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Diffraction Limited vs. Diffraction Unlimited

Microtubules, scale bar: 1 um



The Diffraction Limit

Point Spread Function (PSF)

Az = 500 nm

x

o

Ax = 200 nm

Lateral resolution

A

Ax ~ ——
* ¥ oNA

Axial resolution

2An

Az ~ —
“ %~ NA?

Abbe Equation

A — wavelength

o — semi aperture angle

Abbe et al. Arch. Mikroskop. (1873)

n — refractive index

NA — refractive index

NA =n sina




Circumventing the diffraction limit with...
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Schermelleh et al. Nature Cell Biology (2019)
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This lecture’s focus




Major discoveries enabled by SMLM

a Nucleosome clutches b Nuclear pore complexes
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Lelek et al. Nature Reviews Methods Primer (2021)



Major discoveries enabled by SMLM

c Focal adhesion nanoarchitecture d Actin rings

Integrin o

Lelek et al. Nature Reviews Methods Primer (2021)
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Basic principles of 2D SMLM



What is Single Molecule Localization
Microscopy (SMLM)?

Widefield image

Superresolution
image

Sequence of widefield images Accumulated localizations

Betzig et al. Science (2006), Hess et al. Biophy. J. (2006), Rust et al. Nature Methods (2006)



What is Single Molecule Localization
Microscopy (SMLM)? Sample

Image Preparation

Widefield image Acquisition Image at t, Image at t, Image at t,

1 frames
Superresolution

1 frames

Hardware

image

Betzig et al. Science (2006), Hess et al. Biophy. J. (2006), Rust et al. Nature Methods (2006) t <t,<ty



What is Single Molecule Localization
Microscopy (SMLM)?

* In SMLM small subsets of individual emitters are randomly activated or switched
ON/OFF in consecutive acquisitions.

 If sparse enough to be identified as single molecule switching events, signals
become spatiotemporally separated and are collected over several thousands of
camera frames.

 Raw data are computationally processed to detect single molecules and
determine their center positions with nanometer precision dependent on the
number of photons detected per individual emitter.

« These are finally assembled through superimposition into a single-plane image.
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Hardware for SMLM



Hardware for SMLM
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Schermelleh et al. Nature Cell Biology (2019)


https://www.olympus-lifescience.com/en/microscope-resource/primer/java/tirf/penetration/

Hardware for SMLM

Wide-field or TIRF with high NA objectives
(15k-20k)

High power lasers (~25k)

Sensitive EMCCD (~35k) or sCMOS (~16k)
cameras

Additional optics for 3D information

System upgrade:
~$80,000

15



Hardware for SMLM
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Practical considerations: sample preparation,
suitable dyes, linkage errors, and buffers



Photoswitching — ON/OFF switching

1 frames




Photoswitching — ON/OFF switching

Electron
lifetime: ~ns

Dark state decay

A/"!/;ps rates: ~us
A
(3 X, v . | l
~ps &\
Conventional dyes Typical SMLM dyes

Temporal separation not possible  “Dark” state allows temporal separation for SMLM
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A good SMLM dye has...

Long ON-time to allow the collection of many photons, but not too long
such that the data acquisition is slowed down.

Complete dark OFF-state that is long enough to prevent too many
fluorophores from being ON simultaneously.

High absorption coefficient and quantum yield to produce bright events.

Exceptional resistance to bleaching since tens of thousands of images
are collected at high laser power.

Bleaching, brightness, ON-time, and ON/OFF duty cycle are all strongly affected by
laser power and buffer composition.

21
Nahidiazar et al. PLOS ONE (2016)



Photoswitchable Fluorescent Proteins

Photoactivation by decarboxylation (PA-GFP, PA-mKate, PA-mCherry)
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Photoswitchable Fluorescent Proteins

Photoconversion by cis-trans isomerization (Dronpa)

OH
o)
N hvl[U'v'}
Jij*( Y R
-0 hv (blue) 2 N
N #
N:—-’.(# o
) Dronpa
Photoconversion by hydration/dehydration (Dreiklang)
0 0
§ hv (UV) H
A : - N?g
””‘7‘..-* v e o
HO hv (blue) O Y O
Dreiklang

Jradi et al. ACS Chem. Biol. (2019)
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Photoswitchable Fluorescent Proteins

r/";l\ m g% 10* tizM"® tizon® ti2PB* o
Name l\-"e_m/} — w (M"cm"} e Fon/Fotr (min) (s) (s) N (nm)
Photoactivatable
405 T
PA-GFP .—- 1.74 079 60 <10 1.8 150 313 (%) 41 (®)
405 - -
PAmCherry1 = (561 1.80 0.46 4000 23 25 100 724 () 18 (x)
\ 595/ 413 (M) 17 (M)
405 _ _
PATagRFP = % 6.60 0.38 550 75 45 180 2511!;5?&}("} ;’19 {{n?;
405
PAmKate . @B o1 250 0.18 100 19 6.3 350 NR 15 (%)
Photoswitchable
405 . - .
PS-CFP2 405 Y 4.30;4.70 0% 1000 AR NR NR 2655‘09?3”(") o
(561 _ 0.50; 260; _ _
Dendra2 vy, 450 3.50 Py 300 90 NR 5020 131- 686 (%) 23 (%)
@ - 500 % .
mEos3. — 34 3. o N N 13; 4
Eos3.2 @. 6.34: 3.22 %55‘; R 20 R 3: 48 45;-643?“?1 J"‘} 1103 {(n’;};
@D 56 . 0.77: 233; _ _
mClavGR2 1.90: 3.20 it 200 27 NR Foy 379 (%) <30(%)
405 .
mMaple3 _ —- 1.50: 0.74 3'506 400 49 NR 94:133 675 (%) NR
(561 @B , 051: . _ _
PSmOrange @ — 11.3;3.3 028 550 96 NR 15; 49 337 (%) 45 (%)

Jradi et al. ACS Chem. Biol. (2019)
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AN A ex0t taM?  ton®  tipoff 1y PB o
Name E)‘ (M-"em-) FR & Fon/Forr {:mn] 1{5} 1(51 ! s) N e

Photochromic

bsDronpa 45 100 050 20 NR 0.04 125 125  560(%)  <45(%)
rSEGFP a7 1200 036 65 120 000002 0001 800 <60(X) 70 (%)
Skylan-S 152 7000 064 26 NR 0073 477 NR NR 20 (%)
mGeos-M 5.2 8 0.85 20 <10 NR 21.03 20 ;578 {(ﬂi"]) :; [l:l'fﬂ):l
Dronpa 95 4 0.85 20 25 0.12 115 2 2 ((,f?) o :ﬁ]
rsFastiime 46 35 060 65 NR 003 260 65  <60(x) 40 (%)
Padron 43 15 064 140 NR 56 0.06 40 NR NR
Drieklang 83 160 041 20 120 1 3 21 720)  15(%)
rsTagRFP 37 75 011 20 43 00028 018  NR NR NR
rsCherry 8.0 50 002 10 NR 3.0 0.05 NR ggg ((r?) 22; ([E'l)}
rsCherryRev 8.4 400 0005 10 42 0.05 07 NROANI® BE®

264 (M) 23 (M)

Jradi et al. ACS Chem. Biol. (2019)



Photoswitchable Dyes

Conventional fluorophores (Alexa Fluor 488, Cy5, Cy3)

Redox-switching (dSTORM)

Thiol or phosphine adducts
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Alexa Fluor 488 Cys

Jradi et al. ACS Chem. Biol. (2019)

Reduction
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Photoswitchable Dyes

Spontaneously blinking (HM-SiR) Photochromic rhodamines
Hydroxymethyl Rhodamines Rhodamine lactams
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Jradi et al. ACS Chem. Biol. (2019)



Photoswitchable Dyes

Name /A '\ FAMAN ex10° @ tizON tiz0ff N a
N/ (D) e/ (Mem™) (s) (s) (nm)

Activator-reporter pairs

532
Cy3-Cy5 ..—_*. 25 0.28 1.0 1.0 3000 (%) NR

Name / Aﬂ '\.p" 'hu Y £x 104 & on/off sc SF N° o
N/ @D \ A/ (M~'cm™) x 10°° (nm)

Activator free

488

ATTO 488 =48 9 0.80 220 49 0.99 1110 (%) 29
488
/561

Cy3B =@ 13 0.67 40 5 0.89 2057 (%) 22
561

‘;‘Ef‘a Fluor ..——' . 24 0.33 120 26 0.73 5202 () 17

DyLight750 .%9 22 NR 20 6 0.58 749 (%) 30

Jradi et al. ACS Chem. Biol. (2019)



/A \ED /RN &% 10 on/off c
Himge _" e/ (Mem™) = x 10 Pea l (nm)
Photoactivatable/Caged
405
Rhodol-NN .: 9 03 NR 0.16 NR 36
405
PA-JFsss . — 9 078 10 0D.022 637 (%) 14
405
PA-JFegss .—*. 12 0.47 0.16 NR 760 (%) 21
488
Nz-DCDHF .—'- 5 0.03-0.4° NR 0.095 1100 (%) 18
NVOCs-Rh 9.9 0.83 MR 540 (% NR
R
Fal ] 4] . . (%)
405
NVOC2-Rhiw . !- ' 76 0.889 NR 3488 (%) 16
405 0.0013
NVOC,-0G . — = 8.2 0.97 NR 235 (%) NR
405
NVOC2-SiRhg . — . 8 0.38 NR 14944 (%) 5
Photochromic
405
OA-2 . — 8 0.09 NR 0.02 600 (%) 70
Rhe 10 0.31 NR NR 900 (%) 55
phthalimide \580/ '
405
Rhg stilbene . !r % 10 0.31 NR 0.009 3800 (%) 1317
_.. il -
DAE-sulfone E \588/ 54 0.34 NR 0.0065 200-350 (%) 70
Spontanuously blinking
A
HMSIR .4_—“. 10 0.39 NR NR 2600 (%) 52

Jradi et al. ACS Chem. Biol. (2019)
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Current Approaches in SMLM

They differ primarily in how ON/OFF switching is achieved:

(F)PALM — photoactivation
STORM - photoswitching of activator and reporter dye-pair

dSTORM - conventional fluorescent probes in the presence of thiols
transfer dyes to a long-lived OFF state

(P BALM - binding and fluorescence activation of specific dyes

DNA-PAINT/Exchange-PAINT — transient oligonucleotide hybridization

Betzig et al. Science (2006), Hess et al. Biophy. J. (2006), Rust et al. Nature Methods. (2006), Heilemann et al. Angew Chem Int Ed Engl. (2008), Schoen et al, Nano Lett.
(2011), Szczurek et al. Nucleic Acids Res. (2017), Jungmann et al. Nano Lett. (2010), Jungmann et al. Nat. Methods (2010), Jungmann et al. Nat. Methods (2014)



Linkage errors of various fluorescent
labelling approaches

Linkage error 10 nm
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Lelek et al. Nature Reviews Methods Primer (2021)



Buffers in SMLM

Different dyes blink optimally in different imaging buffers. Therefore, the acquisition of
good quality 2- and 3-color images can be challenging.

Average photon counts per molecule in different buffers

1000+
25000+

800-
20000-

T 600- {' T
n (x10°) | 15000+
sl 10000
200- 5000+
0- _I_-ﬂ.m_ it 1
Alexa 647 MR121 ATTOBATN  Cy5 Cy3B  ATTO565 Alexa532

32
Vogelsang et al. Angew Chem Int Ed Engl. (2008)



Buffers in SMLM
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= Despite their advantages, TSQs have key limitations, including

Cyanine fluorophore

poor aqueous solubility, problems with membrane permeability

both transient (blinking) and irreversible (photobleaching) light-

STORM concept is lso applicable to other photoswitchable fluoro-

z This aricle’s dold : 2. 2 and biological texicity. To circumvent these issues, here we show One approach to super-resolution fluorescence imaging uses
£3 101 146/amnurer derivatives with enhanced that dicect or proximal linkage of TSQs to the CyS fluorophore sequential activation and localization of individual phares and fl proteins” Indeed, a variety of fluorescent
it Copyrighe ® 208 15 reduced blinking and photobleaching in both deoxygenated an to achieve high spatial resolution. Essential to this technique probes have been used for localization-based super-resolution
25 Al sghs rservel photostabl l1ty oxygenated environments to extents exceeding those usin - is the choice of fluorescent probes; the properties of the imaging, including organic dyes®-2%, fluorescent proteins
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£ celluhirand molecular processes. However, their an  Bulk fluorescen of the TSQ-conjugated Cy5 @  fluorescence imaging methods'2. Among these methods, wavelengths and (ii) irreversibly activatable probes that exist ini-
N e compromised by undesirable photaphysical properties that  fluorophores demanstraed that sbsorption and emission spectra stochastic optical reconstruction microscopy (STORM)* and  tially in a dark state and can be activated by light toa fluorescent
g ]"f"';"““‘ the ”““‘;T‘;“[‘ Juanen !_']‘f'd 4‘:3 f:‘* total "“'_’C‘T orsa conjeg “”;'“sfd"f b ‘# (fluorescence) photoactivated localization microscopy* can  state. Examples in the first category include photoswitchable cya-
©  [rphotons emitted befare photobleaching. Such issues include — those of the parent Cy5 compound, aside from modest shifts in be used to achieve sub-diffraction-limit resolution by sequen-  nine, rhodamine and oxazine dye /1516 and phatoswitch-
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Abstract

Single Molecle Localization super-resalution Micrascapy (SMLM) has become a powerful
1ool 1o study Celluar archilecture al the nanometer scale- \n SMLM, single fluorophore labels
ave made Lo repeatedly switch on and of (oK), and tneir exact locations are determined
by mathematically finging the centers of indvidual biinks, The image qualty ootainable by
‘SML crlically depends on efficacy of linking (brightaess, fraction of molecules in the on-
<tate) and on preparation longevily and abeling ensily. Recent work has identied severa!
i ig andimaging that work wel together. Unfortunately, dif-
{orent dyes biink optimally indifferent imaging buffers, ‘and acquisition of good quality 2-and
3color images has therefore remained challenging. It {his study we describe a new imaging
eifor, OXEA, thal suppots 3-color maging of the populac Alexa dyes. We also describe
[ 1 in prep: technique that ly decrease lateral- and
e i, as well as increase preparation longevty. We show that these improvements
low s © collect very large series of mages from the same cell, enabling image stitching,
extended 30 imaging as wel as mui-color fecording:
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When viewed by conventional fluorescence Iight mictoscopy &Y the smallest details in a cell
il be visualized asltle blurry ‘plobs' of light dus to ight diffraction. Consequently, closely
spaced cellular details cannot be resoled individually because the fluorescence blobs (approxi
mately 250 min in X and ¥, and approximately 650 13 in7) overlap in the image. Localiza
tion.based super resolution microscopy methods (STORM, GSDIM, PALM and variants
{bereaf circumvent this diffraction barrer by ensuriog that at 857 ‘moment in time the major-
ity of flugrophores are n a dark offstate while only a few clearly separable luorophores are i
{be bright on-state. By finding the center of al these ‘Auorescent blobs (which are termed
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Overview

 Basic principles 2D SMLM /
 Hardware for SMLM /

» Practical considerations: sample preparation,
suitable dyes, linkage errors, and buffers

* Processing, quantification, and interpretation of
SMLM data

« 3D SMLM
e Summary

« Extra: New directions in SMLM
« Extra: SRM as a multidimensional challenge

v
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Processing, quantification, and
interpretation of SMLM data



How large is an SMLM dataset?

50,000 frames taken with a 16-bit camera (1024 x 1024 pixel) lead to...

>10,000
acquisitions
/2D frame

v
I

Emitter fitting

Total number of pixel on the detector:

1024 x 1024 = 1,048,576 pixel

Total bits:
1,048,576 x 16 bits = 16,777,216 bits

Conversion into bytes:

16,777,216 bits / 8 = 2,097,152 bytes

~ 2 MB (one frame)
Upscaled to 50,000 frames:

2 MB x 50,000 ~ 100 GB

That is a lot of data that needs to be handled...
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From raw SMLM data to reconstructed
super-resolved image

Image
Widefield image Acquisition

1 frames

Image at t, Image at t, Image at t;

Render
SMLM Superresolution
image image

Detection and localization

1 frames

Betzig et al. Science (2006), Hess et al. Biophy. J. (2006), Rust et al. Nat Methods (2006) t <t,<ty



Detection

« Approximate molecule location
= Detection

Detection



Detection and localization

Approximate molecule location
= Detection

Accurate determination of the
molecule center
= Localization

Biophysical Journal Volume 82 May 2002 2775-2783 2775

Precise Nanometer Localization Analysis for Individual
Fluorescent Probes

Russell E. Thompson, Daniel R. Larson, and Watt W. Webb
Cornell University, School of Applied and Engineering Physics, Ithaca, New York 14853 USA

ABSTRACT Calculation of the centroid of the |rr‘aqes of |n|:||wdual fI.Joresc:ent paﬁlcles and rrulecules allows Iucahzatlow
and tracking in light microscopes to a precision ¢ - -
factors that limit the precision of these techniqueg

-
of localization over a wide range of conditions. In g Il'lr 1 2 4 - !' 2
is constructed and tested both on image stacks of| a 11 TT h‘ J
simulations). Results from the algorithm show got _I_

and actual |rnaqes The avallablllty Uf a 5|rrp|e equs ( [ l“, J ) T r‘}

the aualite of an exnerim i"\} U.ﬂm“_

Thompson et al. Biophysical Journal (2002)

VS.

Ax ~

A Abbe
oNA  Equation

Localization




Error in localization — Equations

52 Ax Error in localization
S Standard deviation of the PSF
N

N Number of photons collected

(Ax)?) =

The modified equation to account for photon-counting noise, pixelation noise
and background noise:

—

J;‘E -+ HEH 2 4 \ fl) J;jhz a Size of the pixel
|

(Ax)) = ——— A

b Background noise
Hhﬂ g

Thompson et al. Biophysical Journal (2002)



Detection and localization

New images with localizations?

« Approximate molecule location
= Detection

 Accurate determination of the
molecule center
= Localization

\ ¢

» Result: List of localizations (x,y
coordinates, localization errors /
uncertainties & add. parameters)

No, but a list of localizations!



Pixel data vs. point clouds

' 3D voxel |
' es 2D pixel or o
. O Doy L prO_ducl uds with millions of locali
In contrast to standard m|crcIJO§g oD ot 3D ot a1
A tes bi
' SMLM genera
grid data,

and associated uncertainties.

b}
b)

must be approaches differently.

To this day, the SMLM dat?ation

quantification and [[ntirepers e with the
ds have yet to . "

:Ta][eatgoadvancement of SMLM imaging

2
Khater et al. Biophysical Journal (2002)
a :
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List of localizations

table.csy — O x

File Edit Font

frame [x[nm]  [y¥[nm]  |sigma[nm] [intensity [photon] |offset [photon] |akgstd [phaton] [chi2 uncertainty [nm]i‘
1 741901 1574.589 160676  17617.183 408 961 130.351 249.619 9.655

1 914.204 2914.019 131233  265961.704 418935 86 675 110236 2.594

1 1125308 1717.344 183.079  28488.880 351.342 154 566 317.023 9.183

1 1272.065 1285757 133728 51800644 544 659 135.558 177.725 2429

1 1610.142 4910579 152097 19029848 382.160 110,653 189.714 6.836

1 1883.886 2780288 139.036  9875.060 389 644 64.031 103.335 6.444
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1 2160275 4649.885 120954  15749.719 493 615 129 683 299236 6.120

1 3105846 576.307 136.819  21731.526 365.701 98,832 134.234 4372

1 5193117 2718511 135200  20688.253 359,237 §5.922 116.766 4.154
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1 3300404 6025881 163.819 27006656 434 459 201.263 489.726 10.077
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1 4248638 3735.060 124.216  18148.712 384,321 45.779 45874 2.169
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1 4532690 319.943 132.927  15421.580 313.736 41.543 36.752  2.626

1 4859.967 5001.065 142.809  15177.802 366.217 60.786 78.230  4.262

1 5049826 5670416 131253  18816.169 348736 145.181 367.228 12.778

2 482777 315109 168516 36164487 577.269 719.319 2539.212 28.331

2 555.924 1375909 127502 14748575 475976 75.206 116466 4454

2 914.892 2920.314 132685  33699.764 422 433 85.630 103.595 2.361

2 1140.335 1739.353 157.187 21146465 379.945 144 850 273.962 5556
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X,y — central coordinate

X2 — goodness-of-fit

Uncertainty |
((Ax)?) =

00028 1if (3200%) - a X
11x11 pixels; 1 6-bit; 0K

s*+a/12 4w sb?
_l_
N ﬂ'f\fz

y = a+ (b-a)exp(-(x-o* (-2 dd)
0.28x462.85 (G96x415), RGB; 1.1MB

I Gaussian
Ly = @ + (b-a)exp (- c)r (- 24drd))
L a=197.81783
500 |- b = 590.39829
| ¢ =406924

| d=1.27279

| R"2=0.9934

5 400

200

List | Datas | Hore |
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Sequence of SMLM processing and
analysis steps

(1) Detection (2) Sieving /
& localization Filtering

Raw camera image List of localizations List of localizations
(typ. 128x128x10,000) (typ. 200,000) (typ. 100,000)

Size (nm), Clusters, (5) Quantification (3) De-
Stoichiometry drifting and
Grouping

Super-resolved image List of localizations
(typ. 1028x1028) (typ. 80,000)

(4) Rendering

46



High-density data / multiple emitters

04748.4if (1200%) - [m] X y = a + (bra)exp(--0x-c/ @ d d]) _ O X R _ O %
- 2 (696x415); R ( )

800
Gaussian
y = a + (b-ayexp(-(ec)"(ec)/(27dd))
a=176.8145
b=181834818
c=749082

s00 [ d=228921

R*2=09911

Choosing a suitable multi-emitter fitting
method/algorithm can help to deal with
high-density data.

Alternatively, you can filter/sieve your data
to handle invalid localizations.

200 |
0
X
List | Datas | Mores | X=1.90, ¥=493.2 List | Datas | MWores | X=4.03, ¥=776.1
sigma Distribution - O X

300x240 pixels, RGB, 281K

[
7.01040458 624.92010498
Count 170730 Min: 7.01040459

Mean: 134.60004015 Max: 62492010498
StdDev: 23.80514288 Mode: 12520620684 (1415
Bins: 413 Bin Width: 1.496148940

: value=436.403251
List | {Log}| Apply ROIto flter | i
count=

Advice: Choose suitable filtering parameters with the histogram of the respective fitting parameter.




SMLM'’s resolution

table.csv - O *
File Edit Font
frame [x[nm]  [yinm]  [sigma [nm] [intensity [photon] [offset [photon] [bkgstd [photon] [chi2 uncertainty[nm]i‘
1 741901 1574.589 160676  17617.183 408.961 130.351 249.619 9.655
1 514204 2914019 131233  26961.704 418.935 86675 110.236 2.894
1 1125308 1717.344 183079  20480.880 351.342 154.566 317.023 9.183
1 1272.063 1283757 133.728  51800.644 544 699 135.958 177.725 2429
1 1610.142 4910579 152097  19029.845 382,160 110.653 189.714 £.836
1 1883.686 2780286 139.036  9875.060 389,644 64.031 103.335 6444
1 1830427 3348.119 128861  31983.804 445.100 55.285 38455 1617
59 41656 2917
uncertainty Distribution — O * 83 299 236 6.120
] 57 134.234 4.372
300x240 pixels, RGE; 281K 5o 116.766 4.154
305 472238 5811
263 489.726 10.077
- 458 464,816 19.912
N §° 72 83341 2018
<(A\)—> s s 76 95455 2777
N 79 45574 2.169
147 244.009 9811
i3 38.752 2626
g6 78.230 4262
151 387.228 12.778
519 2539.212 28.331
06 116 466 4.454
0.83377981 4620256805 P 103505 O
Count: 170730 Min: 0.833775931 850 273.962 B.556
Mean: 599316719  Max: 46.20256805 56 240 510 RIS N
StdDev: 457710395 Mode: 226850086 (13182)
Bins: 158 Bin Width: 0.28714423
‘List] Log| ApplyROIto fitter

So, when you filter/sieve out high uncertainties, you can

reach insanely high resolutions, right?

No, not really!

111—H_S.S
. 85 45

103
122
17.4
15.4
13.3 55
207
4.0
107

55

+5.5

7.5 ++ +++

4.0

+

Uncertainty < 25 nm

Uncertainty < 10nm

You can filter high uncertainties, but at a certain point you'll lose the
structure’s integrity. The measure of resolution would be meaningless.
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Drift-correction

4 min movie

+
—

0.5 um uncorrected corrected

Drift becomes a limiting factor in achieving high resolution. Fortunately, it can be corrected for by
fiducial-based or image-based (cross-correlation) strategies.



Intensity [AU]

Grouping / Blink-correction

According to time According to space
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histogram equalization

Auto-Bayes Generalized minimum-error threshold Gauss, Weibull LS Stand-alone +
(GMET), local maximum

B-recs Detection: n/a; fit: Bayesian inference Arbitrary MMSE, MAP Stand-alone -
framewoark

CSSTORMAT No explicit localization: convex Gauss Compressed Matlab +
optimization problem (HD) sensing

DAOSTORM3! Gaussian filtering, local maximum (HD) Measured, LS Python *

FacePALM3? No explicit localization; background arbitrary - Python -
estimation

FALCON3? Deconvolution with sparsity prior, local Taylor approx. ADMM Matlab +
maximum (HD)

Fast-ML-HD3 Sparsity constraint, concave-convex Gauss MLE Matlab -
procedure (HD)

FPGA® Adaptive threshold Gauss MLE, CoMass  Stand-alone -

Gauss2DCirc?6 Fixed SNR threshold Gauss REG Matlab +

GPUgaussMLE? Simple (unspecified) methods to select Gauss MLE Matlab +
subregions

Graspl® Peak finding: fixed threshold value Gauss MLE Imagel +

Insight3 Low-pass filtering, local maximum Arbitrary LS Stand-alone -

L1H* No explicit localization; L1 homotopy, Gauss, arbitrary  Compressed Python +
FIST deconvolution sensing

M2LES0 Adaptive threshold Gauss MLE Image] +

Maliang*! Annular averaging filters, denoising by Gauss MLE Imagel] +
convolution

Micro-Manager LM Adaptive threshold Gauss LS Image] +

MrSE*2 Band-pass filtering, local maximum Radial CoSym Stand-alone -

Octane*? Watershed maximum Gauss LS Image] +

PeakFit Band-pass filtering, local maximum Gauss Ls Imagel *

PeakSelector™ Time-domain filtering, adaptive threshold Gauss LS IDL, Matlab -

PYMEZ? Wiener filtering, adaptive threshold Arhitrary LS Python +

QuickPALMSS Band-pass filtering, fixed SNR threshold Gauss CoMass Imaged +

RadialSymmetry*®  Filtering, local max., minimal distance Radial CoSym Matlab *
to gradient

rapidSTORM12 Low-pass filtering, local maximum Gauss LS, MLE Stand-alone +

SimplePALM7 Variance stabilization denoising, DoG, n/a Mean-shift Stand-alone -
probabilistic threshold

simpleSTORM 4 Self-calibration, noise normalize, Gauss, measured Imterpelation  Stand-alone +
background subtraction, P value

SNSMIL Gaussian filtering, fixed contrast threshold — Gauss Ls Stand-alone +

505plugin Wavelet transform, local maximum, Gauss LS Imagel] +
it

ThunderSTORMS Extensive collection of methods, preview, Gauss LS, MLE Imaged + I
filtering, local maximum -

W-flusroBancroft™®  Wavelet, adaptive threshold Gauss B Matlab *

WaveTracer'® Wavelet, watershed maximum Gauss LS Metamorph -

WTM30 Wedge template matching (HD) Wedge Match. Stand-alone -
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Sequence of SMLM processing and
analysis steps / /

(2) Sieving /

(1) Detection

& localization Filtering

Raw camera image List of localizations List of localizations
(typ. 128x128x10.000) (typ. 200.000) (typ. 100.000)

v

(3) De-
drifting and
Grouping

Size (nm), Clusters, (5) Quantification
Stoichiometry

With ThunderSTORM
you can...

Super-resolved image List of localizations
(typ. 1028x1028) (typ. 80.000)

(4) Rendering
52
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Feel free to test it...

Use the Fiji plugin ThunderSTORM to analysis
the Tubulin 2D Long Sequence Dataset

Software: Fiji plugin ThunderSTORM

Plugin can be downloaded here:
https://github.com/zitmen/thunderstorm/releases/tag/v1.3
and will be located here: Plugins > ThunderSTORM

Online manual;
https://github.com/zitmen/thunderstorm/wiki/Tutorials

Dataset: Tubulin 2D Long Sequence
http://bigwww.epfl.ch/smim/datasets/index.html?p=../challe

nge2013/datasets/Real Long Sequence

Ovesny et al. Bioinformatics (2014)

[ ]

Softwars Directory Challenge 3D
ge :

Challenge 2
Contact

Challenge 2D * Theoretical PSF

The Grand Challen,

ISBI. Nearly 30 softw;
are have bee,
the first world-wide effort in benchmarkin'g the ‘032:13’?(2
The results are in th
€ paper: S, Q
R e 2015;: age et al. Quantitative evaluation of software Packages for Sy
‘ : v CKages for SMLM,

;::]iszzzre]col as ? '-;;mrkshop in IEEE conference
'S of the software, thys ¢ i
X 3 onstituti
ation software in a comprehensive reviey e

Organizati
e e

Goals of the challenge

The goal of this ch ; e ——
allenge is to benchy e
enchmark . )
ACCUTACY, and image rendarinm o o K currently available localization software tm wwe i

various| Real Experiments « 2D
the groy

ate, localization

.| The experimental datasets consist of sequence of frames from real stained biologicial samples. The standard acquisition parameters are also provided Hlated ima, o3 of
* Provif P i g
. Estafl Tubulin ConjAL647 [ons models. As
+ Gathe Experimental sequence of 27’529 frames (128x128 pixels) with the parameters of acquisition
= Identif Reference: Suliana Manley, Julia Gunzenhauser and Nicolas Olivier, Current Opinion in Chemical Biology 15, 2011
The chall
To annay
registratig
Tubulin AF647 son. This pre-
n Nl The dataset represents a fixed call, stained with mouse anti-alpha-tubulin primary antibody and Alexa47 secondary antibody The intermittent

increase in signal is due reactivation with a 405 nm laser.
This dataset is an experimental sequence of 9990 frames of 128x128 pixels

Courtesy of Nicolas Olivier and Suliana Manley, LEB, EPFL

Tubulin » 2D « Long Sequence
Experimental sequence of 1'500 frames with the parameters of acquisition
High density of flucrophores per frame.

Courtesy of Nicolas Olivier and Debora Keller, LEB, EPFL

Tubulin + 2D + High Density
P Experimental sequence of 500 frames with the parameters of acquisition
f High density of flucrophores per frame.

Courtesy of Nicolas Olivier and Debora Keller, LEB, EPFL
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Timeline of SMLM developments

\X g 0
T — : . , {i".-\
& Wide-field Pl
_ . ' P,
Y - e | u
Emitter localization - ﬁ S
2002 Wy o E
Single-molecule e W . SMWM by , S—
imaging . . i Dist;[:'l{:e (nm) =
1995 SMLM image rendering

2006 Quantitative SMLM
2010—future
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a Nearest neighbor d
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plugins for SMLM post-processing

Name Description Year

bUnwarp] 2D image registration; channel alignment by elastic transformation, 2006
deformations are represented by cubic B-splines

ClearVolume Multi-channel visualization package; rendering of 1image stacks for 2015
3D and multi-colour representation

FIRE Resolution estimation; first ImagelJ plugin for FRC analysis 2013

GDSC SMLM Collection of plugins: many features such as drift correction, local
density analysis, pair correlation analysis, and FRC

MosaiclA Cluster analysis; calculates an interaction potential that 1s most 2013
likely to generate the observed object distribution

NanoJ-core Drnift correction and multi-colour channel alignment 2015

NanoJ-SQUIRREL Benchmarking SMLM images; generates error map and FRC map, 2018
uncovers local differences 1n resolution

QuASIMoDOH Cluster analysis; divides 1mages nto tiles (tessellation), pattern 2016
analysis done by analysing the distribution of tile areas

TRABI Intensity analysis; macro that determines spot intensities in SMLM 2017

data by temporal analysis; can extract 3D information from 2D data

Van der Linde et al. Journal of Physics D: Applied Physics (2019)
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Overview

 Basic principles 2D SMLM /
 Hardware for SMLM /

» Practical considerations: sample preparation,
suitable dyes, linkage errors, and buffers

* Processing, quantification, and interpretation of
SMLM data

« 3D SMLM
e Summary

« Extra: New directions in SMLM
« Extra: SRM as a multidimensional challenge

v
v
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3D SMLM



Can we localize SM in the axial direction?

A microscope’s PSF is symmetric in the axial
direction, which complicates single molecules'
localization along the axial axes.

x

/ l \ Simulated PSF

-200 nm O nm +200 nm




Decoding the axial information

Breaking the symmetry of the PSF enables us to decode axial information.

t Astigmatism _ - Double-helix

o’

Cylindrical lens in Emitted light detected onto two cameras (or two Spatial light modulator /
detection path halves of one camera) defocused relative to one phase mask in
another detection path

Huang et al. Science (2008), Juette et al. Nature Methods (2008), Pavani et al. Optics Express (2008)



Decoding the axial information

Basic SMLM set-up PSF shaping (3D) Biplane (3D)
i~ Sample Gl e lube lens Beam
Hoylindrica ! enlitte —
—Objective Ie};m %.[]I er o
=
)
, @
lube lens o — il s
|Laser | %f Dichroic [ c | 4f lens lens
: _amera
' i - Phase element Camera 1
Kéhler
lens
Emission 4 Astigmatic Double helix  Self-interfering Biplane
filter a
' L] & [
s -
E. . @ .
: :
rTubelens <
Detection . .
Camera

Cameral Camera?

Lelek et al. Nature Reviews Methods Primer (2021)



Decoding the axial information

Breaking the symmetry of the PSF enables us to decode axial information.

o

Resolution: 10-20 nm in all three dimensions

Shtengel et al. PNAS (2009)






Overview

 Basic principles 2D SMLM /
« Hardware for SMLM /

» Practical considerations: sample preparation,
suitable dyes, linkage errors, and buffers

* Processing, quantification, and interpretation of

SMLM data
« 3D SMLM
e Summary

« Extra: New directions in SMLM
« Extra: SRM as a multidimensional challenge

v
v
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Summary



Merits :

* Very high resolution

« Single molecule detection

« Relative simple microscope setup

« Can be combined with TIRF and
inclined illumination (HILO)

» Quantification of protein numbers

« Upgrade solution for exciting setups to
enable extended 3D localization using
PSF engineering (e.g., Double Helix)

Image: Xu et al. Nature Methods (2012)



Let’s wrap it up...

Disadvantages

« Special buffers/probes required

* Not for thick samples (< 10 um)

« Slow acquisition

 Limited 3D (no sectioning)

« Advanced post-processing needed

* Prone to reconstruction artifacts

 Structural resolution labeling density-
dependent

Image: Xu et al. Science (2013)



Overview

 Basic principles 2D SMLM /
« Hardware for SMLM /

» Practical considerations: sample preparation,
suitable dyes, linkage errors, and buffers

* Processing, quantification, and interpretation of
SMLM data

« 3D SMLM

e Summary /

« Extra: New directions in SMLM
« Extra: SRM as a multidimensional challenge

v
v

67



Ulrike Boehm, Ph.D.
ulrike.boehm@zeiss.com
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New dimensions in SMLM



MINFLUX emitter localization concept

a MINFLUX emitter localization concept

Fluorescence photon counts

LY N N R NN Lol %

Lelek et al. Nature Reviews Methods Primer (2021)
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Expansion SMLM

c Expansion microscopy

T S8 s mang A,
R % L SR VNN

Expansion
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Lelek et al. Nature Reviews Methods Primer (2021)

d Expansion SMLM




Deep learning-accelerated SMLM

e Deep learning-accelerated SMLM
Inputs
SMLM (300
frames) &

Ground truth

 f SMLM (30,000
frames) - i

-

11,740 locs
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SRM as a multidimensional challenge



Inherent
trade-offs
in SRM

Schermelleh et al. Nature Cell Biology (2019)

Microscope: detection efficiency, sensor dynamic range

Fluorescence labelling: brightness, density, specificity _ Photon budget
Sample/target properties: sparse or dense, high or flat? |
Lateral, axial 3D, depth, multicolour Acquisition Low
Spatial resolution Context Speed Photodamage
Limiting factors: Contrast Aberrations Detector Efficiency
Signal-to-noise / signal-to-background ratio Spherical, chromatic, Quantum efficiency, Resolution gain per
(minimal requirement method-specific) sample-induced readout, parallel vs. point illumination light dose
detection
Conventional Super-resolution (SRM) Imaging depth Temporal resolution Light intensity
Wide-fi ' ' (nm) (frame™) * (W/em?)
Wide-field Confocal SR-SIM STED SMLM (Routinsly) Frend il
deconvolution SOFI/SRRF A toutinely; h Parallel/camera ield illumination
( ) Diffraction-limited (NA & A dependent) Diffraction-unlimited ( ) Single- or 2-colour Point detection Focussed beam
) Multi-colour (3 or +) Speed scales with Higher peak intensity
3D sIM Intensity ! scan size
dependent : Localisation precision/
Far-red 1 photon count dependent STED
Red 1
Green Point ! 504 10 min 4= SMLM
Blue scanning 3D
Em. PS SIM i SMLM
| g
1 Structural 2 LLS [STED
' resolution: = 1 min 4 Confocal
: label density E 401 (SZZEi[:xcal min Confocal N
dependent 9] N
2D SIM : > PS SIM . SOFI/SRRF
h 3 10s 4+ SOFI/SRRF
I = [PS SIM \
! 3D SIM
! 107 (= PS SIM
1 30T / N
! 151 oy 3D SIM
| 2D SIM 2D Sim
LS D ° > iSIM
! @ o TIRF SIM
| (Number of 2 100 ms 4 [Wlde-fleld 10 LLS
! correlated time = 201 TIRF-SIM Wide-field
100 nm \ point dependent) & \ TIRF
i i 2
1 ] Wide-field
z : 5 [ZDISD Sim 10 ms 4 TIRF
1 g’ 1
! S0l [SOFIISRRF
Xy 3D z-stack X % SMLM 1ms 4= * Image volume of
_____________________________________________ . o 40 um x 40 pm x < Solar
Single 2D plane 2 TIRF 1 pm z-stack, ola
2 TIRF-SIM or single plane constant
TIRF TIRF-SMLM N TIRF-SMLM (SMLM and TIRF) 0.1 0.14
Basal membrane
To consider / affects: - Axial (z) resolution increase, yes or no? - Single-, 2- or multicolour? - Throughput - Photobleaching / -stability
- Localisation precision & labeling density (SMLM) - Single plane or volumetric? - Imaging area - Toxicity / thermal damage

- Throughput of high frequency information (=fine details)

- Signal-to-noise ratio improvement

- Qut-of-focus blur /
background suppression

- Imaging volume

- Number of time points
- Overall imaging duration
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Decision tree for selecting SRM techniques

Biological question

No

(in situ) /

High end?
Yes

— I
— | l

v

Live cell? Yes
\ (in vivo)

High end?
Yes

/ \
\ Hardware

Advanced SRM Low cost
Best resolut|on upgrade

Software only
} IVIuItlcolour }
ResoLFT 3P V°'”me SOFIISRRF Single point
DyMIN STED High speed scanning SIM

Primarily 2D Multicolour
3D (tissue)
l l 3D?
No Yes
2DSTED Single point — 3D s|M Large field ) ow phototoxicity (Re-scan)
add on scanning SIM l (Yes) Single point Long-term add on
(STEDYCON) (Re-scan) 2D only 3D scanning SIM TIRF SIM whole cell imaging
add on o (Airyscan) L
ExM 3D sectioning Multi point
/ localisation scanning SIM LLS
Best resolution \ (iSIM)
/ l l A\ 4
Easier sample  Best resolution Best resolution High throughput Ease of use
Low system No reconstruction preparation Single molecule No reconstruction  Multicolour High flexibility
complexity Multicolour Single plane Best contrast
y | ; } ) } !
2D SMLM 2D STED 2D SIM 3D SMLM 3D STED 3D SIM Point scanning SIM (Airyscan, iSIM)

Schermelleh et al. Nature Cell Biology (2019)
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Appendix



Switching buffers

Buffer class Buffer base Compounds Organic dyes used in switching buffer / description
10 - 100 mM MEA AF 750 [96], CF 680 [63], CF 647 [63], AF 647 and Cy5 [10], CF 568 [63], AF 532 [106], ATTO 520 [103]

Red PBS/TRIS

{‘fj ucer pH74-9 0.5 - 1% BME AF 750 [112], CF 680 [98], Cy5 readout pairs [9, 58], AF 647 [92]

-0, ‘o,
10 - 100 mM GSH AF 647 [106], TME [106]
10 - 100 mM MEA AF 647 [54], ATTO 655 [100], AF 568 [54]. ATTO 520 [111], AF 332 [105], AF 488 [111]
0.5 - 1% BME ATTO 655 [100]

FBS/TRIS

Reducer only pH74-9 50 pM AA ATTO 655 [169]
10 - 100 mM GSH ATTO 655 [52]. ATTO 520 [52]
50 mM TCEP + 2 mM COT AF 750 [97], AF 647 [97]
GLOX* AF 568 [121]. ATTO 520 [121]. AF 488 [121]

Oxrgen PRS/TRIS PCIVPCA®

(- Os) pH7.4-9 POC*

100 mM MEA + 1 pM MB

Cy5 [170]

Turkowyd et al. Anal. Bioanal. Chem. (2016)
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Switching buffers

Switching
ROXS
reducer and
oxidizer
-0,

PBS/TRIS
pH7.4-9
-0,

500 pM AA + 25 pM MV

ATTO 655 [171]

| mM AA+ 1 mM MV +
25 mM TCEP, pH 9

AF 750 [172], AF 647 [172], Cy5 [172]

Switching
mount

Vectashield

20% Vectashield + 80% (95%
glycerol 50 mM TRIS)

AF 647 [110], CF 647 [110]

MMowiol

(L5% Mowiol + 50 mM DTT

SiR [101]

Resin

100% dehydration + EM resin
embedding

PVA

1% in PBS, spin coat

Oregon Green [41], AF 488 [41]

Live-cell
media

DMEM, modified to
not contain phenol red

Turkowyd et al. Anal. Bioanal. Chem. (2016)

None SiR [102], TMR [55, 102]
100 mM GSH + GLOX AF 647 [106], TMR [106]
25 mM TCEP AF 647 [172], Cy5 [172]
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Multicolor SMLM

Name

Dual color combinations

Triple color combinations

mEos2 (G)
mEos2 (R)
PAmCherryl

Dendra2 (G)
Dendra2 (R)
paGFP

Fluorescent proteins

AF 647 [90-92], ATTO 655 [53],
Caged SiRh() [57], Dronpa [56],

psCFP2 [56]
paGFP [59]

PAmCherry [59]

eYFP + NileRed [93],
PAmKate + Dendra2 [60]
PAmKate + PAmCherry| [60]

PAmKate + PAmCherryl [60],

PAtagRFP + ATTO 655 [95]

Turkowyd et al. Anal. Bioanal. Chem. (2016)
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Organic dyes

Turkowyd et al. Anal. Bioanal. Chem. (2016)

Name Dual color combinations Triple color combinations
Alexa Fluor 750 AF 647 [97]
CF 630 AF 647 (#) [62, 08, 99] CF 660C + DyLight 650 + Dy 634
(#) [62]. CF 647 + CF 568 (#) [63]
ATTO 655 (&) ATTO 520 [52], mEos2 [53] PAtagRFP + paGFP [95]
SiR (§) mEos2 [57] TMR + paGFP [102]
Alexa Fluor 647 ATTO 520 [103], AF 532 [104, AF 568 + ATTO 488 [107]
105], ATTO 532 [54], AF 546 [54],
AF 568 [54], TMR [106], mEos2
[90-92], AF 488 [91], psCFP2 [56],
mMaple [99], ATTO 488 [107], CF
BED (#) [62,98, 99], AF 700 (#) [61].
AF 750 (#) [97], Dy678 (#) [108],
Dronpa [ 109]
CF 647 CF 680 (#) + CF 568 [63]
Cy5
Alexa Fluor 568 AF 647 [54] AF 64T + ATTO 488 [107]
CF 568 CF 680 + CF 647 [63]
TMR (%) AF 647 [106], Citrine [55] SiR + paGFP [102]
Alexa Fluor 532 AF 647 [104, 105]
ATTO 520 AF 647 [103], ATTO 655 [52]
Alexa Fluor 488 (§) AF 647 [91] AF 647 + AF 568 [107],
Cy3 + ATTO 532 [55],
Rhodamine 3C + AF 514 [55]
Cy5/AF 647 Reporter: AF 750 [112] Reporters: Cy7 + Cy5.5 [58]
readout dye pairs Activator: Cy3 + AF 405 [112] Activators: Cy3 + Cy2 + AF 405 [58]
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