The Power of SIM
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fluorescence microscopy

Specificity

Sensitivity

Non-invasive (in situ & in vivo)
Multi-dimension (x,y,z, A, t,...)
Relative localisation & dynamics
“Single cell” to “high throughput”

vV vV VvV VvV VvV VY

Spatial resolution is
diffraction limited!

Magnification alone does not give

wide-field image... more details!
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..warmup:

“What determines the resolution of an optical
microscope ?”
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what objective would you take...”



’,...

... a bit more difficult...?”

25x/1.05 40x/1.0
£ 12,800 £ 3,004

what objective would you take...”
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Numerical aperture determines ...

Lateral resolution limit: dxy = 0.61 Aem / NA (Rayleigh limit)
Axial resolution limit:  d; =2 Aem / NA2
Brightness F = (NA%/Mag?) x 104

Only appMideal conditions! BUT ...
’ Spherical aberrations

Chromatic aberrations
Stray light
Out-of-focus blur
Detector noise

Real effective resolution is worse!
(rather >250 nm lateral and < | pm axial)

...improved to some extent by confocal imaging or deconvolution



“Breaking” the limit by super-resolution



Super-resolution

Structured illumination
a \ b

microscopy - three major concepts

Abbe diffraction limit

Single molecule localisation

Photoactivation localization Stochastic optical

microscopy (PALM)

reconstruction microscopy

c (STORM)
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Stimulated emission depletion
(STED)

C STED microscope

Confocal

490 nm

244 nm . 104 nm

Exculatlon+STED " Saturated
spot spot  depletion




Comparison: Widefield vs Confocal

Wide-field
- e -
. i
(Deconvolution)
Image plane
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Variants: point scanning, spinning disk

Schermelleh et al. Nat Cell Biol, 2019



Comparison: Widefield vs TIRF

Wide-field TIRF
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Comparison: Widefield vs 3D-SIM

Wide-field
+ Camera
(Deconvolution)
Image plane
Excitation
laser T Dichroic
\ mirror
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Schermelleh et al. Nat Cell Biol, 2019



Comparison: Confocal vs STED

Confocal STED
Ph otodetectorﬂ
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(Point scanning)
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SMLM
Wide-field or TIRF Variants:
+ Photoswitching (2D/3D)
(dye & buffer) PALM
STORM
) >10000  S3TORM
acquisitions ()
/2D frame
=
Emitter fitting

(Fluctuation microscopy)
Few 100 acquisitions / 2D frame

- g
Time-/space-
correlation

Variants:
SOFI
SRRF

Basic principles of SRM

Point scanning SIM

Photodetector Re-scanning
array or camera mirror \
- (Photon
reassignment)

(Single-point sc.)

- —

—

Variants: Re-scan, Airyscan, iSIM

LLS

] T
%
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L | 1
1

Variants: Bessel beam, LLS-SIM

Schermelleh et al. Nat Cell Biol, 2019



Relationship between SRM techniques

a Wide-field
+ Camera
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laser Dichroic
mirror
*— - Pupil plane
£ %
r"‘ lT \\" - ] 1_.,.‘\\‘%“_ !/..
- S = = |
b Object plane
d Interference-based SIM
(3D SIm) —
Beam
blocker ¥
Phase g_,
gramg | Frequency
: _ unmixing &
*‘ WL Ht> filteri
v >

- - =

Variants: 3D SIM, 2D SIM, TIRF-SIM

h LLS

Variants: Bessel beam, LLS-SIM

15 images
/z-plane
(3 angles
5 phases)

b TIRF

Variants: TIRF, HILO Ll

a7
Ji- mm

%
)

A f '-',-"-)If"l i -1'
L T e il
i E
. S
LS _.-{ I PR

ExM
Physical
expansion
+
confocal,
wide-field,
SRM

RESOLFT
with
reversibly
switchable
dyes

+
STED, SIM

g SMLM

Wide-field or TIRF
+ Photoswitching
(dye & buffer)

Variants:
(2D/3D)
PALM
STORM

I dSTORM
>10,000 PAINT

acquisitions (
/2D frame )

v
Qﬁ—h—

Emitter fitting

(Fluctuation microscopy)
Few 100 acquisitions / 2D frame

v

Variants:
e SOFI
Time-/space- SRRF
correlation

¢ Confocal

Photodetector

pinhole  —— — .

(Point scanning)

Scanning mirror

Variants: point scanning, spinning disk

e Point scanning SIM
Photodetector Re-scanning
array or camera mirror

(Photon
reassignment)

L

/.
[ |
= ol \x-_, ,./f

(Single-point sc.)

Variants: Re-scan, Airyscan, iSIM

f STED ]
* (2D STED) |

| TN
R e |: .L-II" |I
R *. Phase ¢ y N
NG = plate =
I W !
v i i
N ; s

Variants: 2D STED, 3D STED, DyMIN STED {(...)

Schermelleh et al. Nat Cell Biol, 2019



Super-resolution microscopes

STORM - ONI Nanoimager 3D STED - Leica SP8X




Super-resolution techniques to surpass the diffraction limit

(Wide-field)
L]
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100 nm (xy), 300 nm (z)

Rainer Kaufmann
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Not only resolution matters,

What could this be?

3D information (z-resolution, optical sectioning, imaging depth,

A




Not only resolution matters,

ud
,II

e Multlcolour & 3D information

Prague National Museum i ﬂi \




To understand the game you need to see the player move




Resolving power of commercial super-resolution systems

i D = . = .

CLSM STED CW-STED 3D-SIM PALM/STORM
~hem [nm] 460-670 670 520 620 220 670 520
z A (PSF)
(PSF, reconstructed)
A A
' ' | (Localization precision)
3D-STE
y
100 nm M
>
0 100 nm X
~D, ~[nm] 180-250 60 70 30
~D, [nm] 500-700 700 560 140 (TIRF-range)
~V, . [110° pm?] 10-23 13 1.5 0.1

3D-SIM resolves ~8-fold smaller volumes than conventional microscopy




Commercial SIM systems: VWho does what!?

OMX V4
3D SIM (3-beam)

Blaze: fixed grating + galvos
(fast)

OMX SR

3D SIM (3-beam)

2D SIM, TIRF-SIM (2-beam)
Blaze: fixed grating + galvos (fast)
Small foot print

Elyra 7

3D SIM (5-beam)
No rotation (fast)

Elyra S|
3D SIM (3-beam)
Rotating grating (slow)

NSIM-S

3D SIM (3-beam)

2D SIM, TIRF-SIM (2-beam)
SLM (fast)

NSIM-E
3D SIM (3-beam)
Rotating grating (slow)




OMX 3D-SIM microscope system

ptical grating for Sl

ctronics rack

Max. mech. stability
Highest sensitivity

High-sensitive
EMCCD camera
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The basic principle: Abbe’s view

Sample = Structure

=P Periodicity

http://de.wikipedia.org/wiki/Ernst_Abbe


http://de.wikipedia.org/wiki/Ernst_Abbe

The basic principle: Abbe’s view

0000000000000 [magc

74N
1

0000000000000 Sample

a

Lightwaves

Objective
lens




The basic principle: Abbe’s view

)

Objective
lens

a ‘

Lightwaves

ta

Image

Sample

A A

~ 9nsinf®  2NA

highest frequencies
(biggest )
_}

smallest structures




Fourier transformation in a nutshell

Frequency space (kx, ky)
(a.k.a. Fourier space, reciprocal space)

Real space (xy)

Fourier Transform

S ——
—

Inverse
Fourier Transform

Alternative representation of information
L ow-resolution: near the origin
High-resolution: further out

X, ky: Spatial frequencies, periods/pm




Image = superimposed periodicities

Frequency space (kx, ky)
(a.k.a. Fourier space, reciprocal space)

Real space (xy)
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Fourier Transform

S ——
—

Inverse
Fourier Transform

Alternative representation of information
L ow-resolution: near the origin
High-resolution: farther out

X, ky: Spatial frequencies, periods/pm




Image = superimposed periodicities

Frequency space (k, ky)
(a.k.a. Fourier space, reciprocal space)

Real space (xy)

Fourier Transform

S ——
—

Inverse
Fourier Transform

Alternative representation of information
_ow-resolution: near the origin
High-resolution: farther out

X, ky: Spatial frequencies, periods/pm




Image = superimposed periodicities

Real space (xy) Frequency space (kx, ky)
(a.k.a. Fourier space, reciprocal space)

Fourier Transform

S ——
—

Lowpass filter




Frequency support in wide-field microscopy

Image = real space (xy) Frequency space (kx, ky)
(a.k.a. Fourier space, reciprocal space)

Fourier Transform

———
——

(inverse FT)
~Increasing detail

SYTOX green
C127 mouse cell




SIM principle: Moire interference

Schermelleh, Carlton et al. (2008), Science 320

unknown structure

Fourier transform of )
the measured image F{f=g/ ® — F{f}=F{fx¢g}®" Fig}

known illumination function



SIM extracts additional information

| | | | Sample _|

Widefield signal
Phase 0 SIM Image (after PSF) s
lllumination -

Y

0 200 400 600 800 1000

() WO | hitps:/mueller-physics.github.io/SIM-Collection/



3D-SIM: microscope design

Sample

{;'f "' ‘f 13 ‘H 1’ “' ’f' Obiective

SRR

IR RRS ‘

.' | _ | _ . L Dichroic‘
| | mirror

Beam block

Spatial light modulator

AARARR (SLM)

15 2233 or

| Q ‘51}‘3‘*5 Arrays of Galvo-scanner
e — (OMX Blaze)

3-beam interference => modulation in Xy and z I Fiber



Frequency support in wide-field microscopy

Real space Reciprocal space

Fourier Transform

———
——

(inverse FT)

OTF
convolved
Full
“Real object” ® | —> frequency X
range

Observable

frequency
[ range




Doubling frequency support in x-y and z

Real space

Fourier Transfot

(inverse FT)

adapted from Gustafsson et al. (2008), Biophys J 94



Doubling frequency support in x-y and z

Real space Reciprocal space

Fourier Transform

———
—

(inverse FT)

Reconstructed data

Band separation adapted from Gustafsson et al. (2008), Biophys J 94



From wide-field to 3D-SIM

SYTOX Green

Mouse C127 cell

5 phase shifts 3 angles

=== Z =\

=> 15 acquisitions / z

Kz ky 3-beam illumination

Wide-field (raw data)

Observable
frequency

range 5 frequency components

(colour-coded)



Overview of SIM processing

Real space Reciprocal space

Sl Sl

5 phase shifts 3 angles
—_—— ;,:;‘ @\\\ @ /////

=> 15 acquisitions / z

-

Reconstructed data




Real space

Overview of SIM processing

Reciprocal space

Sl

Sl

Wide-field

" | Observable
frequency
range

3-beam illumination
(raw data)

x 5 phase
shifts (2T1/5)

5 frequency 1 omponents
(colour-coded)

x 3 angles




3D optical sectioning capacity

Example: | 70 nm Fluospheres
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3D-SIM of a prophase nucleus

Lamin B

3D volume
rendering

Mouse C2C12 cell
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Schermelleh, Carlton et al. (2008), Science 320
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3D-SIM resolves chromatin domains and interchromatin channels

aNPC

aLami

CLSM

Mouse C2C12 Schermelleh, Carlton et al. (2008), Science 320



3D-SIM resolves chromatin ‘domains’ & interchromatin compartment (IC)

DAPI Chromatin

1 um 2 um

Schermelleh, Carlton et al. 2008, Science Smeets et al. 2014, Epigenetics & Chromatin



3D-SIM resolves chromatin ‘domains’ & interchromatin compartment (1C)

: | RNA (60" EU)
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Active marker are constrained to chromatin domain boundaries

SerZ2P RNA Pol |

- _
Mouse C127 cell Markaki et al., 2011, Cold Spring Harb Perspect Biol, 75




Super-resolution topography of inactive X-chromosome

3D-SIM

Xist RNA

160 Number of 0.030; Volume of

140l Xist-RNA foci Xist-RNA foci
120} T i ;
100} — : 0.0201 7
80 0015} 1
eol - | o.010|

40} ]

20l 0.005|

0 0

C2C12 RPE-1 C2C12 RPE-1

Mouse Human

WRH N ) "m)
" “.-.--.MWA

Mouse C2C12 cell

Smeets et al. (2014), Epigenetics & Markaki et al., (2013) Methods Mol
Chromatin Biol




Can we go live!



Live cell 3D-SIM with OMX Blaze

H2B-GFP (unfixed)

00:00
':{4‘1. 'hrt . " ..I }“
P ac g A ':.“1‘;}
Pt . ot & , _':;_':.
g ol - IJ‘;“:;" by aF ‘g;. -.I"'-:,‘
iﬁg\‘r Vi w3 w2 il
' .’I .d L y lhf'l,%.fh’
. X h
."--.;ls-';-ﬂ“ e o - }!‘
. -, | {u,
P Lo i g =Y
Y. Y ey
ll ' I-I - —,':l:lh’?’v
— T
"L » » _. I‘i‘" :'?

7 um z-stack (56 sections, 5 ms exposure) At 2s, <1 um z-projection



Live cell 3D super-resolution imaging of replication sites

DNA replication foci
(GFP-PCNA in mouse C2C 12 myoblast cell) (OMX Blaze)

0 sec

wide-field

10 s / frame (5 pm z-stack = 600 images / frame)

max. projection




Dynamics of RecA in DNA double strand break repair

RecA-GFP in E.coli after DSB induction

L

Wide-field

3D-SIM

Q0:00
2 um

OMX Blaze: 2 s / frame (1.75 pm z-stack = 225 images, |00 time points)

Lesterlin et al., 2014, Nature (D. Sherratt Lab)



2D/3D-SIM is still resolution limited!
Can we go beyond !



Non linear SIM - Saturated structured illumination microscopy (SSIM)
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Non linear SIM - Saturated structured illumination microscopy (SSIM)

WF decon

Resolution is theoretically unlimited!!!

Problem: photostability of the dye
=> works on beads but not on biological samples

Gustafsson (2005), PNAS 102



Non linear SIM with switchable fluorophores (Dronpa)

saturation level, i = 30

= rl -
A FWHM Saturabon level, n=5
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Non linear SIM with switchable fluorophores (Dronpa)

Biological imaging is possible!
but limited on the number of switching cycles
Only xy enhanced, requires TIRF

Rego et al. (2012), PNAS 109



Scanning
mirror

Dichroic

-,

Point scanning SIM

Single or multiple excitation beams

Tube lens

Camera

Spot-scanning SR-SIM and its variants (1ISM, RCM, OPRA, MSIM, CSD-ISM, ISIM)

Photon
reassignment

OTF comparison
OTF(k)

Spot-scanning SR-SIM

,/ Traditional SR-SIM

Wide-field
microscopy

Diffraction limit Double resolution

Wu & Schroff (2018), Nat Methods



Lattice light sheet microscopy - High resolution LSM

intensity at rear pupil intensity at sample swept/dithered intensity overall PSF

Gaussian

intensity (a.u.

Bessel SIM Lattice SIM

PRRRninininintnininin

square lattice

Stack=0 Stack=0

Time = 0.0 min Time = 0.0 min

hexagonal lattice

Chen et al. 2014, Science




3D-SIM - pros & cons

+ Multiple colours with standard dyes

+ Lateral and axial resolution improvement

. " . Context
+ 3D optical sectioning with enhanced contrast
+ Light dosage lower than other SR-techniques
+ Linear response — quantitative
Versatility

+ Relatively deep imaging (up to 10 pm, or 20 um w/ Silicon)

+ Sensitivity and speed (SLM, Blaze) — live cell imaging

- Only moderate lateral resolution improvement
- Mathematical reconstruction — artifacts

- High requirements on sample quality and system calibration




Trade-offs in super-resolution microscopy

Contrast
Wide-RaldwispEmMIution I .............
Spatial resolution
l"'Q
Context
(3D + A + t)

Low photodamage




Contrast is the limit!!!




-

Thanks to Jurgen Neumann, Lin Shao, Julio Mateo Langerak, Dan White for sharing slides



“DNA drop” Wellcome Trust Image Award 2017 Winning Entry (by Ezequiel Miron)



3D-SIM,
just another tool in the repertoire !

It’'s not that simple!

The untold story



S| reconstruction artifacts

Good S| reconstruction

RPE-1 cell, DAPI staining




S| reconstruction artifacts

Stripes High frequency noise Halo / Doubling

Hela clell nuclei, chromatin staining

Bleaching, Low contrast-to-noise, Spherical aberration,
Drift or vibrations Low modulation contrast Refractive index mismatch

Moving particles
(locally constrained)



S| reconstruction artifacts

H3K4me3

Good S| reconstruction
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Quality control by Fourier analysis

FFT green channel
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(Stripe) contrast is key!

Mapping of local modulation contrast variation (SIMcheck)

H2B-GFP (OMX V3 Blaze, live)

, SCMOS >20.000 counts ‘ timepoint 4



Photon budget is limited - spend it wisely!

Imaging multiple time points, requires trade off in other areas, e.g. z-height.

00:00

OMX Blaze: 2 s / frame
(1.75 um z-stack = 225 images /frame, 100 time points)

OMX Blaze 10 s / frame
(5 um z-stack = 600 images / frame, 10 time points




Optimal trade-off between signal-to-background and bleaching

Contrast Bleaching

(less than +50%)
Background

Camera noise l Photostability

Anti-fade
Reduce z-hight

Autofluorescence
Unspecific / unbound label
l Stray light / Out-of-focus blur

- A

Strike an optimal balance of sufficiently high dynamic range and photobleaching,
No more than ~50% bleaching!



Spherical aberration - correction by oil refractive index

Wavelength
528nm 683nm

PSF

Oil too low Good oil matching Oil too high

Immersion Oil Refractive Index

‘bottom-heavy’ symmetric ‘top-heavy’

Courtesy of Dan White (GE)

Talley et al. 2016, JCB



Spherical aberration - correction by oil refractive index

x Better oil — good otf Better oil — wrong otf

100 nm sub-resolution beads
mounted in CyGel (Biostatus) £ Coverslip Coverslip

Wrong r.i. oil

Alison North




Jubulin

S| reconstruction artifacts

Tubulin

\>

RI mismatch (‘ghosting’)

AT 1P S A
‘?»' | ’ ' 1'0\ Y
ull h“ A\ A LT |

\ » Y T

\ il ;’ ) ) A
“;.*q‘.'“‘ bhv'via nd SUAT R N

Sample inherent Rl mismatch (lensing’)

‘Horteycomb’. pattern
e (2DESIMY

e TR

b High-frequency noise (hammerstroke’) DAPI Angle specific stripes (‘hatching’)  Tubulin

False kOsetting

With OTF:attenuation

Demmerle et al. 2017, Nat Protocols



SIMcheck - Toolbox for Fiji/lmagedJ

Results & Interpretation

IMcheck Input data

c:1/2 2120/750; 20.99%20.99 microns (

M“ - ‘°v_ "
& 5

1st & 2nd order £ Qs e e —ne—
StrlpeS : ' Cropping to Reconstructed image ROI:

X, Yy, width, height = 76, 46, 512, 512
z-slices = 6-55

m=ssssss===== Raw Data Checks ===a=c=ca==a=
Using Sl stack: Example-1_CRP

Raw data checks

Stripe contrast [ e ————

Displaying Example-1_CRP_CIP:

Average absolute (slider pos. 1) and relative (slider pos.
2) intensity for each plane of the raw data stack plotted
(C1 red, C2 green, C3 blue, C4 black).

€172 225750 (112 2:36/57  Exanmplol|:1/2 225750; 30.96x20.99 microns 51172 2:25750; 50 JERESA mapping
' -

Statistics:

C1 total intensity variation (%) = 67.9

C2 total intensity variation (%) = 25.9

C1 estimated intensity decay (%) = 2.86

C1 maximum intensity difference between angles (%) = 67.0
C1 relative intensity fluctuations (%) = 3.73

C2 estimated intensity decay (%) = 31.2

C2 maximum intensity difference between angles (%) = 14.9
C2 relative intensity fluctuations (%) = 11.2

How to interpret: total intensity variation > ~50% over the
9-z-window used to reconstruct each z-section may cause
artifacts (threshold depends on signal-to-noise level and
the fraction of low-intensity images).
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If you image 3D, register 3D!

Nupilad - A

XZ-Section

» Biological 3D calibration sample to determine alignment parameter
» Adjust z-shift to optimally match in the center of the sample



Channel registration in 3D using “biological” calibration slide

Before alignment After alignment

Alexa 488

Mid section
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Golden rules (not only) for SIM

e [abeling Specificity
* Modulation Contrast
e Spherical Aberration

 Channel Alignment



Imaging workflow: quality is paramount!

Labelling Think ‘holistically’!
* Dyes (spectra, photo-stability)

* Labelling method (FPs, IF, FISH,....)
* Labelling specificity (antibodies)

* Optical quali lip, cl
* Signal-to-noise / background ptical quality (coverslip, cleanness)

* Refractive index mismatch

* Embedding medium, Rl immersion
* Imaging depth

Microscope

* Mechanical stability

* Photon efficiency Postprocessing
* Modulation contrast / calibration
e Camera: (EM)CCD / sCMOS * PSF/OTF (A-, depth-, RlI-dependent)

* Channel alignment
* Quality control

Dataset
X, Y, Z, A, (t)
Quantitative Analysis
* Quality control * Segmentation
e Co-localisation e Distances



Further reading: Tools and best practise protocols for SIM

rromocel ‘SIMcheck: a Toolbox for Successful
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