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Agenda

Basics of light sheet microscopy

Key concepts: optical sectioning, optical resolution

What instrument o use?¢

Specialized systems accessible to Rockefeller scientists
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Basic Setup- Fluorescence Microscopy

Camera or Detector or

Photomultiplier Tube
Emission
Filter
Laser Line or Focused \\
Broadband Soure  _ = ‘ \ b
ichroic
Excitation ﬁ ilter
Filter
Microscope /
Focusing ”
Objedtive Slide

Adapted From Edmund Optics Application Notes
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Light sheet fluorescence microscopy

Excitat. Objective
|

Adapted from Zeiss, Light sheet microscopes
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Ultramicroscope

Siedentopf and Zsigmondy 1903
- Light-sheet to inspect colloidal gold

Timelapse: Ultramicroscope microcinematography, Zeiss 1930s
- Microbiology, Parasitology, Plant biology

........

Detection arm

lllumination arm lllumination objective

(. 1 1 I ]

i N

Light sheet Sample

Adapted from H. Siedentopf and R. Zsigmondy (1903), Annalen der Physik
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Light Scanning Photomacrography (LSP)

‘Dynaphot,’ Irvine Optical Corporation 1964
- Light-sheet to photograph the surface of 3D objects — shells and insects

HOT Light Scanning
hic Systems

stem used to produc o-
pth of field. The Dynaphot®
4x5 format bello amera
ild

Dg= Depth o

D

Source: https://www.mccrone.com/mm/scanning-light-photomacrography-system/
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Light sheet fluorescence microscopy

Orthogonal-plane fluorescence optical sectioning (OPFQOS)

Arne Voie, Francis Spelman, University of Washington 1993
- To inspect cleared guinea pig cochlea

Selective plane illumination microscopy (SPIM)

Jan Huisken, Ernst Stelzer, EMBL 2004
- Started the current inferest in light-sheet microscopy

Digitally scanned light sheet microscopy (DSLM)

Philipp Keller, Ernst Stelzer, EMBL 2008
- “Digital embryo,” a database of cell positions, divisions, and migratory tracks
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Early implementations

OPFOS

Voie, Arne H., and Francis A. Spelman.

Three-dimensional reconstruction
of the cochlea from two-dimensional
images of optical sections.l"™

Ultramicroscopy
Zsigmondy, Richard Adolf
Properties of Colloids
— MNobel Lecture.l'

!

SPIM
Microscopy

Huisken, Jan, et al.
Optical sectioning deep inside
live embryos hy selective plane
illumination microscopy.®

Confocal Slit Detection
Baumgart, Eugen, and
Ulrich Kubitscheck.
Scanned light sheet microscopy
with confocal slit detection.”!

1

Modern light-sheet microscopy

Axially Swept Light-sheet
Dean, Kevin M., et al.
Deconvolution-free subcellular
imaging with axially swept
light sheet microscopy. '

?

IsoView
Chhetri, Raghav K., et al.
Whole-animal functional
and developmental imaging
with isotropic spatial resolution. ™

?

SimView
Tomet, Raju, et al.
Quantitative high-speed imaging of entire
developing embryos with simultaneous
multiview light-sheet microscopy.'™

!

Light-sheet and Structured
lllumination
Breuninger, Tobias, Klaus Greget,
and Ernst HK Stelzer.
Lateral modulation boosts image quality in single
plane illumination fluorescence microscopy.!'?

Lattice Light-sheet
Chen, Bi-Chang, et al.
Lattice light-sheet microscopy:
imaging molecules to embryos at
high spatiotemporal resolution.®!

L

Light-sheet RESOLFT
Superresolution
Bodén, Andreas, et al.
Super-sectioning with multi-sheet
reversible saturable optical fluorescence
transitions (RESOLFT) microscopy.!™®

Adaptive Optics Lattice
Light-sheet
Liu, Tsung-Li, et al.
Observing the cell in its native state: Imaging
subcellular dynamics in multicellular organisms.®!

|
1905

1994

2004

2007

2012

2014

2018 2024

[ 1

|

ORCA®-ER
camera

ORCA®-Flash 2.8
camera

ORCA®-Flash 4.0v2
camera

ORCA®-Fusion
camera

ORCA®-Quest
camera

Adapted from Hamamatsu Featured products & technologies, 2025
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Kugler E., Reynaud E. G. (2020), FocalPlane LSFM series
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Single-objective imaging

e Objective

Tilted
light sheet

v/

Sample

Requires access to specimen
from only one side

Functional imaging
of the mouse brain

Bouchard et al. 2015 (SCAPE)

- — : Simultaneous imaging
Single-view imagin : ;

6 gihg of two opposing views
Detection

¥ objective K - - "/I

“u

lllumination
\. objective
Sample

lllumination objective /T
{optional)
Strengths

Simple design and
cheap to implement

High-speed imaging
of light-scattering specimens

Key applications

Medium-resolution imaging

of zebrafish larval brain Medium-resolution imaging

Functional imaging of Drosophila nervous system

of mammalian tissue explants

Reference implementations for functional imaging

Holekamp et al. 2008 (OCPI)
Ahrens et al. 2013 (SiMView)
Panier ef al. 2013
Wolf et al. 2015
Tomer et al. 2015 (SPED)
Quirin et al. 2016

Lemon et al. 2015 (hs-SiMView)
Royer et al. 2016 (SiMView AutoPilot)

R. K. Chhetri, P. J Keller (2020), Handbook of Neurophotonics

] .
(‘ . Scanned
y o D - »” Gaussian
|

Flavors of light-sheet microscopes

Simultaneous imaging
of four orthogonal views

Ox
of

beams

High-speed imaging
with isotropic subcellular resolution

High-resolution imaging
of zebrafish larval brain

High-resolution imaging
of Drosophila nervous system

Chhetri et al. 2015 (IsoView)

Focus onin vivo neuroimaging
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e et ey Custom-built light-sheet systems

Bessel*

Lattice*

diSPIM

ISPIM

Static Light-Sheet Digitally-Scanned Light-Sheet Single Objective Light-Sheet

Not exhaustivel
Only listing a few sustained, active development

* Non-Gaussian Beam
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Static light-sheet

A sheet of light shaped with a cylindrical lens

No beam focusing along X
Y

S

Selective Plane lllumination Microscopy (SPIM)

y Beam focusing along Z

Simple and cost-effective
Light-sheet height adjusted with an aperture

Beam non-uniformity along X results in distinct intensity gradients
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Digitally-scanned light-sheet

A low NA beam scanned (along X) to generate a virtual sheet of light

Scan

Forms images with uniform intensity
Light-sheet height (along X) digitally adjustable

Higher background suppression
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Digitally-scanned light-sheet: volumetric acquisition

Axial scan of the
detfection objective Scanned beam

Sample volume Optically
sectioned image
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Opfical sectioning

Wide-field Confocal Light-sheet

axial

L,

|ateral

—

@® Objectatz,

@» Objectatz,

Z) 2 1 2
Images at e o5 ° - * 4
different depth
Optical sectioning via Optical sectioning via the

Lacks inherent opftical sectioning

the size of the pinhole thickness of the light-sheet
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Wide-field

Optical resolution

Confocal

Light-sheet

Axial

L,

Lateral

e Sub-diffraction point source

@ [Image of the point source

0.61 1

Ry =Nz~
2nAi
k.= 3o

Rxy
> Xy
— V2

NIl

o

1

_+_

R,

1
20
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Back focal plane

v

Tube lens

Objective lens

Axial Resolution

Lateral Resolution
R = 0.614 R = ﬂ
Xy NA Z NAZ
NA Resolution Anisotropy
0.3 1.1 um 15.6 um 14x
0.8 420 nm 2.2 dm 5.2X
1.0 320 nm 1.4 um 4.4x

- Emission wavelength of 525 nm
- Inwater, refractive Index of 1.333
Light-sheeft thickness not faken into consideration
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e Isotropic resolution: Acquisition from multiple views lsoView
diSPIM

First View: 0° Second View: 90°

p—

S PSF @
axial lateral
lateral axial

Real space  Fourier space  Real space

Combined image with
near-isotropic resolution

- Compute: Reliant on computational registration and deconvolution

First image: 0°

Limitation:

Second image: 90°

J. Swoger et al, Multi-view image fusion improves resolution in three-dimensional microscopy, Optics Express 15, 8029 (2007).
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Isotropic resolution: Ultra-thin light-sheet Lattice light sheet

°
2
S

Ultra-thin light-sheet

y

1+1 -1
R, 2w

Limitations:

- Restricted to a small field-of-view (Lattice)
- Reduced speed: sample scanning (Lattice), sweeping of a Gaussian focus (ASLM)

- Ultra-thin light-sheet: susceptible to out-of-focus motion artifacts



THE ROCKEFELLER UNIVERSITY

Science for the benefit of humanity

Light-sheet: gentle imaging

Minimal photo-damage with light-sheet imaging

Adapted from https://www.microscopyu.com/techniques/light-sheet/light-sheet-fluorescence-microscopy
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Trade-offs

Photodamage

Light-sheet microscopy

v High Spatiotemporal resolution
v Large physical coverage

v’ Low Background

v Low power density

Y ] : :
Field of Long-term imaging

View

Nelelfe]

resolution

Temporal

resolution
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Recap
Spinning Disk
Wide-field Confocal Confocal Light-sheet
Diffraction-limited resolution v 4 v v
Optical sectioning i v v v
Rapid Volumetric Acquisition v v v
v

Low Photobleaching, phototoxicity

* . .
For thin samples, otherwise hindered by lack of contrast

** Relies on the depth of field of the detection objective
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What do you want to see?

diSPIM

iISPIM

Fast and high-resolution imaging of small,

Simple and customizable setups
mostly flat samples (<100 um in depth)

High-resolution imaging of small samples
(<100 uym in depth) or large, cleared samples

Imaging of large, centimeters-scale
cleared samples

¥ Utilizes ASLM

What light-sheet instrument to use?

Fast imaging of samples (~100 um in depth),
single objective access to samples

Fast and high-resolution imaging of large 3D
samples (100 um to >1 mm), cleared samples

* Non-Gaussian Beam
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s Light-Sheet flavors accessible to Rockefeller scientists

Latfice

Fast and high-resolution imaging of small, -

mostly flat samples (<100 ym in depth)

Fast imaging of samples (~100 ym in depth),
single objective access to samples

Fast imaging of multiple centimeter-scale
cleared tissue samples

Fast and high-resolution imaging of large 3D
samples (100 ym to >1 mm), cleared samples
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SiMView: Simultaneous multi-View light-sheet microscopy

lllumination objective 2

Sample Q
Lateral FWHM ~ 400 nm

‘A RS Light sheet (405-1080 nm)

P ‘

S Detection
Sample holder & objective 2
y

Detection objective 1

Axial FWHM ~ 1.5 um

lllumination

objective 1 ,

o

Tomer, R., Keller, P.J. et. al., Quantitative high-speed imaging of entire developing embryos with simultaneous multiview light-sheet microscopy. Nat. Methods 9, 755-763 (2012).



THE ROCKEFELLER UNIVERSITY

et IsoView: Isotropic, mulfi-View light-sheet microscopy

Objective 4 Objective 1

Confocal line detection Confocal line detection

Lateral FWHM ~ 400 nm
Axial FWHM ~ 400 nm

/ Sample holder \

Objective 3
Objective 2

Chhetri, R. ef al. (2015), Nature Methods
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Binary SLM

M’Z wave plate

EH

L= ]
e ——a.
= Z cylindrical lens ?\
=

Detection %
Objective 4 ;

Lateral FWHM ~ 230 nm

Axial FWHM ~ 370 nm

1 B
L
i

/ R Camera
XGaIvo\ = g S - -f Epi Objective o

Excitation Laser Chen, B., et al., Science 2014



THE ROCKEFELLER UNIVERSITY

Science for the benefit of humanity

Input:
Gaussian Beam

Input:
Gaussian Beam

Beam shaping

Resolution

Va

* Output:
T Gaussian Beam

Resolution
Output:

Source: https://obel.ee.uwa.edu.au/research/techniques/beam-shaping/

T Bessel Beam
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Beams at the objective back pupill

d

Detection objective Detection objective

Excitation objective

Cylindrical Scanning

lens baam
lllumination light sheet Virtual illumination light sheet

C Pupil plane Image plane
-~
|
2 10_””“ *1 um
e A
-
(™.
~—
l -
[
=

Gao L., Shai L., Chen B-C., Betzig, E. (2014) Bessell beam plane illumination microscopy, Nature Protocols
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Lattice light-sheet microscopy

Shapes a Bessel beam to create a “lattice” of beams

intensity at rear pupil

Gaussian

intensity (a.u.)

intensity at sample swept/dithered intensity

overall PSF

Belelololatnininlnfnie]

square lattice

D '
o2
b= | |  eleleleleletelolalele
- o sl nlnenlnnln
g nnnnnnnn
Q e 8 B B B B LI
o] 2 1 sileleleielniwinininln
o | |
>
[14]
= |

-

Chen, B., et al., Science 2014

Lateral FWHM ~ 230 nm
Axial FWHM ~ 370 nm
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SCAPE: swept confocally aligned planar excitation microscopy

Fluorescence Excitation (in)
(out) (line profile)

Scanned
excitation
light

Focused

/ -~ Llight sheet
Axis (2')

Scan

Lateral
atera AXis (x) ' scannin
Axis (y) © J

V. Voleti et al., (2019) Nature Methods
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Remote focusing

Axial sectioning without the movement of the sample or the primary objective lens

Back focal Planes

Primary Objective (L1)
Second Objective (L2)

Third Objective (L3)

detector

Bofcherby EJ, Juskaitis R, Booth MJ, Wilson T (2007) Aberration-free opfical refocusing in high numerical aperture microscopy. Opt Lett 32:2007
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SCAPE: swept confocally aligned planar excitation microscopy

Fluorescence Excitation (in)

(out) (line profile)

Scanned
excitation
light

Focused

/Depth
Axis (2)

Sample
fluorescence” &4

7 Scan
Lateral Axis (x)
Axis (y)

V. Voleti et al., (2019) Nature Methods

scanning

® Primary Objective
Olympus 20x/1.0 water

Second Objective
Nikon 20x/0.75NA air

Tilted Objective
Edmund 20x/0.60NA (eff NA 0.35)

Lateral FWHM ~ Tum
Axial FWHM ~ 3-4 um

Effective NA of 0.35
Collection efficiency max = (0.35/1.0) = 12.25%
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What light-sheet instrument to use?

Sample geometry and mounting: flat

Illgmination De:tection De‘tect.ion Lattice

axis (x) axis (z) objective lens

Fast and high-resolution
imaging of small, mostly flat
samples (<100 um in depth)

o g

-_—

[llumination [

objective lens Specimen Microscopy slide

Specimen

SCAPE

Fast imaging of samples
(~100 um in depth), single
objective access to samples

Stelzer, E. H. et al. (2021). Light sheet fluorescence microscopy. Nature Reviews Methods Primers
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What light-sheet instrument to use?

Sample geometry and mounting: 3D

Teflon —
—FEP tube —_——

Glass
capillary Matrigel

—— Metal pin

Emb ryT

—Glass

— Cobweb ;
capillary

— Agarose
holder

(low concentration)

——— Tribolium embryo

Spheroids
— Zebrafish embryo Drosophila embryo
+—— Agarose Slotted hole - 1 +— Agarose
(high concentration) with agarose film Dental wax coltimn

Fast and high-resolution imaging of large 3D
samples (100 um to >1 mm)

Cleared samples: 1 — 10 mm

Stelzer, E. H. et al. (2021). Light sheet fluorescence microscopy. Nature Reviews Methods Primers
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Optical heterogeneity

Optical heterogeneity

Morphogenetic

Challenges in light-sheet imaging of large specimens

of environment of sample changes
N o
n support matrix specimen
B
T
light sheet

sample
holder
N: refractive index

J

cross-section
N: refractive index

Spatiotemporal changes in gene expression

\
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SiMView with automated adjustment of light sheet geometry

Camera 1

Camera 2

@ Piczo actuators in detection arms (D,, D,) @@ Galvanometer scanners for light-sheet formation and positioning (a,, a,, /,, 1,)

@D Piezo actuators in illumination arms (Y, Y,) T Galvanometer scanners for light-sheet pivoting (8,, 8,)

PJ Keller, RK Chhetri, L Royer, US Patent US12360353B2
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V‘- J',,‘_.)--—g,_ 3 .

‘e 5
oAV LT
1':\__'{— B
; Intensity ;
50 um Drgsoph:la Ior.vo . . Co— Zebr.oflsh Ior.vo . . 100 um
B 2 Hz whole-animal functional imaging  panneural GCampss | Hz whole-brain functional imaging  +———

Left/right: 4.5/0.4 million images, 0.55/0.56 pJ perimage; 500x500%200/800x400x400 um?3 volume, 280/268 frames s!, 500/1,000 MB s-!
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Functional imaging throughout development
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Long-term, whole-animal functional imaging from embryonic to larval stages
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Expanded, cleared-tissue imaging

Rotating projection Volume slicing

Ros”

7.5-fold expanded Drosophila L1 larval CNS (tubulin label)

Effective 100 nm isofropic resolution

Entire volume imaged in 10 min 200 um
P

Horl, D., Rusak F. R., Preusser F., Tillberg P., Randel N., Chhetri, RK., et al. (2019), Nature Methods
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Outlook for the future

Sample Volume
:‘ \ [um?3] Adaptive, smart imaging

Multi-resolution imaging
Murine models 1010

Expansion

Zebrafish embryos 108 microscopy

e

Drosophila embryos ; u Light-sheet imaging

Confocal :*

N imaging : *
Mammalian :
cells

Bacteria _)

s
[ -

-

100 200 300 400 500 600 700 800

spatial resolution [nm]
Neuronal| Heart
) signaling beat

time scale

Cellular procgsses " " .

Endocytosis

) cell & Embryonic
( division “ development
[S] T LI L L T T T T rrrr T T TTTTT T T rrorrrg T T T T TTTTT T 1T rrrrrT
10° T adaptve, I I
(1 ms) (15s) (~17 min) (~2 weeks)

smart imaging

Daetwyler S., Fiolka R. P. (2023) Light-sheets and smart microscopy, Communications Biology

Large-format optical components
Parallelized imaging: Faster acquisition
Event-driven, Al-embedded imaging
Multi-modality integration

Broader scientific, clinical applications
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Bioimaging data vortex

¢ },

P

Schmidt C., et al. Research data management for bioimaging: the 2021 NFDI4BIOIMAGE community survey
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Survival guide: light-sheet data vortex

- Light-sheet data adds up quickly!

100+ GB to a few TB per experiment

- Pre-study planning

Conduct exploratory imaging, mock session
e.g., light-sheet thickness, mulfiple views

- ldentify necessary pre-processing steps
e.g.. de-skewing, multiview registration, deconvolution, motion-correction

- Don’tignore your data representation
e.g., bit depth, file type, int/float

- Plan ahead for data transfer, storage, and processing platform (on-premise, HPC, cloud), visualization

- ldentify necessary quantitative analysis steps and available resources
e.g.. segmentation, fracking (Ax, Ay, Az, AF/F)

- Collect minimal data necessary first, then scale up

- Reach out for help, ask questions!
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Questions?

Reminder: Please fill out the post-workshop survey



Light-sheet Reviews

Power, R. M., Huisken J. (2017), A guide to light-sheet fluorescence microscopy for multiscale imaging, Nature Methods
ChhetriR. K., Keller P. J. (2020), Functional imaging with light-sheet microscopy, Handbook of Neurophotonics

Stelzer, E. H. et al. (2021), Light sheet fluorescence microscopy, Nature Reviews Methods Primers

Comparison of Lattice and Gaussian light-sheets

Chang B.J., Dean K. M., Fiolka R. (2020), Systematic and quantitative comparison of lattice and Gaussian light-sheets
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