the
meta-lens captures embryo movement with decent contrast
in Figure 5b. Figure 5c shows intensity cross-sections
comparing the signal-to-background with wide-ﬁeld ﬂuorescence microscopy and our LSFM system. Time-lapse

animation of imaging in vivo late stage C. elegans embryos
can be found in Supplementary video 3. Changes in
structures of constant twitching and rotation over a period
of ∼200 s can be clearly observed. Taken together, the
experimental results further conﬁrm the capability of our
meta-lens-equipped LSFM system for multicolor imaging
applications, which is of fundamental interest for various
biomedical research ﬁelds [42]. Notably, our meta-lensequipped LSFM system shows comparable image capability with conventional LSFM, which uses a combination
of an objective and a conventional cylindrical lens as the

Figure 5: In vivo ﬂuorescence images of developing embryos.
(a) Wide-ﬁeld ﬂuorescence image of the embryo. (b) LSFM image of the embryo immobilized in agar. (c) Intensity cross-sections along the lines
plotted in (a) and (b), respectively. I, II, and III indicate three different locations inside the embryos with a contrast value of 77, 24, and 15%
using the meta-lens-equipped LSFM, while the corresponding value using the wide-ﬁeld ﬂuorescence microscopy is 14, 6, and 6%, respectively. (a) and (b) are shown in the same scale (time-lapse video can be found in supplementary materials).
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illumination arm (Figure S8). Compared to the length of the
illumination arm used in the conventional LSFM, the
thickness of the meta-lens is signiﬁcantly thinner. Therefore, the whole LSFM system can be dramatically miniaturized while maintaining a similar imaging capability for
the targeted biospecimens.
In this work, we demonstrated a simple and effective
use of nanophotonic meta-lens for realizing a compact
light-sheet microscope for biomedical imaging. By adapting nanophotonic metasurface optics into a microscope,
the system size can be effectively reduced while the imaging capability for the targeted biospecimens still remains. To the best of our knowledge, this is the first report
on the fluorescence imaging of live C. elegans by light-sheet
microscopy. With the well-designed meta-lens, the illumination arm of our LSFM reduced signiﬁcantly, and the
system shows a similar resolution of the cellular structures
as the conventional counterpart. Unlike conventional
refractive lenses, light-sheets parameters can be effectively
tuned during the design process for increasing functionalities of LSFM. One of the major issues with any LSFM
setup is the sample space between the two high NA objectives used in the detection, as well as illumination. As
the working distance decreases with increasing the NA of
objectives in both detection and illumination, which limits
space for samples as well as scanning ranges [46]. In this
context, reducing the complexity of the illumination will
greatly relax such limitations. Further, the compact size
and planar geometry of meta-lens allow its integration
even with a sample holder to make a compact illuminator
for LSFM. The impact of current work will be signiﬁcantly
visible: (a) in designing a portable and miniature microscope, (b) by adapting meta-lens in commercial LSFM and
other advanced setups. For any futuristic miniature LSFM
setup that includes microﬂuidics channels for lab-on-chip
applications, ﬁber optics, or endoscopic probes, manipulation of light with metasurface-based optical element will
outperform any other conventional refractive/diffractive
optical components due to their inherent unique properties. The live imaging of the worms will facilitate a deep
understanding of the intricate developmental biological
process in C. elegans, which will be of great importance to
developmental and medical applications. The reported
system is inherently associated with all the advantages of
LSFM, which will directly help in performing developmental biological studies for bio-specimens in real-time
for longer durations. At present, the meta-lens is used only
for illumination; however, with further experimentation,
the LSFM system, which uses meta-lenses for both the
detection and excitation, can be realized. The techniques
discussed in this work for reducing the instrument size are
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not only beneﬁcial for research-level microscopy but also
compact microscopes for teaching and industrial purposes,
such as multihead microscopes for parallelizing imaging.

3 Conclusions
In conclusion, we have shown the implementation of a
metasurface optical element in LSFM for imaging live
biological samples. The performance of our LSFM was
evaluated by utilizing standard fluorescent microspheres
and in vivo imaging of ﬁne structures associated with the
developmental process in live C. elegans. Results obtained
from our systems clearly show internal structures of the
C. elegans up to cellular resolution for multiple wavelengths. Experimental measurements are compared with
the conventional LSFM systems (i.e., without any metalenses), and similar image resolution is demonstrated. The
results clearly illustrate the capability of the system for
biomedical imaging applications. Moreover, the signiﬁcance of the present techniques lies in the fact that the
complexity of the instrument in the illumination is entirely
reduced, from tens of centimeters to 800 nm, without
affecting any imaging performance, which clearly shows
great potentials to utilize metasurface optics for miniaturizing microscopic imaging instruments. Applications of
meta-lens can be readily extended to illumination, as well
as in the detection of LSFM to include all the essential
features of metasurfaces. Metasurface optics can be utilized for many LSFM modalities to achieve novel functionalities, such as meta-lens arrays [10] for light-sheet
generation, multi-view/multi-dimensional selective plane
illumination microscopy [47, 48], near-infrared [49] and
multi-photon LSFM [50]. Further, by integrating beam
shaping techniques in the meta-lens design, exotic lightsheet patterns with extended ﬁeld of view and smaller
thickness can be achieved. We believe the present work is
an advancement of the application areas of metasurface in
the ﬁeld of microscopy.

4 Methods
4.1 Experimental setup for the meta-lens-equipped
LSFM
To realize the ultracompact LSFM system, we designed and built an
experimental setup that integrates the meta-lens for illumination
(Figure 6). A photograph, as well as a schematic of it, is shown in
Figure 6a and b, respectively. To characterize the performance of the
light-sheet meta-lens, the intensity proﬁles of the generated light-
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Figure 6: Meta-lens-equipped LSFM.
(a) Photograph of the LSFM system. (b) Schematic of the experimental setup for the meta-lens-equipped LSFM. (c) Schematic of the setup for
the standard LSFM. (d) Cross-sectional views of the light-sheets generated in water along the y-z plane at 491 nm (top panel) and 532 nm
(bottom panel), respectively. (e) Corresponding intensity proﬁles of the respective light-sheet at different wavelengths along the z-axis.
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sheet along the optical axis were measured (Figure S6). The substrate
of the light-sheet meta-lens was cut into a 5 mm × 5 mm square and
taped on a microscope glass slide as the illumination component. It
was mounted on a three-dimensional stage to precisely control the
illumination condition for the C. elegans. Due to the ultracompact size
of the meta-lens, it enables the system to have design ﬂexibility to
create more sample space. An acrylic sample holder with a thin glass
window was designed and made. The sample holder can well ﬁt in the
space between the meta-lens and the detection objective, and it was
placed on a piezo stage for axial scanning. In this way, this system was
able to precisely image different layers of the samples. The light-sheet
meta-lens was placed adjacent to the glass window of a sample holder.
To monitor the ﬂuorescent images from the illuminated section of the
sample, a water immersion objective (UMPLAN FLN 20×, NA 0.5) and
an sCMOS camera (Hamamatsu ORCA4.0) were used. The excitation
laser was incident from the substrate of the light-sheet meta-lens, and
light-sheet illumination was generated in the sample holder to excite
ﬂuorescence within the tagged C elegans. A long-pass ﬁlter was placed
between the camera and the objective detection lens to ﬁlter out the
excitation. With the light-sheet meta-lens, the size of the illumination
part is less than 1 × 1 mm, and 800 nm in thickness. Notably, in
general, the illumination arm in a standard LSFM is of few tens of
centimeters in length [12]; therefore, with the light-sheet meta-lens,
the size of illumination is reduced by more than six orders of magnitude. The cross-section views of the light-sheets with different laser
wavelengths are shown in Figure 6d. The light-sheets with uniform
intensity distributions in water can be observed in the images. The full
width at half maxima (FWHMs) of the light-sheets for 532-nm and
491-nm are around 6.5 µm (Figure 6e). The results show that the LSFM
system shows a much compact system size compared to the conventional counterparts, and it is capable of producing light-sheets at
different excitation wavelengths.
In the experimental measurements, the light-sheet meta-lens was
taped on a cleaned glass slide and mounted on a three-dimensional
linear stage (3D stage) to precisely control the light-sheet position. The
sample was placed in water in the sample holder placed on another 3D
stage for sample tracing and scanning. The incident laser was illuminated from the backside of the light-sheet meta-lens. A water immersion objective was used to collect the fluorescence from the
illumination section of the live C. elegans. A long pass ﬁlter was placed
between the objective and the sCMOS camera to ﬁlter out the excitation signal.

Author contribution: Y.L., M.L.T., S.V. contributed equally.
M.L.T., S.V., J.-W.C., T.-T.H, M.K.C., and C.H.C. performed
the numerical simulation and the meta-lens design. H.Y.K.
and T.-T.H. performed the characterization of the metalens. V.-C.S., X. S., C.-H.K., and J.-W.C. performed the
sample preparation. T.-Y.H., J.-C.W., and S.V. built the
optical system. M.L.T., S.V., Y.-C.C., and T.Y.H. performed
the light-sheet microscopy measurements. J.-C.W., S.-Y.
Chen, and H.-F. Peng prepared and provided the C. elegans.
M.L.T., S.V., C.H.C., Y.L., D.P.T. co-wrote the manuscript.
Y.L., K.-Y.H., H. M., and D.P.T. supervised this work. Y.L.
and D.P.T. organized the project, designed and developed
the numerical design and the optical measurement,
analyzed the results, and prepared the manuscript. All

1957

authors discussed the results and commented on the
manuscript.
Research funding: The authors acknowledge ﬁnancial
support from the Ministry of Science and Technology,
Taiwan (Grant No. 108-2221-E-002-168-MY4), and National
Taiwan University (NTU-107L7728, NTU-107L7807, and
NTU-YIH-08HZT49001. They are also grateful to the
Shenzhen Science and Technology Innovation Commission
Grant (No. SGDX2019081623281169), the University Grants
Committee/Research Grants Council of the Hong Kong Special
Administrative Region, China (Project No. AoE/P-502/20 and
GRF Project: 15303521), the Department of Science and
Technology of Guangdong Province (2020B1515120073), and
the Department of Electrical Engineering, City University of
Hong Kong (Project No. 9380131). X. S. and H. M. acknowledge
ﬁnancial support from JSPS KAKENHI Grant No. JP18H05205,
the Nanotechnology Platform (Hokkaido University), and the
Dynamic Alliance for Open Innovation Bridging Human,
Environment, and Materials (Five-Star Alliance) of MEXT.
They are also grateful to the NEMS Research Center of
National Taiwan University, the Taiwan National Center for
High-Performance Computing, and the Research Center for
Applied Sciences, Academia Sinica, Taiwan, for their support.
Conﬂict of interest statement: The authors declare no
conﬂicts of interest regarding this article.

References
[1] R. M. Power and J. Huisken, “A guide to light-sheet ﬂuorescence
microscopy for multiscale imaging,” Nat. Methods, vol. 14, no. 4,
pp. 360–373, 2017.
[2] O. E. Olarte, J. Andilla, E. J. Gualda, and P. Loza-Alvarez, “Lightsheet microscopy: a tutorial,” Adv. Opt. Photon, vol. 10, no. 1,
pp. 111–179, 2018.
[3] E. H. K. Stelzer, “Light-sheet ﬂuorescence microscopy for
quantitative biology,” Nat. Methods, vol. 12, no. 1, pp. 23–26, 2014.
[4] P. J. Keller, A. D. Schmidt, J. Wittbrodt, and E. H. Stelzer,
“Reconstruction of zebraﬁsh early embryonic development by
scanned light sheet microscopy,” Science, vol. 322, no. 5904,
pp. 1065–1069, 2008.
[5] B. C. Chen, W. R. Legant, K. Wang, et al., “Lattice light-sheet
microscopy: imaging molecules to embryos at high
spatiotemporal resolution,” Science, vol. 346, no. 6208,
p. 1257998, 2014.
[6] A. K. Gustavsson, P. N. Petrov, M. Y. Lee, Y. Shechtman, and
W. E. Moerner, “3D single-molecule super-resolution microscopy
with a tilted light sheet,” Nat. Commun., vol. 9, no. 1, pp. 1–8, 2018.
[7] G.-Y. Lee, J. Sung, and B. Lee, “Metasurface optics for imaging
applications,” MRS Bull., vol. 45, no. 3, pp. 202–209, 2020.
[8] M. L. Tseng, H.-H. Hsiao, C. H. Chu, et al., “Metalenses: advances
and applications,” Adv. Opt. Mater., vol. 6, no. 18, p. 1800554, 2018.
[9] S. Wang, P. C. Wu, V. C. Su, et al., “A broadband achromatic
metalens in the visible,” Nat. Nanotechnol., vol. 13, no. 3,
pp. 227–232, 2018.

1958

Y. Luo et al.: Meta-lens light-sheet fluorescence microscopy

[10] R. J. Lin, V. C. Su, S. Wang, et al., “Achromatic metalens array for
full-colour light-ﬁeld imaging,” Nat. Nanotechnol., vol. 14, no. 3,
pp. 227–231, 2019.
[11] E. H. K. Stelzer, “S09-02 Light sheet based ﬂuorescence
microscopes (LSFM, SPIM, DSLM) reduce phototoxic effects by
several orders of magnitude,” Mech. Dev., vol. 126, no. S36,
2009. https://doi.org/10.1016/j.mod.2009.06.1034.
[12] J. Huisken, J. Swoger, F. Del Bene, J. Wittbrodt, and
E. H. K. Stelzer, “Optical sectioning deep inside live embryos by
selective plane illumination microscopy,” Science, vol. 305,
no. 5686, pp. 1007–1009, 2004.
[13] P. J. Keller and M. B. Ahrens, “Visualizing whole-brain activity
and development at the single-cell level using light-sheet
microscopy,” Neuron, vol. 85, no. 3, pp. 462–483, 2015.
[14] L. Gao, L. Shao, C. D. Higgins, et al., “Noninvasive imaging
beyond the diffraction limit of 3D dynamics in thickly
ﬂuorescent specimens,” Cell, vol. 151, no. 6, pp. 1370–1385,
2012.
[15] Z. Guan, J. Lee, H. Jiang, et al., “Compact plane illumination
plugin device to enable light sheet ﬂuorescence imaging of
multi-cellular organisms on an inverted wide-ﬁeld microscope,”
Biomed. Opt Express, vol. 7, no. 1, pp. 194–208, 2016.
[16] I. Albert-Smet, A. Marcos-Vidal, J. J. Vaquero, M. Desco, A. MunozBarrutia, and J. Ripoll, “Applications of light-sheet microscopy in
microdevices,” Front. Neuroanat., vol. 13, p. 1, 2019.
[17] A. B. Kashekodi, T. Meinert, R. Michiels, and A. Rohrbach,
“Miniature scanning light-sheet illumination implemented in a
conventional microscope,” Biomed. Opt Express, vol. 9, no. 9,
pp. 4263–4274, 2018.
[18] H.-H. Hsiao, C. H. Chu, and D. P. Tsai, “Fundamentals and
applications of metasurfaces,” Small Methods, vol. 1, no. 4,
p. 1600064, 2017.
[19] M. K. Chen, Y. Wu, L. Feng, et al., “Principles, functions, and
applications of optical meta‐lens,” Adv. Opt. Mater., vol. 9, no. 4,
p. 2001414, 2021.
[20] A. V. Kildishev, A. Boltasseva, and V. M. Shalaev, “Planar photonics
with metasurfaces,” Science, vol. 339, no. 6125, p. 1232009, 2013.
[21] A. I. Kuznetsov, A. E. Miroshnichenko, M. L. Brongersma,
Y. S. Kivshar, and B. Luk’yanchuk, “Optically resonant dielectric
nanostructures,” Science, vol. 354, no. 6314, p. 846, 2016.
[22] J. Hu, D. Wang, D. Bhowmik, et al., “Lattice-resonance
metalenses for fully reconﬁgurable imaging,” ACS Nano, vol. 13,
no. 4, pp. 4613–4620, 2019.
[23] G. Sartorello, N. Olivier, J. Zhang, et al., “Ultrafast optical
modulation of second- and third-harmonic generation from cutdisk-based metasurfaces,” ACS Photonics, vol. 3, no. 8,
pp. 1517–1522, 2016.
[24] B. Wood, J. B. Pendry, and D. P. Tsai, “Directed subwavelength
imaging using a layered metal-dielectric system,” Phys. Rev. B,
vol. 74, no. 11, p. 115116, 2006.
[25] J. L. West and N. J. Halas, “Engineered nanomaterials for
biophotonics applications: improving sensing, imaging, and
therapeutics,” Annu. Rev. Biomed. Eng., vol. 5, no. 1,
pp. 285–292, 2003.
[26] N. Yu and F. Capasso, “Flat optics with designer metasurfaces,”
Nat. Mater., vol. 13, pp. 139–150, 2014.
[27] G. H. Yuan and N. I. Zheludev, “Detecting nanometric
displacements with optical ruler metrology,” Science, vol. 364,
no. 6442, pp. 771–775, 2019.

[28] C. H. Chu, M. L. Tseng, J. Chen, et al., “Active dielectric
metasurface based on phase-change medium,” Laser Photonics
Rev., vol. 10, pp. 986–994, 2016.
[29] M. L. Tseng, J. Yang, M. Semmlinger, C. Zhang, P. Nordlander,
and N. J. Halas, “Two-dimensional active tuning of an aluminum
plasmonic array for full-spectrum response,” Nano Lett., vol. 17,
no. 10, pp. 6034–6039, 2017.
[30] M. Jang, Y. Horie, A. Shibukawa, et al., “Wavefront shaping with
disorder-engineered metasurfaces,” Nat. Photonics, vol. 12,
pp. 84–90, 2018.
[31] R. Paniagua-Dominguez, Y. F. Yu, E. Khaidarov, et al., “A
metalens with a near-unity numerical aperture,” Nano Lett.,
vol. 18, no. 3, pp. 2124–2132, 2018.
[32] H. H. Hsiao, Y. H. Chen, R. J. Lin, et al., “Integrated resonant unit
of metasurfaces for broadband efﬁciency and phase
manipulation,” Adv. Opt. Mater., vol. 6, p. 1800031, 2018.
[33] B. H. Chen, P. C. Wu, V. C. Su, et al., “GaN metalens for pixel-level
full-color routing at visible light,” Nano Lett., vol. 17, no. 10,
pp. 6345–6352, 2017.
[34] S. Wang, P. C. Wu, V. C. Su, et al., “Broadband achromatic optical
metasurface devices,” Nat. Commun., vol. 8, p. 187, 2017.
[35] F. Shi, M. Qiu, L. Zhang, E. Y. Lam, and D. Y. Lei, “Multiplane
illumination enabled by fourier-transform metasurfaces for highspeed light-sheet microscopy,” ACS Photonics, vol. 5, no. 5,
pp. 1676–1684, 2018.
[36] M. Khorasaninejad, F. Aieta, P. Kanhaiya, et al., “Achromatic
metasurface lens at telecommunication wavelengths,” Nano
Lett., vol. 15, no. 8, pp. 5358–5362, 2015.
[37] A. Leitis, A. Tittl, M. Liu, et al., “Angle-multiplexed all-dielectric
metasurfaces for broadband molecular ﬁngerprint retrieval,”
Sci. Adv., vol. 5, p. eaaw2871, 2019.
[38] S. C. Johnson, P. S. Rabinovitch, and M. Kaeberlein, “mTOR is a
key modulator of ageing and age-related disease,” Nature,
vol. 493, pp. 338–345, 2013.
[39] M. C. Leung, P. L. Williams, A. Benedetto, et al.,
“Caenorhabditis elegans: an emerging model in biomedical
and environmental toxicology,” Toxicol. Sci., vol. 106, no. 1,
pp. 5–28, 2008.
[40] T. Kaletta and M. O. Hengartner, “Finding function in novel
targets: C. elegans as a model organism,” Nat. Rev. Drug Discov.,
vol. 5, no. 5, pp. 387–398, 2006.
[41] S. Brenner, “The genetics of Caenorhabditis elegans,” Genetics,
vol. 77, no. 1, pp. 71–94, 1974.
[42] Y. Wu, A. Ghitani, R. Christensen, et al., “Inverted selective plane
illumination microscopy (iSPIM) enables coupled cell identity
lineaging and neurodevelopmental imaging in Caenorhabditis
elegans,” Proc. Natl. Acad. Sci. U.S.A., vol. 108, no. 43,
pp. 17708–17713, 2011.
[43] M. Rieckher, I. Kyparissidis-Kokkinidis, A. Zacharopoulos, et al.,
“A customized light sheet microscope to measure spatiotemporal protein dynamics in small model organisms,” PLoS
One, vol. 10, p. e0127869, 2015.
[44] L. Breimann, F. Preusser, and S. Preibisch, “Light-microscopy
methods in C. elegans research,” Curr. Opin. Struct. Biol., vol. 13,
pp. 82–92, 2019.
[45] X. Shu, N. C. Shaner, C. A. Yarbrough, R. Y. Tsien, and
S. J. Remington, “Novel chromophores and buried charges
control color in mFruits,” Biochemistry, vol. 45, no. 32,
pp. 9639–9647, 2006.

Y. Luo et al.: Meta-lens light-sheet fluorescence microscopy

[46] T. C. Fadero, T. M. Gerbich, K. Rana, et al., “LITE microscopy:
tilted light-sheet excitation of model organisms offers high
resolution and low photobleaching,” J. Cell Biol., vol. 217, no. 5,
pp. 1869–1882, 2018.
[47] U. Krzic, S. Gunther, T. E. Saunders, S. J. Streichan, and
L. Hufnagel, “Multiview light-sheet microscope for rapid in toto
imaging,” Nat. Methods, vol. 9, no. 7, pp. 730–733, 2012.
[48] J. Huisken and D. Y. R. Stainier, “Even ﬂuorescence excitation by
multidirectional selective plane illumination microscopy
(mSPIM),” Opt. Lett., vol. 32, no. 17, pp. 2608–2610, 2007.

1959

[49] W. R. Legant, L. Shao, J. B. Grimm, et al., “High-density threedimensional localization microscopy across large volumes,”
Nat. Methods, vol. 13, no. 4, pp. 359–365, 2016.
[50] S. Wolf, W. Supatto, G. Debregeas, et al., “Whole-brain
functional imaging with two-photon light-sheet microscopy,”
Nat. Methods, vol. 12, no. 5, pp. 379–380, 2015.

Supplementary Material: The online version of this article offers
supplementary material (https://doi.org/10.1515/nanoph-2021-0748).

