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THE OPTICAL MICROSCOPY SCENARIO
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HUMAN EYE 100 000 nm
OPTICAL MICROSCOPE 200 nm
ELECTRON MICROSCOPE 0.4 nm
3 nm
SCANNING PROBE MICROSCOPE 0.1-10 nm
Smallest 2003 1970

- lithographic Si transistor

Si transistor
resolution (0.13 um)

(10 um)

Protein

10n$m 100 nm 1 um

RESOLUTION OBSESE S,
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Slide credit: Stefan W. Hell, Max Planck Institute for Biophysical Chemistry, Department of NanoBiophotonics Géttingen
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Journal of the

OPTICAL SOCIETY
of AMERICA

VoLuME 56, NUMBER 11 NovEMBER 1966

Optical Systems with Resolving Powers Exceeding the Classical Limit*

W. Luxosz}
Institut A fiir Physik, Technische Hochschule, 33 Braunscliweig, Germany
(Received 27 April 1966)

A new theorem on the ultimate limit of performance of optical systems is established: Not the band-
width of the transferred spatial frequencies but only the number of degrees of freedom of the optical message
transmitted by a given optical system is invariant, It is therefore possible {a) to extend the bandwidth by
reducing the object area, (b) to extend the bandwidth in the x direction while proportionally reducing it in
the y direction, so that the two-dimensional bandwidth is constant, and (c) to double the bandwidth when
transmitting information about one state of polarization only.

To achieve this, the optical systems are modified by inserting two suitable masks (generally gratings)
into optically conjugate planes of object and image space. The transfer and spread function of the modified
systems are calculated for the case of coherent illumination.

InpEX HEapINGS: Optical systems; Diffraction; Polarization ; Resolving power; Coherence.

Z\c;;::;ocgul;;n;'iai2%j3ugi;g;gr:?).antennas and optical resolving power. Nuovo G Toraldo dl FranCia, ReV. Opt 28, 597 (1949)

RESOLUTION OBSESSION
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7Y Excited state

=% SIMULTANEOUSLY!

-

(credit: EMILIO SEGRE’ archive)

Maria GOppert-Mayer predicted that an
atom or a molecule could interact with
two photons simultaneously by absorbing
them in the very same quantum event.

TWO-PHOTON EXCITATION
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single molecule

PHOTOACTIVATABLE
Patterson GH, Lippincott-Schwarz J. (2002) Science 297:1873-1877.

Schneider M., Barozzi S., Testa |., Faretta M., Diaspro A. Biophys. J., .89(2), 1346--1352 (2005).
Ilaria Testa, Dario Parazzoli, Sara Barozzi, Massimiliano Garre, Mario Faretta, Alberto Diaspro, 2007 JBO
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introduction single molecule

512 pixels

512 pixels
P >

8 um
Single molecule structure is still not resolved

Chirico, G., Cannone, F., Beretta, S., Baldini, G., Diaspro, A., Micr. Res. Tech., 55:359-364 (2002)
Chirico G., Cannone F., Baldini G., and Diaspro A. Biophysical J., 84 (2003).
Chirico G., Cannone F.,, and Diaspro A., J.Phys.D,36 (2003).

SINGLE MOLECULE IMAGING
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Micr. Res. Tech. (2002) 55:359-4

SINGLE MOLECULE IMAGING
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Micr. Res. Tech. (2002) 55:359-4

SINGLE MOLECULE IMAGING
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Single Molecule Aggregates
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SINGLE MOLECULE IMAGING
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Fluorescence Polarization

Emission Polarization
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J Biomed Opt. (2003) 8(3):391-5

SINGLE MOLECULE IMAGING
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CINELLI RA, FERRARI A, PELLEGRINI V, TYAGI M, GIACCA M, BELTRAM
F.,PHOTOCHEM PHOTOBIOL. 2000 71(6):771-6.
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PHYS REV E STAT NONLIN SOFT MATTER PHYS. 2004 SEP:70(3 PT 1):030801
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E2GFP
Two Photon Switching Protein

Green Green Green Green

emission emission emission emission

870nm
SWITCHABLE - GFP - SINGLE MOLECULE

PHYS REV E STAT NONLIN SOFT MATTER PHYS. 2004 SEP;70(3 PT 1):030901

GFP PHOTOFFRE .
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B _ &
Confocal 4Pi STED
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S.W. Hell, et al. Far-Field Optical Nanoscopy, Science 316, 1153 (2007)
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ABBE, E (1873) ARCHIVE F. MIKROSKOP.ANAT. 9, 413-420

Slide credit: Stefan W. Hell, Max Planck Institute for Biophysical Chemistry, Department of NanoBiophotonics Géttingen

OPTICAL RESOLUTION
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4Pi- Microscopy: Coherent illumination and/or fluorescence detection

70 -140 nm

l:IJ—$

-
-

&
el

Fig 1

+

1
1

E (r,z,0)=E (r,2,0)+ E, (r,—-2,9)
4Pi microscopy coherently illuminates the sample

through two opposing lenses. Constructive interference
of the counterpropagating spherical wavefronts narrows

; i ; i i i _ S.W. Hell (1990). Europ. Patent OS 0491289.
the main focal maximum of the excitation light in the z SV Hol efal (1992) Oot Commun. 93 277
direction, and this forms the basis for a 3- to 7-fold M. Schrader, et al. (1998), Biophys. J. 75, 1659.
. . . H. Gugel, et al. (2004), Biophys. J. 87, 4146.
improved axial resolution.

4P|
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4Pi type A

-
.

Axial resolutions: ~150nm
(Type A), ~105nm (Type C)

4P|
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theoretical z-response of a thin film

Jeica

MICROSYSTEMS

2-photon / 840 nm
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Rolf Borlinghaus, Leica Microsystems Heidelberg GmbH
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experimental z-response of a fluorescent layer

MICROSYSTEMS

2-photon / 840 nm
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Rolf Borlinghaus, Leica Microsystems Heidelberg GmbH page
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Vicidomini, G., Schneider, M., Bainchini, P., Krol, S., Szellas, T. & Diaspro, A. (2007) J. Microscopy, vol. 225, pp. 88-95.
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4P|

Alberto Diaspro - LAMBS -




4Pi Microscopy: geometry of sample L

MICROSYSTEMS

YC CORR

U U3 mirror

Rolf Borlinghaus, Leica Microsystems Heidelberg GmbH Page




Jeica

4Pi Microscopy: sample preparation

* Thickness of the sample < 50um (distance between
the 2 coverslips < 100 ym)

 Coverslips on both sides (Quartz coverslips for best

optical performance in combination with glycerol
objectives)

* Embedding medium with same refractive index as
immersion medium (75% - 85% Glycerol)

* 1 mirrored coverglas for 4Pi adjustment

* 100nm beads added to the sample for quality check

Rolf Borlinghaus, Leica Microsystems Heidelberg GmbH Page
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4P|
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conculsions

NUMBER 11

GFP labeled Mithocondria (b) and Golgi (c)

Egner, A., Jakobs, S. & Hell, S.W. Fast 100-nm resolution 3D-microscope reveals
structural plasticity of mitochondria in live yeast. Proc. Natl. Acad. Sci. USA 99,
3370-3375 (2002).

4P|

. Egner, A., Goroshkov, A., Verrier, S., Séling, H.-D. & Hell, S.W. Golgi apparatus of live
mammalian cell at 100 nm resolution. J. Struct. Biol. in the press (2003).

Alberto Diaspro - LAMBS -
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Stimulated Emission Depletion (STED) Fluorescence Microscopy

(a) STED principle
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Current Opinion in Neurcbiclogy
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A PSF

single molecule

STED
40 nm
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STED, 4PI

B Separation c
of molecules

PALM
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conculsions

62 nm

|  33nm

100 O
X [nm]

190 0 10

20
Ax [pm7]

Quantifying lateral resolution in STED microscopy through imaging of point-like objects. (A) The effective point spread function (PSF) of a
conventional microscope and a (laser-diode) STED microscope. determined on single dye molecules (JA 26). (B) Molecules spaced apart far below the diffrac-
tion limit could be clearly separated in STED microscopy (slightly augmented by deconvolution). (C) For STED microscopy the gain in transmitted bandwidth
of the optical transfer function (OTF) is more than 5-fold, compared with conventional microscopy. Objective lens, NA = 1.4 (oil); wavelengths A, 635nm (exci-
tation), 650 to 720nm (fluorescence detection), 78l nm (STED).

Category Name Emission nm STED nm Manufacturer Notes

Green dye* Atto532 540-570 615 Atto-tec GmbH, Siegen. DE Used for single-molecule studies
Yellow dye* DY-510XL 560-630 625 Dyomics GmbH, Jena, DE Immunofluorescence label

Red dye* Atto64TN 650-720 760 Atto-tec GmbH, Siegen. DE Used for single-molecule studies
Far red dye Pyridine 2 680-750 750-780 SigmaAldrich, St. Louis, MO Membrane label

Infrared dye Pyridine 4 T10-800 T80-800 SigmaAldrich, St. Louis, MO Membrane label

STE=

Alberto Diaspro - LAMBS -
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y S.W. Hell & J. Wichmann (1994). Opt. Lett. 19, 780.

STED Microscopy 7311
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1.00 |
© | Focal SpOt ... probed with 1 molecule
(%]
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§ 0.5 : I/Isat p— 20 }\"STED= 770 nm
5 |
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0.0 wl % segq0e®e ) STED
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Slide credit: S.W. Hell x [nm] V. Westphal & S.W. Hell (2005), Phys. Rev. Lett. 94, 143903.

STEE
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Confocal STED 40 nm beads (Molecular Probes)

counts/0,3ms 204 : e counts/0,3ms

Slide credit: S.W. Hell

STEE
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da

Confocal

200nm

C =& STED RaW —— 5TED RAW
~——STED 4D e STED #LD
1,

=
© Ring ol Fig. 5. Resolving the nanostructure of speckles of protein SC35 in intact
I n o - . "
0o Al : L mammalian cell nuclei. (3, ¢, and &) Confocal image of a speckle domain (a)
0 100 [y 200 200 [] 100 M 200 300 . :
with STED counterpart data, raw (c) and after LD (e). (b) Conventional over-
Fig. 4. Synaptophysin forms elaborate nanopatterns on endosomes. (a) view image of specklesin nucleus. (d and f) Raw data profiles through speckle
Confocal reference. (b) STED microscopy plus a LD (see Materialand Methods) nanofeatures indicate a STED microscopy lateral resolution of ~20 nm in the
revealing ring-like and C-shaped nanoarrangements. (c and d) Line profiles nucleus.

through rings, both of the LD (red line) and of the raw STED data (black, with
pixels).

PNAS | August1,2006 | vol.103 | no.31 | 11443

STEE
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PALM (photoactivated localization
microscopy) is an optical method
for imaging intracellular proteins at
nanometer spatial resolution. — | r

o

Imaging intracellular fluorescent proteins at nanometer resolution. Science. 2006 Sep 15;313(5793):1642-5.

PALM

Alberto Diaspro - LAMBS -
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Numerous sparse subsets of photoactivatable fluorescent protein molecules are activated,

localized (to approx.2 to 25 nanometers), and then bleached. The aggregate position
information from all subsets is then assembled into a superresolution image.

The performances are largely dictated by the photophysical characteristics of the PA-FPs.

This method has been used to image specific target proteins in thin sections of lysosomes and
mitochondria; in fixed whole cells, we imaged vinculin at focal adhesions, actin within a
lamellipodium, and the distribution of the retroviral protein Gag at the plasma membrane.

Betzig E, Patterson GH, Sougrat R, Lindwasser OW, Olenych S, Bonifacino JS, Davidson MW, Lippincott-Schwartz J, Hess H.
Imaging intracellular fluorescent proteins at nanometer resolution. Science. 2006 Sep 15;313(5793):1642-5.

PALM

Alberto Diaspro - LAMBS -
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The principle behind PALM. A sparse subset of
PA-FP molecules that are attached to proteins
of interest and then fixed within a cell are
activated (A and B) and then imaged until most
are bleached (C). This process is repeated
many times (C and D) until the population of
inactivated, unbleached molecules is depleted.
Summing the molecular images across all
frames results in a diffraction-limited image (E
and F).

Repeating with all
molecules across all frames (A’ through D’) and
summing the results yields a superresolution
image (E’ and F’) in which resolution is dictated
by the uncertainties s(x,y) as well as by the
density of localized molecules.

e

37
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The principle behind PALM.

Central to the performance of photoactivated localization microscopy (PALM) is the precise
localization of single fluorescent molecules performed by a least-squares fit of an assumed
two-dimensional gaussian point spread function (PSF) to each single molecule image.

st +a’/12 . WNrs*h,’
N, aN, >

m
where s is the standard deviation of the PSF, a is the pixel size in the image (taking into
account the system magnification), Nm is the total number of photons measured from
molecule m, and bm is the number of background photons collected in the fitting
windowused for molecule m.

Therefore, PALM design is predicated on achieving the highest possible diffraction limited
resolution (i.e., small s) and collection efficiency (high Nm )consistent with minimal
background noise bm .

(O-x, A% ’ )m

The superresolution image resulting from the sum of all such rendered molecules thus
provides a probability density map where brightness is proportional to the likelihood that a
PA-FP molecule can be found at a given location.

PALM

Alberto Diaspro - LAMBS - http://www.lambs.it
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introduction single molecule STED, 4PI

Images of an aggregation of 50 nm diameter plain polystyrene beads with the PA-FP Kaede
deposited thereon. (A) Conventional TIRF image obtained prior to PALM data acquisition.
(B) Summed TIRF image constructed by summing all the activated (red state), background-
subtracted, diffraction-limited single molecule images in the entire PALM data stack.

PALM

Alberto Diaspro - LAMBS -
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(C) PALM image constructed by summing the position probability gaussians determined for
all localized molecules in the data stack.

PALM

Alberto Diaspro - LAMBS -




Comparative summed-
molecule TIRF (A) and
PALM (B) images of
the same region within
a cryoprepared

thin section from a
COS-7 cell expressing
the lysosomal
transmembrane protein
CD63 tagged

with the PA-FP Kaede.

PALM

Alberto Diaspro - LAMBS -
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Comparative summed-molecule TIRF (A), PALM (B), TEM (C), and
PALM/TEM overlay (D) images of mitochondria in a cryo-prepared thin
section from a COS-7 cell expressing dEosFP-tagged cytochrome-C oxidase
import sequence.

PALM
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S.W. Hell, in_Topics Fluoresc ﬁtr V,genum Press (1997)

ULTIMATE RESOLUTION... AGAIN

APl AND STED

Alberto Diaspro - LAMBS -
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M | M | Dyba, M., Jakobs, S. & Hell, S.\W. Immunofluorescence stimulated emission deple-
RN Y tion microscopy. Nat. Biotechnol. 21, 1303-1304 (2003).

+

STED-4Pi

Microtubular network of
human embryonic kidney
cell against coverslip
reference monolayer.

Cells in water immersion
2 geometry.
§.
400 ¢
200
0

Microtubules

APl AND STED

Alberto Diaspro - LAMBS - http://www.lambs.it
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(a) Confocal (c) Confocal

dv i

(b) STED-4Pi (d) STED-4Pi

Currant Opinion in Neurcbiclogy

Axial resolution increase provided by STED-4Pi (b,d) over confocal microscopy (a,c). The membranes of a live bacterium (Bacillus megateriurn)
were stained with the dye RH 414 and then simultaneously imaged in the (a) confocal and in the (b) STED-4Pi microscopy mode. Note that

the axial resolution of this focusing microscope is in the order of 30-40 nm. (c,d) xz-images from the immunolabeled microtubular network of a
human embryonic kidney (HEK)-cell as recorded with a (c) confocal and (d) STED-4Pi-microscope. Both images have been recorded at the
same site in the cell. The microtubules were labeled using a primary anti-B-tubulin antibody and a secondary antibody coupled to MR-121.

The STED-4Pi images were linearly deconvolved to remove the effect of the 4Pi-sidelobes. Note the straight horizontal line which stems from an
MR-121 layer on the cover slip. At this layer, the resolution in the STED-4Pi image is determined as 53 nm. The fixed HEK cells were mounted in
aqueous buffer and recorded with water immersion lenses.

www .sciencedirect.com Current Opinion in Neurobiology 2004, 14:599-609

APl AND STED

Alberto Diaspro - LAMBS - ~ http://www.lambs.
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ULTIMATE RESOLUTION... AGAIN
Sharpest focal spot

(a) Confocal STED
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V. Westphal. S.W. Hell (2005). Phys. Rev. Lett. 94, 143903,

Validation of A NEW square-root resolution law

MORE
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