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Live Cell Microscopy
Observation of living cells: Non-Invasive

Light + Far-Field: non-invasive!
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Live Cell Far-Field Microscopy
Fluorescence

Study specific molecular processes in the living cell:

Fluorescence microscopy
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Far-Field Fluorescence Microscopy
Resolution: Goal
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Far-Field Fluorescence Microscopy
Resolution: Goal

(outside) lipid-soluble molecules,

= molecular scale
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Far-Field Microscopy
Resolution Limit: Diffraction Barrier

Far-Field Fluorescence Microscopy: Focussing of light

- away from surfaces — inside cells (3D)

v

Fluorescence

Size of focus / point-spread function
limited by diffraction of light!!!
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Far-Field Microscopy
Resolution Limit: Diffraction Barrier
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Image: diffraction-limited
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Far-Field Microscopy
Surpassing the Resolution Limit: Turning ON/OFF

axial ~ 600 nm “ [AX B N

} Ernst Abbe 1873

Laser 5 2nsin o
(2 = = Turning ON/OFF
Fluorescence lateral ~ 200 nm
O
O O
O OO Turn OFF all objects but
O at a single point

= Observation area / Resolution\

lateral << 200 nm
axial << 600 nm

STED/
RESOLFT



Fluorescence Microscopy

STED Microscopy
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Fluorescence Microscopy

STED Microscopy
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Fluorescence Microscopy

STED Microscopy
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Fluorescence Microscopy
STED Microscopy
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Fluorescence Microscopy
STED Microscopy
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Fluorescence Microscopy
STED Microscopy
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STED Microscopy
Dynamical confinement of resolution

Nanoscale observation areas: CONTINUOUS TUNING of spatial resolution!

A

E‘ Ar= 2nsina 1+ 1/ 1y
= 200
2
QO
£ 100
O
O

0

0 | 1(I)O
STED Intensity [MW/cm?]



STED-Microscopy
Sub-Diffraction Imaging
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STED-Microscopy
Sub-Diffraction Imaging
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STED-Microscopy
Sub-Diffraction Imaging

Fluorescence
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STED-Microscopy
Sub-Diffraction Imaging
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STED-Microscopy
Sub-Diffraction Imaging
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STED Microscopy
Cellular Imaging

protein-heavy subunit of neurofilaments
in the human neuroblastoma cell line
SH-SY5Y (retinoic acid-BDNF-
differentiated);

establishes cross-links to organize

and stabilize neurofilaments in axons

Confocal

Confocal
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Donnert et al, PNAS 2006




STED Microscopy
Inside Living Cells - Dynamics

Y FP-transgenic mouse
Hippocampal slice

CA1 neuron

(PNAS Néagerl et al 2008)
(BiophysJ 2011)

Live Mouse
YFP
(Science Berning et al 2012)

Live-Cell (inside)
Multi-Color (more complex)
Two-Photon excitation

3D possible

Conventional dyes, GFP, ...




Lipid Plasma Membrane Organization

Nanoscale
g reznne  LIPID Plasma Membrane Organization:
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Small spatial
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Lipid Plasma Membrane Organization
Fluorescence Recordings: Lipids

Phosphoglycerolipid:
Atto647N-phosphoethanolamine (PE)

g T Sphingolipid:
O Atto647N-sphingomyelin (SM)
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Lipid Plasma Membrane Organization
Confocal Recordings
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Lipid Plasma Membrane Organization
STED Nanoscopy Measurement

Detector

Excitation
200 nm
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Lipid Plasma Membrane Organization
STED Nanoscopy Measurement
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Count rate [kHz]

Lipid Plasma Membrane Dynamics
STED Nanoscopy Measurement
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Discover diffusion dynamics!!!
Fluorescence Correlation Spectroscopy (FCS) *
[P ~ molecular
\ diffusion coefficient
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Eggeling et al Nature 2009



Live Cell Nanoscopy

STED-FCS

STED-Microscopy: Tuning of observation area

STED-FCS
Determine transit time

L I . for different sizes of observation areas
- (different STED intensities)

FWHM [nm]

o

0 | 100
STED Intensity [MW/cm’]

Calculate
apparent diffusion coefficient:

D ~ area/ transit time

hopping

Dependencies: D(diameter)
240nm — 30/40nm

free

D [um¥s]

partitionin

trapping

Varies for different diffusion modes FWHM [nm]




Live Cell Nanoscopy
STED-FCS - Diffusion Models

o «— STED Intensity
Free diffusion
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1150-1162 2009 Apparent diffusion coefficient:

Mueller et al. Biophys J 2011

D ~ area / transit time




STED-FCS - Diffusion Models

Live Cell Nanoscopy

Free diffusion

N2 ‘_g/
— N
a
"-V\I _’-l’/]
C | e |
1S %
£ =
o5
e
& O
P
oD
o Q
< @)

Wawrezinieck et al. Biophys J.
2005 December; 89(6)

Eggeling et al. Nature 457,
1159-1162 ,2009

Mueller et al. Biophys J 2011
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IS

D ~ area / transit time

Apparent diffusion coefficient:

Trapping




STED-FCS - Diffusion Models

Live Cell Nanoscopy

Free diffusion

AWa

Apparent Diffusion

Wawrezinieck et al. Biophys J.
2005 December; 89(6)

Eggeling et al. Nature 457,
1159-1162 ,2009

Mueller et al. Biophys J 2011
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Apparent diffusion coefficient:

D ~ area / transit time
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STED-FCS
Lipid Membrane Diffusion + Interactions: PE + SM

PE
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PE: free diffusion
(weak trapping )

SM: trapping

Eggeling et al. Nature 2009
Mueller et al. Biophys J 2011
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STED-FCS
Lipid Membrane Diffusion + Interactions: PE + SM

0.6_' e — Complex on molecular scale
_ /,\ /‘\./ N\ (proteins, lipid-shells, ...)
@ 04 “o—* .
?fi | ¢ //,Dyﬂ ~10 ms, no movement during trapping
E 0.2 O /E&D//D’;D SM -
[ Cholesterol-assisted
0 T (COase/R-Cyclo-Dextrin/Zaragozic acid...)
"0 50 100 150 200 250
Observation Diameter [nm] Binding partner bound to cytoskeleton
. (Latrunculin/Jasplakinolide/Nocodazole...)
§ ¢
5 f Slight dependence on endogenous SM level
>§ o )" ? (Myriocin)
° ° Dependence on lipid structure
\ L (but not dye)
PE: free diffusion —

. I - S [a)
(weak trapping ) SM: trapping frapping

Eggeling et al. Nature 2009 FWHM [nm]
Mueller et al. Biophys J 2011




STED-FCS
Lipid Membrane Diffusion + Interactions: PE + SM

06. e — Complex on molecular scale
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0o New approach to study molecular interactions! | SM level
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Far-Field Microscopy
Surpassing the Resolution Limit: Turning ON/OFF

axial ~ 600 nm “ [AX A

2Nnsin o,

} Ernst Abbe 1873

= = Turning ON/OFF

Fluorescence lateral ~ 200 nm

O _ O
O OO Turn OFF all objects but
O at a single point
— Observation area / Resolution\
lateral << 200 nm STED/
RESOLFT

axial << 600 nm



Far-Field RESOLFT Nanoscopy
Reversibly Photoswitchable Fluorescent Proteins

Photoswitchable Proteins o

—

Dronpa — rsFastLime

light Stiel et al, Biochem J 2007

ON <«— OFF

o
- O [4;]

GFP — photoswitching (rsEGFP)
Grotjohann et al, Nature 2011

fluorescence [norm.]
o B -

o

Switch-off + Readout: 488nm 01 02 03 04 05

) time [s]
‘ Switch-on: 405nm
\ ON/OFF at low CW powers

P_hotoisomerisation. n\W - uW (~ kW/cmZ)
cis-trans conformational states

dark (trans)- bright (cis)

Andresen et al. (2005) PNAS

' ﬂ .
ON-Light OFF-Light Sub-diffraction

+Readout-Light

RESOLFT = Reversible Saturable Optical Fluorescence Transition



Far-Field RESOLFT Nanoscopy
Reversibly Photoswitchable Fluorescent Proteins

RESOLFT

Excellent for Live-Cell (low light levels)

Multi-Color (new fluorescent proteins)
3D possible
Photoswitchable proteins / dyes

Intensity = 1 kW/cm?

. i RESOLFT
Citrine — Dreiklang

Brakemann et al, Nature Biotechnol. 2011

Switch-on: 405 nm
Switch-off: 355 nm
Read-out: 488 nm

Keratin19-Dreiklang |
expressed
in living PtK2 cells




e Camera detection:

(d)STORM/(f)PALM Far-Field Nanoscopy
Resolution Limit — Camera Detection

 Large area illuminated camera

image taken in one step

RNt T % g & B8 b
\ ) ﬁ 00008 g ¢ OOO% §ooo gooo
O
O O O O Turn OFF all but (d)STORM/

OOQ — -\ O O a single object (IPALM
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Far-Field Nanoscopy
ON/OFF: Single-Molecule

Localization of single molecules
- accuracy down to the molecular scale

Diffraction-limited

&

l determination of exact position
= center of diffr.-lim. peak

Npnotons = NUMber of photons detected
per single molecule

AX = AX i N 0-5

photons

1000 photons: ~ 10nm

Moerner, Nat. Meth. 2006

40



Far-Field Nanoscopy
ON/OFF: Single-Molecule

Localization of single molecules
- accuracy down to the molecular scale

Diffraction-limited

QJ

= really single molecule?

(localization not resolution)

41



Far-Field Nanoscopy
Single-Molecule Switching

Downscale ensemble to
single isolated molecules

P Vauth

OFF
ON

= Single molecules separated by more
than the diffraction limit

= Localization of real single molecule



Turn ON j
Excitation j !

Random turn-on of
single isolated labels

Far-Field Nanoscopy
Single-Molecule Switching + Localization

Camera

image
—>

Localization and
saving of positions

Turn OFF

(@) Q
% 8 R K
000 (e0) (]
o 8 000
000" O S 9

43




Turn ON

Random turn-on of
single isolated labels

Far-Field Nanoscopy
Single-Molecule Switching + Localization

Localization and
saving of positions

Turn OFF

0 B8 SR8 8
Jo00g G098 8o g &
QOOo 6} (¢] % 000 0000
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Turn ON

Random turn-on of
single isolated labels

Far-Field Nanoscopy
Single-Molecule Switching + Localization

Localization and
saving of positions

SHaLL

Turn OFF

ON/OFF + Localization
of molecule after molecule

Reconstruction of final
iImage from positions of all
molecules

Prerequisite:
ON-molecules separated
more than diffraction-limited

45



Far-Field Nanoscopy
GSDIM - Ground State Depletion microscopy
followed by Individual Molecule return

Turn OFF: Rh6G, Atto532 in PVA
. . . ) 0] In
Shelve into long-lived dark triplet state
1- Rh6G —o-
Atto532 —=—
- Switch-off

=

wn

(@]
Fluorescence

o

(&) ]

Conventional fluorophores have dark state!!

Downscale ensemble

. OFF
to isolated ® — O

single- molecule ON



Far-Field Nanoscopy

GSDIM
Reversible
QO 1 ] - 7))
= = On-Off
8 | oN 103 Blinking
0 0.5 Switch-on —~
o Recovery 2
o o)
= ©
LL 0 T T T u T = 0_
0 2 4 o 0 100 200
Time (s) Time (ms)

Ax <20nm (N~1000)



Far-Field Nanoscopy
GSDIM

Microtubulin-Peroxysomes, Félling et al, Nature Methods 2008



Far-Field Nanoscopy
ON/OFF via Triplet/Dark States

GSD (Ground State Depletion) Switch-Off Power [W]
0 0 4 & & 10

1.0 .
K o Atto 532 stained |
isc o 0.8- single antibodies
S; o in VectaShield
T S 06 (VectorLabs)
1 < |
o 0.4+
kexc“lexc kfI K T
kT 0.2
0.0 S A S—

=S, 0 ~ 100 200 300
Switch-Off Intensity [kW/cm?]

Turn-off fluorescence by pumping

_ o _ Low CW powers (UW — kW/cm?)
Into a long-living dark (triplet) state

Appl. Phys. B 60: 495-497 (1995) , Hell et al.



Phase

Phase
+A[2

GSD-Microscopy
Far-Field Nanoscopy using the triplet state

- Switch-off PSE Atto 532 stained mlcrotubull

Phase
+0

Fluorescence

Bb nm
02 04 06
X[um]

Phys. Rev. Lett. 98: 218103 (2006) , Bretschneider et al.




Far-Field Nanoscopy
STED/RESOLFT vs. PALM/STORM/...

Widefield

STED/RESOLFT vs. PALM/...
Same principle: ON/OFF

Similar techniques:
Own advantages/disadvantages

Confocal

Same labels / samples
- New control!




Far-Field Nanoscopy
STED/RESOLFT vs. PALM/STORM/...

Widefield - ! 1 Single molecule swifching

Issues super-resolution:

Increased sensitivity = STED/RESOLFT vs. PALM/...

Increased potential for bias o
Same principle: ON/OFF

'| Labeling (size, labeling degree, influence,...) Similar techniques:

Own advantages/disadvantages

Photo-toxicity

Same labels / samples
Speed - New control!

Biological applicability

e
I &

STED/RESOLFT




Far-Field RESOLFT Nanoscopy
Reversibly Photoswitchable Fluorescent Proteins

RESOLFT light Intensity = 1 kW/cm?

ON +— OFF

Q E t i Back
Grid o focal plane

Parallelization

ON

OFF <200nm

=

log = I-sin’(x) + I-sin’(y)

=5 II,= 100

Thousand doughnuts (CCD detection)

T
Chmyrov et al, Nature Meth. 2013 |

RESOLFT: on-state regions



Far-Field RESOLFT Nanoscopy
Reversibly Photoswitchable Fluorescent Proteins

Wide field

Parallelization

RESOLFT

Intensity = 1 kW/cm?

Keratin19-rsEGFP
expressed
in living PtK2 cells

Scale 10pum

120x100pum — 1s

Chmyrov et al,
Nature Meth. 2013
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