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Introduction

 Since the first studies of biological structures by early
pioneers of microscopy like R. Hooke and A. van Leeuwenhoek
in the 17t century, technical developments have led to greatly
improved image quality but were faced with a limit in optical
resolution.

* Based on experimental evidence and basic principles of
physics, E. Abbe and Lord Rayleigh defined and formulated
this diffraction limited resolution in the late 19t century.



Introduction

* Proposed in 1882 by Ernst Abbe: d = A/2NA

 d represents the diffraction limit of an optical microscope
which defines the ability to distinguish between two closely

spaced objects in the image plane (around 200 nm)

— Much of the fundamental biology of the cell, however, occurs
at the level of macromolecular complexes in the size range of

tens to few hundreds nm.
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Spatial Resolution of Biological Imaging Techniques
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The Point Spread Function (PSF) describes how a point-like object is spread out in the image



Introduction

Point-Spread Contour Ma

Function

vvvvv . 2 . 2

Gaussian
Display Fit

Pixel
b L N a0 anNn O

The Point Spread Function (PSF) can be mathematically fitted to Gaussian distribution

— Methods to affine the Gaussian fit of the PFS in order to obtain a more precise
detection of the object’s centroid (Deconvolution, FIONA, SIM, PALM/STORM, STED)
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Methods

e STED: Stimulated Emission Depletion Microscopy
(1994-2000).

e SIM: Structured lllumination Microscopy (2000-
2007).

 FIONA: Fluorescence Imaging with One
nanometer accuracy (2003).

 PALM: Photoactivated Localization Microscopy
(2006).

 STORM: Stochastic Optical Reconstruction
Microscopy (2006).



Structured lllumination: SIM
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Structured lllumination Microscopy (SIM) The technique involves projecting a series of sinusoidal 'high frequency'
striped patterns (optical grating) onto the specimen. Moiré fringes containing information relating to the specimen's sub
resolution structure develop when this pattern illuminates finer labeled structures of the sample. This information is
extracted by image processing algorithms and a super resolution image is formed by combining multiple images
collected from different grating orientations. With SIM, one can expect to roughly increase the resolving power by a
factor of two (~¥100 nm). As the technique is not reliant on the properties of the fluorescent probe and does not requires
special sample preparation, it is possible to image most fluorescent labels.



Structured lllumination: SIM

(d)
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The procedure of reconstructing high frequency information in reciprocal space. Fourier
transforms of a microscope image without (a) and with (b) structured illumination. Information
is contained in the “observable region” in both cases, but in panel b, moiré effects have
displaced high frequency information (arrowheads) and carried it into the observable region.
(c) Seven components shown separately as calculated from nine images taken at three
azimuthal rotations of the grid pattem. (d) Reconstruction of the image transform extends the

visible region outwards by a factor of 2 compared with the original image shown in panel a,
allowing a twofold enhancement in resolution.




Structured lllumination: SIM
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Structured lllumination: SIM
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Stimulated Emission Depletion: STED

Phase
Plate

__\'°‘

Depletion Laser

Tube
Lens

— Emission to
Detector

Dichromatic
Mirrors

Excitation Laser
(a)

STED 3D PSF
Pattern

STED Microscope
Point-Spread Functions
Excitation STED

Pattern
y .
‘—o x
Saturated Effoctive
Deplation PSF

(d)

STED (Stimulated Emission Depletion) microscopy: In conventional point-scanning confocal microscopy, photons in the
excitation laser beam (diffraction limited in size) cause electrons of the dye molecule to become excited from the ground
state to a higher energy level. Within a few nanoseconds, before these electrons have chance to relax and emit a photon
(the basis of fluorescence), a second red-shifted doughnut-shaped laser beam centered on the same excitation spot, is
applied. This second beam drives excited electrons, except for those located in the center of the doughnut, back to their
ground state by stimulating emission of a photon of the same wavelength. Thus, molecules located in the hole can
fluoresce normally whereas those surrounding cannot. By increasing the power of the depleting laser, the effective
diameter of the hole is reduced and with it, the size of the spot from which molecules are allowed to fluoresce.



Stimulated Emission Depletion: STED

TABLE 15.2 Fluorescent Probes for STED Microscopy

Pulse Pulse Resolution’
Probe Name”* Ex" (nm) Width* (ps) STEDY(nm) Width* (ps) (nm)
Synthetic dyes
ATTO 425 440 130 532 1.000 70-80
Alexa Fluor 488 488 CwW 592 CwW <60
ATTO 532 488 100 615 200 60-70
ATTO 565 532 90 640 90 30-40
Alexa Fluor 594 570 90 700 90 60
ATTO 590 570 90 700 90 3040
ATTO 633 635 100 750 200 3040
Fluorescent proteins
EGFP 490 100 575 200 70
EYFP 490 100 598 300 70
Citrine 490 100 598 300 50

*Synthetic fluorescent d‘ycs and fluorescent proteins are listed with respect to their “excitation maxima,

‘optimum pulse width, “depletion beam wavelength, “pulse width of the depletion beam, and “resolution.
CW. continuous wave laser.




Stimulated Emission Depletion: STED
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Stimulated Emission Depletion: STED
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Gated Stimulated Emission Depletion:

gSTED

EXC pulse

Light

Gate

gated

\ €
\L &
N

STED

- Gate
\ Fluo EM / \

pixel dwell-time

Time




Gated Stimulated Emission Depletion:
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Single Molecule localization: PALM/STORM

Photoactivated Localization Microscopy Optical Train Configuration
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Pointillism microscopy: In PALM (Photo Activation Localisation Microscopy), STORM (Stochastic Optical Reconstruction
Microscopy) and GSD microscopy techniques, the resultant image is formed from a number of individual dots; in this
case, each dot represent a single fluorescing molecule. These approaches exploit the properties of the fluorophore, in
particular its ability to be photoactivated, bleached or photoswitched. The essence of the technique is to switch
individual fluorescence molecules on and off and to image them using a camera. The center point of each molecule can
then be calculated computationally and its location recorded; the process is repeated hundreds and in most cases

thousands of times to form the final image.



Single Molecule localization: PALM/STORM
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Single Molecule localization: PALM/STORM
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Comparison of the different methods

Table |. Super-resolution light microscopy methods

Near-field 1 Far-field T
Principle Small aperture Evanescent wave Wideield + Confocal lase Moiré effect will structured illumination | PSF shaping with saturatel Photoswitching and localiza-
scanning (no lens) illumination deconvolution scanning emission depletion tion of single molecules
(pointillism)
Acronym SNOM/NSOM TIRFM CLSM SIM (HELM, PENY)  SSIM (SPEM) STED/CW-STED PALM/FPALM/STORM/
3D-SIM dSTORM/PALMIRA
lllumination-emission  Linear Linear Linear Linear Linear Non-linear Non-linear Linear
dependence
Detector Scanning PMT/APD  Wide-field CCD/ Wide-field CCD Scanning PMT Wide-field CCO Widefield CCD/ | Scanning PMT/APD Wide-field CCD/CMOS
CMOS CMOS APD CMOS CMOS
XY-resolution 20-120 nm 200-300 nm 180-250 nm 180-250 nm 100-130 nm 50 nm 20-100 nm 20-50 nm
Z-resolution 10 nm 100 nm 500-700 nm 500-700 nm 250-350 nm N.D. 560 nm (CW-STED) 100 nm (TIRF)
(nearfield range) (nearfield range) to 700 nm (100 nm 20-30 nm (3D-STORM, TIRF)
with z-phase mask) 75 nm (BP-FPALM, in plane
Serial z-sectioning No No Yes Yes Yes Yes Yes Yes
Z stack range N.A. N.A. 100 pm 100 pm 10-20 pm N.A. >20 pm 100 nm - few pm
(BP-FPALM)
Dyes Any Any Any Any Most conventiofal  Dyes require Dyes require special Dyes require special
dyes special charac- characteristics (CW-STE| characteristics
(photostable) teristics works with many
conventional dyes)
Simultaneous colors 2 >3 >3 3 1 2 2
Temporal resolution s-min ms ms ms-s ms-s s-min ms-min s-min
for 512 x 512
image
Energy load/ Low Low Low Medium Medium High Medium-high Medium-high
intensity
Live-cell imaging Yes Yes Yes Yes Restricted No Restricted Restricted
(2D-TIRF)
Postprocessing No No Yes No Yes 9-25 raw Yes ~100 raw No Yes >1,000 raw images
required images per slfke  images per slice per slice
Notes No intracellular Restricted to region Risk of artifacts; Reconstruction High excitation Complex instrumentation; | ~ May require TIRF setup for
imaging near the coverslip better for sparge bears risk of required; recon- photobleaching best performance;
samples artefacts struction bears labeling density is critical;
risk of artefacts performs better on particle
and filaments as on
volume stains
Dual lens M 4Pi I°S 4 Pi-STED/iso-STED iPALM
implementation
Z-resolution 70 nm 80 nm 100 nm 20-100 nm 10 nm (depth ~200 nm)
licable; N.D., not described.

N.A., nota




* Introduction and concepts

* Methods (SIM, PALM/STORM, STED/gSTED)

e Available systems (OMX, LEICA, ZEISS, NIKON)




Systems

o Zeiss: Elyra-PS.1 (PALM/BALM/STORM and
SIM)

* Leica: STED-CW/gSTED and GSD
e Nikon: STORM and SIM

* Applied Precision: DeltaVision OMX v4
(PALM/BALM/STORM and SIM)

£




Systems

Leica TCS SP8 with gSTED



Systems

Nikon N-SIM/N-STORM



Systems

Zeiss Elyra PS1
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Conclusions

bleaching, phototoxicity

Energy intensities,

resolution
microscopy

Sample preparation

Present trade-offs: At the present time, there is no ideal system available that could combine
the highest spatial resolution laterally and axially along with multicolor capabilities and
temporal resolution for live-cell imaging.
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TABLE 15.1 Properties of Fluorescent Probes for Single Molecule Imaging

[
A p p en d 1X b BCGmw  BnGm  ECGI0h  Qr  NPhamt

Photoactivatable fluorescent proteins

PA-GFP (N)* 400 515 20.7 0.13 70
Synthetic Fluorophores Useful in Superresolution Microscopy PA-GFP (G) 504 517 174 0.79 300
AP \3/ PS-CFP2 (C) 400 408 430 0.20 NR
3 PS-CFP2 (G) 490 511 470 0.23 260
VWARARAN
a PA-mCherryl (R) 564 595 18.0 046 1300
NN ) Photoconvertible fluorescent proteins
YAV N tdEos (G) 506 516 34.0 0.66 NR
Ny @ tdEos (R) 569 581 33.0 0.60 750
¥ Alexa Fluor 488 Figure 7 mEos2 (G) 506 519 56.0 0.74 NR
- _/— mEos2 (R) 573 584 46.0 0.66 500
(c) [\k PSmOrange (O) 548 565 113.3 051 NR
¢ / DyLiaht 636 PSmOrange (FR) 635 662 32.7 0.28 350
Z yLig
/w g r Photoswitchable fluorescent proteins

; \}_/ Dronpa 503 517 95.0 0.85 120
ATTO 590 “astLi 496 518 39.1 0.77 200

rsFastLime

- - - - - Padrol 503 522 430 0.64 NR
Relative Sizes of Fluorophores Useful in Single-Molecule Superresolution Imaging et
bsDronpa 460 504 45.0 0.50 NR
S rsCherry 572 610 80.0 0.02 NR
» S »
"-f ot rsCherryRev 572 608 84.0 0.005 NR
st&eysc) Dye Synthetic fluorophores
Alexa Fluor 488 4905 519 71.0 0.92 1000
ATTO 488 501 523 90.0 0.80 1200
Cy3B 559 570 130.0 0.67 2000
Alexa Fluor 568 578 603 91.3 0.69 2000
Alexa Fluor 647 650 665 240.0 0.33 4000
IgG
Cy5 649 670 250.0 0.28 5000
|-¢——5 Nanometers ——p»| Anl(?:)od y Y

Cy7 747 767 200.0 0.28 1000
Yellow DyLight 750 752 778 2200 0.25 750
S C-Rhodamine* 545 575 90.0 0.90 1100
C-Fluorescein 494 518 29.0 093 525

* The common name and/or acronym for cach fluorophore.
* Peak excitation (Ex).
Peak emission (Em) wavelengths.
“ Molar extinction coefficient (EC).
 Quantum yicld (QY).
' Number of photons emitted per molecule per switching cycle (N Photons) are indicated.
* Terminology: (N) native, (C) cyan, (G) green. (O) orange. (R) red. (FR) far-red.
* C-Rhodamine and C-Fluorescein refer to caged derivatives.
NR. not reported.



Appendix

Table 1 A comparison among super-resolution techniques

SIM STED PALM and STORM
Principle Moiré pattern by spatially structured PSF shrinking by stimulated emission depletion!® Photoactivation/photoswitching and localization
illumination’ of single fluorescent molecules!3-15.19
Lateral resolution ~100 nm9! 30-50 nm1! 10-40 nm19.77
Axial resolution <300 nm92 ~30-600 nm93.94 ~10-50 nm77.78,95
Probes Common organic dyes Specific organic dyes Genetically encoded photoactivatable/

photoswitchable proteins (PALM)
Cyanine activator and reporter dyes (STORM)
Photoswitchable organic dyes (directSTORM)

Preparations Fixed samples Fixed samples Fixed samples
In vitro®1 In vitro?1.23 In vitro?2.96.97
In vivo?0 In vivo®0
Speed Middle®! High?23 Low?22
Advantages Live three-dimensional imaging®98 Live three-dimensional imaging?! Live three-dimensional imaging?2
3-and 4-color imaging® 2- and 3-color imaging11.24 3- to 6-color imaging18.99.100
Larger field of view at comparable frame rates Deep tissue®! and in vivo®0 imaging Single-particle tracking (sptPALM)62

Intrinsically optical; no data processing required
Disadvantages Limited lateral resolution Limited axial resolution, improved with isoSTED#! Cross-talk between fluorophores
Complex data processing High photobleaching Complex data processing
Possible artifacts High labeling density required High labeling density required
Possible artifacts
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