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How structured illumination improves 
(not only) resolution ...
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The Power of SIM



Spatial resolution is 
diffraction limited!

Magnification alone does not give 
more details!wide-field image...

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

Super-resolution fluorescence microscopy 

mailto:lothar.schermelleh@bioch.ox.ac.uk


...warmup:

“What determines the resolution of an optical
microscope ?”

„... what objective would you take...“

£ 3 618.00 £ 550.00 £ 5 055.00

63x/1.25                      100x/1.25                       63x/1.4

1 2 3



„... a bit more difficult...?“

 £ 12,800 £ 3,004 £ 8,816
25x/1.05                        40x/1.0                         40x/1.1

„... what objective would you take...“

1 2 3



Numerical aperture determines ...

  Lateral resolution limit:   dx,y = 0.61 "em / NA        (Rayleigh limit) 
  Axial resolution limit:      dz   = 2 "em / NA2                   

  Brightness                      F    = (NA4 / Mag2 ) x 104    

Only applies under ideal conditions! BUT ...

Spherical aberrations  
Chromatic aberrations 

Stray light 
Out-of-focus blur 
Detector noise 

...
Real effective resolution is worse! 

(rather >250 nm lateral and # 1 $m axial)

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



“Breaking” the limit by super-resolution 



Super-resolution microscopy - three major concepts
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Schermelleh et al. Nat Cell Biol, 2019

Comparison:  Widefield vs Confocal



Schermelleh et al. Nat Cell Biol, 2019

Comparison:  Widefield vs TIRF



Schermelleh et al. Nat Cell Biol, 2019

Comparison:  Widefield vs 3D-SIM



Comparison:  Confocal vs STED

Schermelleh et al. Nat Cell Biol, 2019



Basic principles of SRM

Schermelleh et al. Nat Cell Biol, 2019



Relationship between SRM techniques

Schermelleh et al. Nat Cell Biol, 2019



3D-SIM - OMX V3 Blaze

STORM - ONI Nanoimager

Airyscan - Zeiss LSM880

3D STED - Leica SP8X

Super-resolution microscopes



Christian Eggeling

Rainer Kaufmann

(Wide-field)
(Confocal)

100 nm (xy), 300 nm (z) ± 60 nm (xy)

± 20 nm (xy localisation precision); ± 50 nm (structural resolution)

Super-resolution techniques to surpass the diffraction limit

PALM/STORM

STED3D-SIM





What could this be?

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

      Not only resolution matters, but also context (I)...                           



Prague National Museum

Not only resolution matters, but also context

Multicolour & 3D information



     To understand the game you need to see the player move

Temporal information (live cell imaging)



^

Resolving power of commercial super-resolution systems

Schermelleh, Heintzmann, Leonhardt, JCB, 2010  

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

3D-STED



OMX V4 
3D SIM (3-beam)
Blaze: fixed grating + galvos 
(fast)

Commercial SIM systems:  Who does what?

OMX SR 
3D SIM (3-beam)
2D SIM, TIRF-SIM (2-beam)
Blaze: fixed grating + galvos (fast) 
Small foot print

Elyra S1 
3D SIM (3-beam)
Rotating grating (slow) 

Elyra 7 
3D SIM (5-beam)
No rotation (fast) 

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

NSIM-S 
3D SIM (3-beam)
2D SIM, TIRF-SIM (2-beam)
SLM (fast)



OMX V3

Max. mech. stability
Highest sensitivity

Laser optics table Optical grating for SI

High-sensitive 
EMCCD camera
(3x) 

Sample holder

100x/1.4 NAElectronics rack

Cabinet

Fixed filter drawer

Mess

OMX V2

OMX 3D-SIM microscope system



How to improve resolution with structured illumination?



The basic principle: Abbe‘s view

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

Sample = Structure 

a

Periodicity

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


Sample

Lightwaves

Image

-1 0 +1

a

Objective 
lens

The basic principle: Abbe‘s view



highest frequencies 
(biggest %)

&
smallest structures

-1

0
+1

a

Sample

Image

Objective 
lens

Lightwaves

The basic principle: Abbe‘s view



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

Alternative representation of information
Low-resolution: near the origin
High-resolution: further out
kx, ky: Spatial frequencies, periods/µm

kx

ky

y 

x 

kx 

ky 

ky 

kx 

kxkxk

kykyk

y 

x 

kx 

ky 

ky 

kx 

Fourier Transform

Inverse 
Fourier Transform

Fourier transformation in a nutshell



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

Alternative representation of information
Low-resolution: near the origin
High-resolution: farther out
kx, ky: Spatial frequencies, periods/µm

kx

ky

kx 

ky 

y 

x 

ky 

kx 

kx 

ky 

y 

x 

ky 

kx 

Fourier Transform

Inverse 
Fourier Transform

Image = superimposed periodicities



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

Fourier Transform

Inverse 
Fourier Transform

Alternative representation of information
Low-resolution: near the origin
High-resolution: farther out
kx, ky: Spatial frequencies, periods/µm

kx

ky

Image = superimposed periodicities



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

Image = superimposed periodicities

Lowpass filter

Fourier Transform



Fourier Transform

Observable region 
(limited by NA & ")

axial
(x-z) PSF

“Real object”
Full
frequency
range

!
z

x

OTF

Frequency support in wide-field microscopy

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

(inverse FT)

Image = real space (xy)

y

x
SYTOX green

C127 mouse cell

kz!

kx!

ky!

Increasing detail



Moiré fringes

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

unknown structure 

known illumination function

Fourier transform of
the measured image

SIM principle: Moiré interference 



SIM extracts additional information

https://mueller-physics.github.io/SIM-Collection/



3D-SIM
J Mateos Langerak
November 2013

Sample

Objective

CCD

Diffraction grating

Linear polariser

Fiber

Dichroic 
mirror

Beam block

3-beam interference => modulation in xy and z

Spatial light modulator  
(SLM)

or
Arrays of Galvo-scanner 

(OMX Blaze)

3D-SIM: microscope design

x

y



Frequency support in wide-field microscopy

Observable
frequency
range

kx

ky
kz

PSF

“Real object”
Full
frequency
range

!
z

x

convolved
OTF

Fourier Transform

(inverse FT)

Real space Reciprocal space 



Real space Reciprocal space 

+1

-1

0 order

+2

-2

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

Doubling frequency support in x-y and z 

Fourier Transform

(inverse FT)



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

R
aw

 d
at

a 
k x

y 

k z
 

Band separation

0

1st

2nd

axial
(x-z)

Doubling frequency support in x-y and z 

Reconstructed data

Real space Reciprocal space 

+1

-1

0 order

+2

-2

Fourier Transform

(inverse FT)



From wide-field to 3D-SIM

kx

kykz
Wide-field

Observable
frequency
range

kx

kykz

5 frequency components
(colour-coded)

3-beam illumination
(raw data)

Sample

A1 A2 A3

P1-P5

=> 15 acquisitions / z

Raw data

5 phase shifts 3 angles

Reconstruction

Reconstructed data

Z1
-Z

xx

3D-SIM
micro-
scope

M
ou

se
 C

12
7 

ce
ll

SYTOX Green



Sample

A1 A2 A3

P1-P5

Z1
-Z

xx

=> 15 acquisitions / z

Raw data

5 phase shifts 3 angles

Reconstruction

Reconstructed data

Z1
-Z

xx

3D-SIM
micro-
scope

Overview of SIM processing

Real space Reciprocal space

WF SI WF

SIR

SIR (x-z)

SI



Overview of SIM processing

Real space Reciprocal space

kx

kykz

Wide-field

Observable
frequency
range

kx

kykz

5 frequency components
(colour-coded)

3-beam illumination
(raw data)

WF SI WF SI

SIR

SIR (x-z)

Schermelleh, Carlton et al. Science 2008; 320
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shifts (2'/5)

x 3 angles



z=0 z=125 "m

z=250 "m z=375 "m

Example: 170 nm Fluospheres

3D optical sectioning capacity
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3D-SIM:  Multicolour 3D optical sectioning ! 8x enhanced volumetric resolution ! 10-20 µm depth   



43

Lamin B
DAPI

3D volume 
rendering

Mouse C2C12 cell

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

3D-SIM of a prophase nucleus



5 µm

1 µm

Mouse C2C12 

CLSM 3D-SIM

α„inner basket“

3D-SIM resolves chromatin domains and interchromatin channels

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



2 µm

Schermelleh, Carlton et al. 2008, Science

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

Chromatin  
Interchromatin

DAPI

1 µm

DAPI 
NPC

Smeets et al. 2014, Epigenetics & Chromatin



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

1 µm1 µm

cc

cc

n

cc

n

cc
n

Miron et al. 2020, Sci Adv

DNA (DAPI) RNA (60’ EU)



Mouse C127 cell

0.5 µm

10 µm

Markaki et al., 2011, Cold Spring Harb Perspect Biol, 75

2 µm

Active marker are constrained to chromatin domain boundaries



Wide-field 3D-SIM

Xist RNA
DAPI

M
ou

se
 C

2C
12

 c
el

l

Xist RNA forms distinct domains within the Barr Body
Evidence for multimerisation (3-10 Xist RNAs/focus)

Markaki et al., (2013) Methods Mol 
Biol

Xist RNA “cloud”

Mouse Human

Smeets et al. (2014),  Epigenetics & 
Chromatin

Super-resolution topography of inactive X-chromosome 



Can we go live?

 



 Live cell 3D-SIM with OMX Blaze

H2B-GFP (unfixed)

7 µm z-stack (56 sections, 5 ms exposure) !t 2s,  < 1 µm z-projection 



(xz)

DNA replication foci 
(GFP-PCNA in mouse C2C12 myoblast cell)

5 µm

wide-field 3D-SIM

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

max. projection

Live cell 3D super-resolution imaging of replication sites

(OMX Blaze)



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

RecA-GFP in E.coli after DSB induction 

2 µm

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

Wide-field

3D-SIM

Dynamics of RecA in DNA double strand break repair 



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

 



Non linear SIM - Saturated structured illumination microscopy (SSIM) 

Gustafsson (2005), PNAS 102



Non linear SIM - Saturated structured illumination microscopy (SSIM) 

Resolution is theoretically unlimited!!!

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

Gustafsson (2005), PNAS 102

50 nm beads

WF WF decon

2D-SIM SSIM



Non linear SIM with switchable fluorophores (Dronpa) 

Rego et al. (2012), PNAS 109



Rego et al. (2012), PNAS 109

Non linear SIM with switchable fluorophores (Dronpa) 

Biological imaging is possible!
but limited on the number of switching cycles

Only xy enhanced, requires TIRF



Point scanning SIM

Wu & Schroff (2018), Nat Methods



Lattice light sheet microscopy - High resolution LSM

Chen et al. 2014, Science



                   
+  Multiple colours with standard dyes 

+  Lateral and axial resolution improvement

+  3D optical sectioning with enhanced contrast

+ Light dosage lower than other SR-techniques 

+ Linear response & quantitative

+ Relatively deep imaging (up to 10 µm, or 20 µm 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 

Context

Versatility

Challenges

3D-SIM - pros & cons



Trade-offs in super-resolution microscopy

Spatial resolution 

Speed

Context
(3D + # + t)

Low photodamage

Contrast  

Ph
oto

n
bu

dg
et

  The optimal technique is determined by demands of the application!
Spatial resolution is only part of the equation!

Photon budget and contrast are the limiting factors in practice!

Wide-field deconvolutionPALM/STORMSTED3D-SIM



Contrast is the limit!!!



SIM rocks!

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



Thanks!

“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

 



R
PE

-1
 c

el
l, 

D
A

PI
 s

ta
in

in
g

Good SI reconstruction

SI reconstruction artifacts



Good SI reconstruction

Bleaching,
Drift or vibrations
Moving particles
(locally constrained)

Low contrast-to-noise,
Low modulation contrast

Spherical aberration,
Refractive index mismatch

Stripes High frequency noise Halo / Doubling
H

eL
a 

cl
el

l n
uc

le
i, 

ch
ro

m
at

in
 s

ta
in

in
g

SI reconstruction artifacts



H3K4me3
RNA Pol II
DAPI

Bad SI reconstructionx

y

x

y

Good SI reconstruction

SI reconstruction artifacts



FFT green channel

Bad SI reconstruction Good SI reconstruction

Quality control by Fourier analysis



sCMOS >20.000 counts

(Stripe) contrast is key! 

H2B-GFP (OMX V3 Blaze, live)

timepoint 1timepoint 4

Mapping of local modulation contrast variation (SIMcheck)



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

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

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

Photon budget is limited – spend it wisely! 



Background 
Camera noise 


Autofluorescence

Unspecific / unbound label 


Stray light / Out-of-focus blur

  

Signal 
System sensitivity

Excitation / dyn. range

Labeling density

Brightness


Bleaching 
(less than ±50%)


Photostability

Anti-fade


Reduce z-hight

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

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

Contrast



Spherical aberration - correction by oil refractive index

symmetric ‘top-heavy’‘bottom-heavy’

PSF

Courtesy of Dan White (GE)

Talley et al. 2016, JCB



Alison North

Spherical aberration - correction by oil refractive index



!
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FIGURES 
 

 
 
Figure 1 | Biological showcase of commonly presented SIM reconstruction artifacts. (a) 
Maximum z-projection of a mouse C127 epithelial cells immunostained for tubulin (Alexa Fluor 
488), and counterstained with DAPI exemplifying typical SIM reconstruction artifacts. The blue 
box denotes the region shown in panel b, the blue arrowhead denotes the position of the 
orthogonal view in panel c, and the green box denotes the region shown in panel d. (b) Optical 
section of the DAPI stained nucleus depicted in panel a. Insets expanded to emphasize high-
frequency noise contribution, as represented by 'hammerstroke' artifacts, in a background 
region (small inset) or superimposing genuine features of labeled chromatin (large inset). (c) 
Orthogonal view demonstrating aberration by a ‘lensing’ effect caused by a refractive index 
mismatch between the stained nucleus and its surrounding (arrowheads). (d) Detail view of 
tubulin staining depicted in panel a, when reconstructed with incorrect angle (k0) settings, 
leading to ‘hatching’ of angle-specific stripes intermixed with the genuine tubulin signal. (d’) 
Same region reconstructed with correct angle settings showing no hatching artifact. (e) SIM 
reconstruction of an MDCK cell immunostained for tubulin (Alexa Fluor 488) and desmoplakin 
C-terminus (Alexa Fluor 568) imaged using immersion oil whose refractive index is too low for 
the sample (e). Desmoplakin channel only is shown (right) to emphasize the ‘ghosting’ artifact of 
structures displaying multiple echo signals along the optical axis (arrows in the orthogonal view). 
(e’) In contrast, when imaged with optimally matched oil, tubulin signals appear sharper 
(compare insets in lateral views), and only a single layer of desmoplakin signal is seen. (f) 
U2OS cell stained with Phalloidin-ATTO488 for actin and imaged with 2D-SIM, showing 
‘honeycomb’ artifacts as consequence of out-of-focus blur contribution to the reconstruction 
(left, inset). (f’) Artifacts are reduced by OTF attenuation in the fairSIM reconstruction algorithm 
(right), which rejects the contribution from out-of-focus signal47. Reconstructed images in all 
panels are shown after thresholding to discard negative intensity values (clipping/baseline 
subtraction). Bars: 5 µm and 1 µm (insets). 
  

Demmerle et al. 2017, Nat Protocols 

SI reconstruction artifacts



Ball et al. 2015, Sci Rep

Frequency extent 
→ effective res.

1st & 2nd order 
stripes

Stripe contrast  
& mapping

SIMcheck - Toolbox for Fiji/ImageJ



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

Smeets et al., 2014, Neuromethods

If you image 3D, register 3D!



Kraus et al, 2017 NatProtocols  

Channel registration in 3D using “biological” calibration slide



•  Labeling        Specificity

•  Modulation   Contrast

•  Spherical      Aberration

•  Channel       Alignment

Golden rules (not only) for SIM



• Dyes (spectra, photo-stability)
• Labelling method (FPs, IF, FISH,....)
• Labelling specificity (antibodies)
• Signal-to-noise / background

Labelling Think ‘holistically’! 

Sample

• Optical quality (coverslip, cleanness)
• Refractive index mismatch 
• Embedding medium, RI immersion
• Imaging depth

Microscope

• Mechanical stability
• Photon efficiency
• Modulation contrast / calibration
• Camera: (EM)CCD / sCMOS

Postprocessing

• PSF/OTF ("-, depth-, RI-dependent)
• Channel alignment
• Quality control

Dataset
x, y, z, ",(t)

Quantitative Analysis

• Quality control
• Co-localisation 

• Segmentation
• Distances 

Imaging workflow: quality is paramount!



Further reading: Tools and best practise protocols for SIM
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Multicolor imaging is a key modality in biological fluorescence microscopy to determine the relationships 
between di!erent targets within a specimen. Even though recent developments in super-resolution microscopy 
have improved spatial resolution to tens of nanometers1± 3, accurate measurements of three-dimensional (3D) 
spatial relationships between two or more kinds of molecules using multicolor imaging still pose a signi"cant 
challenge. Due to dispersion, i.e., the dependence of the refractive index on light' s wavelength, apparent #uo-
rescence distributions are shi$ed in space and moved up or down if multicolor images are simply overlaid. Such 
chromatic aberration along the axial and lateral directions may lead to incorrect conclusions if not appropriately 
corrected. Furthermore, some high-end microscopes are equipped with multiple cameras for di!erent channels, 
making multicolor images more di%cult to overlay. As the resolution of #uorescence microscopy is increased, 
the precision of correction, or ™ registrationº , for chromatic shi$ also needs to be increased. Various registration 
methods have been presented that can correct the chromatic shi$ at or around the surface of a coverslip4± 10. &ese 
typically rely on "ducial markers analyzed separately from the sample of interest (e.g., a 2D layer of multispectral 
#uorescent beads attached to the coverslip). Registration parameters are then calculated from marker' s coordi-
nates, and "nally a transformation matrix is applied to the target' s multicolor images. Most biological imaging is, 
however, three-dimensional, with a depth of interest o$en tens of micrometers away from the coverslip surface. 
As Manders pointed out two decades ago4, chromatic shi$ depends on the embedding medium and the depth 
of focus. &erefore, for 3D multicolor imaging, chromatic shi$ has to be measured using the sample of interest 
at the depth of interest, but, to our knowledge, very few studies have addressed this problem. Some researchers 
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