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Scientific Background on the Nobel Prize in Chemistry 2014

SUPER-RESOLVED FLUORESCENCE MICROSCOPY

Photo: Matt Staley/HHMI @© Bernd Schuller, Photo: K. Lowder via
P - Max-Planck-Institut Wikimedia Commons,
Eric Betzug CC-BY-SA-3.0
Stefan W. Hell

Prize share: 1/3 William E. Moerner

Prize share: 1/3 i
Prize share: 1/3
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Super-resolved fluorescence microscopy

The Royal Swedish Academy of Sciences has decided to award Erik Betzig, Stefan W. Hell and
W. E. Moerner the Nobel Prize in Chemistry 2014 for the development of super-resolution
fluorescance microscopy.
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Towards the end of the nineteenth century Ernst Abbe (Abbe, 1879) and Lord Rayleigh
(Rayleigh, 1806) formulated what is commonly known as the “diffraction limit” for microscopy.
Roughly speaking, this limit states that it is impossible to resolve two elements of a structure
which are closer to each other than about half the wave length () in the lateral (x,y) plane and
even further apart in the longitudinal plane (z). In other words, the minimal distances (86X,
OVmin) that, according to Abbe’s criterion, can be resolved in the lateral plane are approximated

by

(8x

min *

Vin ) = /2

A Diffraction limits the resolution
of light microscopy

B Sizes of various biological entities
and the diffraction limit

Diffraction lmit
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Huangef al., 2010, Cell, 143, 1 5
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Since the Fourier transform of the image of any object is the Fourier transform of the object
itself multiplied by the Fourier transform of the PSF of the microscope, the length Amin defines
the limit of structural resolution of the microscope (Schermelleh et al., 2010). Using this
parameter to objectively define Abbe’s limit, it is in the lateral plane related to fundamental
microscopy parameters as:
A
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Figure 2: (Schermelleh et al., 2010, JCB vol. 190 no. 2 165-175). Left: high (green) and low
(blue) spatial frequency wave. Right: corresponding Fourier transform of the PSF (the optical
transfer function OTF) of the low (1) and high (1/ Amin) frequency wave.
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| Best localization: confocal microscopy
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| Diffraction limited microscopy
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Martin Schrader,” Karsten Bahlmann,” Giinter Giese,” and Stefan W. Hell*
Biophysical Journal  Volume 75 October 1998 1659-1668
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In the beginning of the 1990s, Stefan Hell moved as a post-doc from Germany to the University
of Turku in Finland to find space and a possibility to develop his, at the time, controversial idea
that it was not only possible but also feasible to transcend Abbe’s diffraction limit in far-field
light microscopy. In two theoretical papers he demonstrated the principles and outlined, in
quantitative terms, the experimental conditions for the ground-breaking novel concept of
Stimulated Emission Depletion (STED) microscopy (Hell and Wichmann, 1994) and similar

(Hell and Kroug, 1095) techniques.
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Using STED, the normally diffraction-limited focal spot can be made infinitely small. It is clear
that there may be other types of problems, such as photo-damage to biological tissues, with
highly intense STED beams. It is important, however, that these obstacles are not caused by a
hard physical limit and may therefore be successively removed, e.g. by the introduction of other
ground state depletion mechanisms than stimulated emission, which do not require such high
intensity (Hell and Kroug, 1995). The outcome of Hell’s first experimental demonstration of the
STED principle (Klar et al., 2000) is illustrated in Fig. 5, showing how the notorious poor axial
resolution is improved from about 500 to 100 nm. a
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Figure 5: (Klar et al., 2000, PNAS, 97, 8206-8210). (a) Nonlinear decrease in fluorescence
intensity with increasing STED intensity, ISTED. Illustration of fluorescence intensity spot in x-
and z-directions in the absence (b) and presence (d) of STED. Measured fluorescence
distribution in the z-direction in the absence (black) and presence (red) of STED.
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By this arrangement, in conjunction with optimal pulse sequences for the excitation and STED
beams, light emission is turned off everywhere except in a small part of the diffraction-limited
focal region. The latter region shrinks indefinitely with increasing intensity of the maximal
value, I, of the STED beam. The width, Amin, of the effectively fluorescing region is in the lateral

plane approximated by (Hell et al., 2004)
A= / .
min o her /7 2J2- .‘
2nsino(\1+1, /1, ) phaseplate =——=
.. Confocal

490 nm |

Excitation | STED , Saturated
spot spot * depletion

Current Opinion in Neurobiology
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By this arrangement, in conjunction with optimal pulse sequences for the excitation and STED
beams, light emission is turned off everywhere except in a small part of the diffraction-limited
focal region. The latter region shrinks indefinitely with increasing intensity of the maximal
value, Io, of the STED beam. The width, Ammn, of the effectively fluorescing region is in the lateral
plane approximated by (Hell et al., 2004)
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Super-resolved single-fluorophore microscopy should here be understood as a class of

techniques for which the super resolution is obtained by the possibility to “super-localize™ a
point source of photons. .
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Thompson MA, et al. 2012. Annu. Rev. Biophys. 41:321-42

Figure 6: (a) Pixelated fluorescence intensity from single fluorophore in x- and y-directions of
the detector. (b) Fluorescence intensity in x-direction (blue bars) fitted to a Normal distribution
(red line, Eq. 4). (c). Probability density of the center (x=0) of the Normal distribution in (b).
The knowledge that there is a single emitter allows the position of the point source to be
estimated much more precisely (c) than the width of the PSF (b).
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Super-resolved single-fluorophore microscopy should here be understood as a class of

techniques for which the super resolution is obtained by the possibility to “super-localize™ a
point source of photons. .

Neglecting background and pixelation, the probability density, p (x,1), of photon detection in
the lateral plane is approximately Gaussian (Thompson et al., 2012):

(x—p, )" (¥ )

plx.y)=Ce 353

C is a normalisation constant, iz and py define the lateral center of the PSF and A is equal to
Abbe’s diffraction limit in Eq. 1 above. From the knowledge that the photon distribution on the
detector stems from a point source, the center of the point spread function can be estimated
with a standard error, Amin, in both the x and y coordinates, given by (Bobroff, 1996; Webb,
2002):

A 1 A

A = —
me JN N 2nsina

N is the total number of photons registered by the detector, and it is seen that the spatial

resolution of the microscope, taken as its ability to localize a point source, Apin , is improved
from Abbe’s original limit by the factor 1/VN.
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Two years after Betzig's proposal, Moerner was studying the light emission properties of single
molecules of mutants of the green fluorescent protein (GFP) obtained from Roger Tsien's
laboratory. The studies (Dickson et al., 1097) were performed at ambient temperature with the
protein embedded in an aerated aqueous gel. Unexpectedly, when excited at 488 nm the protein
was seen to undergo several cycles of intermittent fluorescence emission: the GFP molecules
displaved “blinking” behaviour. After several blinking cycles, the molecules went into a stable
dark state. Amazingly, from this dark state they could be re-activated by irradiation at 405 nm.
These results demonstrated for the first time that it was possible to optically guide fluorescent

proteins between active and inactive states by the sophisticated use of the inherent

photochemistry of the protein (Fig. 7).
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Figure 7: (Dickson et al., 1997, Nature 388, 355-358). GFP in state A is excited to A* and returns
to A upon photon emission. When I is reached from A, there is no fluorescence until I
spontaneously moves to A: blinking. When I moves to N, there is no fluorescence until N is

activated to N* by 405 nm excitation and GFP returns to A.
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Moerner's demonstration of blinking and photo activation opened the road to exploring a vast
space of GFP mutants for novel optical properties. J. Lippincott-Swartz engineered a GFP
variant with striking properties (Patterson and Lippincott-Schwartz, 2002). This mutant is
initially optically inactive. It can, however, be activated by irradiation at 413 nm and then
displays fluorescence when excited at 488 nm. Eventually, after intense irradiation at 488 nm
the mutant is irreversihlv inactivated bv nhoto hleachine.

When Betzig returned to academic science after his post-near-field exile in private industry, he
learnt about Lippincott-Schwartz’ mutant and realized that it could possibly solve the problem
of finding an optimal way to combine sparse sets of fluorophores with distinct spectral
properties to a dense total set of fluorophores. The simple solution would be to activate a very
small and thus sparse, random subset of GFP mutant molecules in a biological structure by low-
level irradiation at 413 nm. Subsequent irradiation at 488 nm would then be used to determine
the positions of the members of the sparse subset at super-resolution,

When the first subset had been irreversibly inactivated by bleaching, a second small subset
could be activated and the positions of its members determined at high resolution, and so on
until all subsets had been sampled and used to determine the structure under authentic super-
resolution conditions. This fulfilled both the condition of only a sparse subset being observed at
a time, and the condition of high-frequency (dense) spatial sampling in order to fulfill the

Nyqvist and Shannon theorems, as illustrated in Fig. 8. a Undersampling b iregular sampling € Even sampling
o ¢

e Do

Lo

ek

d Many localizations.
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Super-resolved fluorescence microscopy

The Royal Swedish Academy of Sciences has decided to award Erik Betzig, Stefan W. Hell and
W. E. Moerner the Nobel Prize in Chemistry 2014 for the development of super-resolution
fluorescence microscopy.



P— . _ BiOMEDICAL &
@ |-> Beyond diffraction NEUROSCIRNCE. |
M Goeppert-Mayer M Gustafson S Hell E Betzig

1906-1972 1960-2011 MPI Gottingen Janelia Farm

BIOQUANT Hdg

FWHM(xy) ~ A/2 ~ L[4 ~ )Jo0

\‘f‘f Ty GGG
‘ . I"I‘“f!ll‘!ll‘!ll‘!
| . _ : L GGG
| ~ .‘i,u,u,‘nfnfi
e -

) N Y

2-photon SIM STED 4-1t PALM




INSTITUTE

; R BIOMEDICAL @m%%%
s |-> PSF overview NEUROSCIENCE £

Scientific Image Analysis

‘ CLSM ‘ STED CW-STED ’ 3D-SIM | PALM/STORM
~hem [nm] ‘ 460-670 ‘ 670 520 ’ 620 520 460 670 520
zA (PSF)
(PSF, reconstructed)
4 A | B |
' ' Y (Localization precision)
100 nm - y I I
T B~
0 100 nm X
~D,, [nm] 180-250 60 70 130 110 100 30
~D, [nm] 500-700 700 560 340 280 250 140 (TIRF-range)
~V [*10? pm?] 10-23 1.3 1.5 3.0 1.8 13 0.1

X0z

Schermelleh et al 2010 JBC



Microscopy @ SCIAN-Lab

TB Data per
Experiment

NanoZoomer: Tissue Imaging



s Superresolution optical fluctuation  PIOMIDICAL syt
- imaging (SOFI) ... NSTITUT “

fentific madge alysis

Fluctuating light source:
Quantum dots

(Cd/Se) Simultaneous excitation

Core at 365 nm

(ZnS) Size dependent emmision

Shell af o
A_(nm) 520 555 569 590 615

Polymer
coating

Biomolecule

15-20 nm

Normalized Fluorescence

A(nm)

Joerg Enderlein, Gottingen




COS7 100x Cubo, co-transfectado myc-GABABR1 y HA-GABABR2y
anticuerpos secundarios conjugados con QDots 525y 605 nm

Toledo et al (2013), unpublished



Image formation with SOFI

image |

\

I~ image 2 time

image 1

&

SOFI image

L

\




SOFI higher order cumulants

300 400

3
=
=
L
<
o

Scale bar: 250 nm

10 15
cumulant order

Dertinger T., Colyer R.; lyer G.; Weiss. S.; Enderlein J., PNAS, 2009



COS7 100x Cubo, co-transfectado myc-GABABR1 y HA-GABABR2 y
anticuerpos secundarios conjugados con QDots 525y 605 nm
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2nd order SOFI applied to a neuronal ER image
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