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Confocal	  Microscopy 

Depth	  of	  Focus	  

h1p://www.cs.mtu.edu/~shene/DigiCam/User-‐Guide/950/depth-‐of-‐field.html	  

NA	  
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Wide	  Field	  Microscopy	  

ü 	  Fast:	  Parallel	  detecJon	  
û 	  Poor	  z	  resoluJon	  

BFP	  

Sample	  

Tube	  Lens	  

Camera	  

ObjecJve	  
Out	  of	  focus	  source	  
gives	  a	  blurred	  spot	  
in	  the	  image	  planet	  

excitaJon	  path	   detecJon	  path	  

ü 	  OpJcal	  SecJoning	  
û 	  Out	  of	  focus	  sample	  is	  
excited	  and	  not	  used	  	  

Pinhole	  

Point	  Detector	  

Sample	   I(z)	  

z	  

Focal	  Plane	  

Confocal	  Principle	  
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Confocal	  vs.	  Widefield	  

Many signals can not be seen separately!

Widefield: optical section

Side view

Optical section

Top view

Signals on top of each other can not be seen separately

Confocal	  vs.	  Widefield	  

Confocal : optical section

Optical section

These structures are not superimposed

Side view

Top view

Improved z-resolution allow for more accurate signal discrimination!
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3D	  imaging	  

Side view

Projection

(Top view):

Information

content of all

the sections is

projected to

one plane.

Confocal: “extended focus””

single optical sections get projected on one plane  -   the result is

an clean image: everything is focused over the hole depth without

any out-of-focus-noise.

Confocal	  examples	  

Fission yeast cell: DNA and the medial septum are stained with Hoechst 33342,"
membranes are visualized using the fluorescent lipophilic dye DiOC6."
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US	  Patent	  3,013,467	  

[…] This high degree of selectivity 
afforded by the optical system results 
in a minimum of blurring, increase in 
signal-to-noise ratio, increase in 
effective resolution, and the possibility 
of high resolution light microscopy 
through unusually thick and highly-
scattered specimens. 
 
M. Minsky, 1957 

Patent	  

•  Minimized	  blurring	  
•  Increase	  in	  signal-‐to-‐noise	  raJo	  
•  Increase	  in	  effecJve	  resoluJon	  
•  The	  possibility	  of	  high	  resoluJon	  light	  
microscopy	  through	  unusually	  thick	  and	  
highly-‐sca1ered	  specimens.	  

Minsky’s	  claims	  
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Minsky’s	  diagram	  

Pinhole	  diameter	  effects	  
Pinhole diameter effects

small pinhole diameter:

-> thin optical section

 = high z-resolution possible

 = low signal strength

big pinhole diameter:

-> thick optical section

 = low z-resolution

 = brighter signal

opt. section
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Pinhole	  diameter	  effects	  

Pinhole	  diameter	  effects	  
Pinhole size, color and z-resolution

• The pinhole is optimized for
each objectiv.

• „Airy 1“ is a good start, but
NOT an iron rule; play with
pinhole to get either more
light or more resolution.

• Resolution depend also on
wavelength; keep in mind if
resolution REALLY matters.
Leica  pinhole values are
optimized for medium
wavelength.

µm

µ
m

The pinhole variable determines your z-resolution.
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The point spread function (PSF) describes 3-D light distribution in an 
image of a point source (for a given lens). An x-y slice through the center 
of the wide-field point spread function reveals a set of concentric rings: 
the so-called Airy disk that is commonly referenced in texts on classical 
optical microscopy. 
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Lateral and axial intensity distributions 

PSF	  (very	  short)	  

PSFexc PSFdet PSFconf ● = 

Confocal	  PSF	  
Is	  the	  convoluJon	  of	  the	  ExcitaJon	  PSF	  and	  the	  Emission	  PSF	  



4/24/14	  

9	  

PSF488 PSF560 PSFconf ● = 

La
te

ra
l 

A
xi

al
 

● 

● = 

= 

n = 1 
NA = 0.6 

Confocal	  PSF	  

The	  Rayleigh	  criterion	  is	  the	  generally	  accepted,	  although	  arbitrary,	  	  criterion	  for	  the	  
minimum	  resolvable	  detail	  –	  the	  imaging	  process	  is	  said	  to	  be	  diffracJon-‐limited	  when	  
the	  first	  diffracJon	  minimum	  of	  the	  image	  of	  one	  source	  point	  coincides	  with	  the	  
maximum	  of	  another.	  
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Remember	  de	  ResoluJon	  Criterion	  
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Wide	  field	  vs.	  confocal	  
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Spatial coordinate [A.U.] 

Rayleigh criterion cannot be used directly to define the improvement of 
resolution in a confocal microscope. The position of the first minimum does not 
change. The drop in intensity is much larger, though. In fact, we can move two 
intensity distributions a little bit closer (1.4 times), and still get the required 
20% drop in intensity. 

Wide	  field	  vs.	  confocal	  
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The full width at half maximum 
(FWHM) is a parameter 
commonly used to describe the 
width of a "bump" on a curve or 
function. It is given by the 
distance between points on the 
curve at which the function 
reaches half its maximum 
value. 
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ResoluJon	  FWHM	  
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Sampling	  
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The Nyquist criterion states that, in order to prevent undesired aliasing, one 
must sample a signal at a rate equal to at least twice its bandwidth. 
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Wide-field microscope Confocal microscope Nyquist rate 

Sampling	  
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In	  the	  transformed	  space	  

ü 	  OpJcal	  SecJoning	  
û 	  Out	  of	  focus	  sample	  is	  
excited	  and	  not	  used	  	  

Pinhole	  

Point	  Detector	  

Sample	   I(z)	  

z	  

Focal	  Plane	  

Confocal	  Principle	  

!	  
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Confocal	  examples	  

Fission yeast cell: DNA and the medial septum are stained with Hoechst 33342,"
membranes are visualized using the fluorescent lipophilic dye DiOC6."

Olympus	  Confocal	  
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Olympus	  Confocal	  Head	  

Confocal	  light	  sources	  
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Image	  formaJon	  

x 
y 

Laser in 

Laser out 

To 
Microscope 

Scanning	  Galvanometers	  
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Light	  →	  Electrons	  →	  Counts	  

amp	  Semiconductor	  
juncJon	  

Analog	  to	  Digital	  
Converter	   Counts	  

Light	  
e	   e	  

Gain	  	  
Offset	  

Voltage	  between	  
Anode	  &	  Cathode	  	  

2Bits	  =	  levels	  
• 	  8	  =	  256	  	  
• 	  12	  =	  4096	  
• 	  14	  =	  16384	  
• 	  16	  =	  65536	  

4/24/14	  

Photomultipliers, or photomultiplier tubes (PMT) are extremely sensitive detectors 
of light in the ultraviolet, visible and near infrared. These detectors multiply the 
signal produced from the incident light to such an extent that detection of single 
photons is possible.  

Detectors	  
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Light	  →	  Electrons	  →	  Counts	  

gain	  
amplifies	  the	  input	  signal	  by	  mulJplicaJon,	  which	  results	  in	  
a	  higher	  gray	  level	  value;	  bright	  features	  are	  brought	  closer	  
to	  saturaJon,	  general	  image	  brightness	  is	  increased.	  

offset	  
sets	  the	  gray	  level	  of	  a	  selected	  background	  to	  zero;	  adjust	  
the	  darkest	  features	  in	  the	  image	  to	  black.	  

gain	  and	  offset	  are	  used	  to	  adjust	  the	  detector	  
signal	  (input)	  in	  a	  way,	  that	  a	  maximal	  number	  of	  
grey	  levels	  is	  included	  in	  the	  resulJng	  image	  

(output).	  

Look	  up	  Tables	  look up table (LTU)

Detected intensity values are displayed as gray levels. The display range of
a typical 8-bit monitor covers 256 gray levels. The full range of the LUT is
utilized if an image shows all shades of gray between black (=0) and white
(=255). The gray levels might be presented in pseudo-colors.

0                               51                               102                              153                               204                                  255
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Hi-‐Lo	  Look	  up	  tables	  look-up table “glow over/under”
to determine underexposure and saturation  of an image

0                               51                               102                              153                               204                                  255

Black turns into green White turns into blue

Look up table “glow”

In	  the	  olympus	  FV1000	  is	  Blue-‐Red	  

Detector	  

û 	  Quantum	  efficiency	  <	  1	  
û 	  Readout	  noise	  
û 	  Dark	  electrons	  
û 	  Limited	  bandwidth	  

ü 	  Detect	  all	  photons	  
ü 	  Perfect	  reading	  
ü 	  Give	  0	  counts	  if	  dark	  
ü 	  Fast	  

Even	  in	  the	  case	  of	  a	  perfect	  detector	  count	  noise	  is	  present	  

N
N
NSNR ==

Ideal	   Real	  
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The influence of Poisson 
noise on two intensity 
distributions separated 
spatially according to the 
Rayleigh criterion. 

SNR	  

Parallel	  confocal	  

point confocal       slit confocal               spinning disc confocal (Nipkov)

{ { {
Types of confocal microscopes

Best  resolution and out-of-focus suppression  as well as highest multispectral
flexibility is achieved only by the classical single point confocal system !
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Other	  techniques	  
(lo	  que	  viene	  en	  la	  2da	  mitad) 

532	  nm	  

1064	  nm	  

Two	  photon	  principle	  

ü 	  OpJcal	  SecJoning	  	  
ü 	  Out	  of	  focus	  sample	  is	  not	  excited	  
ü 	  Higher	  wavelength,	  higher	  penetraJon	  
depth.	  
û 	  MulJphoton	  Bleaching	  can	  be	  
significant.	  
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Huisken et al. Science, 305:1007-1009, 2004."

-  Illuminate with thin sheet of light"
-  Detect fluorescence with wide-field detector"
-  Scan sample to obtain 3D stacks"
-  Rotate sample for multiple views"

Single	  Plane	  IlluminaJon	  Microscopy	  

MDCK cyst"
Actin-GFP; DRAQ5 nuclear staining"
~35 µm diameter; image stack size: 480⋅480⋅480 voxels" Verveer et al., Nature Methods, 4, 311-313, 2007"

Confocal" SPIM"

Sub-‐cellular	  resoluJon	  in	  a	  large	  living	  sample	  
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100	  μm	  

Digital	  scanned	  laser	  light	  sheet	  fluorescence	  mic	  

RESEARCHARTICLE

Reconstruction of Zebrafish Early
Embryonic Development by Scanned
Light Sheet Microscopy
Philipp J. Keller,1,2* Annette D. Schmidt,2 Joachim Wittbrodt,1,2,3,4* Ernst H.K. Stelzer1

A long-standing goal of biology is to map the behavior of all cells during vertebrate
embryogenesis. We developed digital scanned laser light sheet fluorescence microscopy and
recorded nuclei localization and movement in entire wild-type and mutant zebrafish embryos over
the first 24 hours of development. Multiview in vivo imaging at 1.5 billion voxels per minute
provides “digital embryos,” that is, comprehensive databases of cell positions, divisions, and
migratory tracks. Our analysis of global cell division patterns reveals a maternally defined initial
morphodynamic symmetry break, which identifies the embryonic body axis. We further derive a
model of germ layer formation and show that the mesendoderm forms from one-third of the
embryo's cells in a single event. Our digital embryos, with 55 million nucleus entries, are provided
as a resource.

Model systems such as Caenorhabditis
elegans and Ciona intestinalis lend
themselveswell to comprehensive analy-

ses at the cellular level, for example, by con-
ventional microscopy (1, 2). However, global
studies of complex vertebrate species encoun-
ter technical limitations. Whereas the forma-
tion of single organs has been reconstructed by
imaging and tracking nuclear fluorescent pro-
teins for several hours (3–6), obtaining quan-
titative morphogenetic data representing the
full embryos over the entire time course of em-
bryogenesis remains a major challenge.

For comparison, 671 cells need to be fol-
lowed during C. elegans embryogenesis, whereas
the analysis of complex vertebrate embryos re-
quires the simultaneous tracking of tens of thou-
sands of cells. High spatiotemporal resolution,
ultralow photobleaching rates, and an excellent
signal-to-noise ratio are crucial. In order to fol-
low the nuclei of the 16,000 cells of an 18-hour-
old zebrafish embryo, a volume of 1000 by 1000
by 1000 mm3 must be recorded at least once
every 90 s because nuclei move several micro-
meters per minute. In order to reliably detect all
nuclei, the set of images must be acquired at a
step size of no more than 3 mm along the z
axis, resulting in ~350 images per time point.
In addition, an image size of at least 1500 by
1500 pixels is necessary to elucidate nuclear
morphologies. Thus, the observation must be

performed at a continuous imaging speed of
at least 10 million volume elements (voxels)
per second. A dynamic range of at least 12 bit
covers the varying expression levels of ge-
netically encoded markers. At the same time,
photobleaching and phototoxicity (7) must be
minimized to ensure the physiological devel-
opment of the embryo. Finally, the embryo's
central yolk cell is opaque at physiological
wavelengths; therefore, imaging along mul-
tiple directions is needed to capture the de-
velopment of the entire embryo.

The most widely applied advanced fluo-
rescence imaging techniques rely on confocal
and multiphoton microscopes, which provide
three-dimensional resolution but lack the com-
bination of high-speed imaging and low pho-
totoxicity required for the fast recording of
entire embryos over long periods of time. They
are also unsuited for multiview imaging (8).
To overcome some of these limitations, we
recently introduced light sheet–based technol-
ogies to biological imaging (SPIM) (9). With
these microscopes, the specimen is illumi-
nated along a single plane with a sheet of
light that is typically generated via a set of

apertures and by focusing a collimated beam
with a cylindrical lens. This arrangement pro-
vides three-dimensional optical sectioning and
reduces the energy load on the specimen (9–11).

Digital scanned laser light sheet fluorescence
microscopy. To achieve the imaging speed and
quality for recording entire embryos, we devel-
oped digital scanned laser light sheet fluorescence
microscopy (DSLM) (fig. S1). The idea behind
DSLM is to generate a “plane of light” with a
laser scanner that rapidly moves a micrometer-
thin beam of laser light vertically and horizontally
through the specimen (Fig. 1 and movie S1).

This approach has several advantages over
standard light sheet microscopy. First, DSLM
illuminates each line in the specimen with the
same intensity, a crucial prerequisite for quan-
titative imaging of large specimens (fig. S2).
Second, in contrast to standard light sheet–based
microscopy, DSLM does not rely on apertures
to form the laser profile, which reduces optical
aberrations and thereby provides an exceptional
image quality. Third, the entire illumination power
of the light source is focused into a single line,
resulting in an illumination efficiency of 95%
as compared with ~3% in standard light sheet
microscopy. Fourth, DSLM allows to generate
intensity-modulated illumination patterns (struc-
tured illumination) (12), which can be used to
enhance the image contrast in highly light-
scattering specimens, such as large embryos.
Furthermore, DSLM combines (i) an imaging
speed of 63 million voxels per second, (ii) a
signal-to-noise ratio of 1000:1 at a lateral and
axial resolution of 300 and 1000 nm, respective-
ly, and (iii) ultralow excitation energies confined
to a single plane (1.7 mJ at 488 nm passing each
plane in our zebrafish experiments) (8).

In order to analyze zebrafish embryonic de-
velopment, we recorded stacks of ~400 images
(2048 by 2048 pixels each) in intervals of 60 or
90 s and along two opposing directions (Fig. 2
and movies S2 and S3). The embryos were
embedded in agarose, kept at a constant temper-
ature (26.5°C) [see (13) for developmental stages]
throughout the experiment, and exhibited normal
development (8). Nuclei were labeled at the one-
cell stage by mRNA injection of H2B-eGFP, a
fusion protein of human histone-2B and the en-

Fig. 1. Digital scanned
laser light sheet micros-
copy. The laser beam il-
luminates the specimen
from the side and excites
fluorophores along a sin-
gle line. Rapid scanning
of a thin volume and flu-
orescence detection at a
right angle to the illumi-
nation axis provides an
optically sectioned image (movie S1). The f-theta lens converts the tilting movement of the scan
mirror into a vertical displacement of the laser beam. The tube lens and the illumination objective
focus the laser beam into the specimen, which is positioned in front of the detection lens.

laser scanner

illumination lens

detection lens
samplevertically scanned

“light sheet”

f-theta lens tube lens
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100	  μm	  

•  Scan	  a	  thin	  beam	  
of	  light	  through	  
the	  sample	  

•  Detect	  
perpendicular	  to	  
the	  illuminated	  
slice	  	  

Keller et al. Science, 322:1065-1069, 2008."

Digital	  scanned	  laser	  light	  sheet	  fluorescence	  mic.	  
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DSLM	  Jme-‐lapse	  mulJ-‐view	  recoding	  of	  zebrafish	  embryonic	  development,	  with	  
a	   view	   on	   both	   the	   animal	   and	   vegetal	   hemispheres.	   The	   wild-‐type	   zebrafish	  
embryo	  was	   injected	  with	   H2B-‐eGFP	  mRNA	   at	   the	   one	   cell	   stage.	   Imaging	  was	  
started	  in	  the	  64-‐cell	  stage.	  

Keller et al. Science, 322:1065-1069, 2008."

(from Fernández-Suárez and Ting, 2008)"

Nature Reviews | Molecular Cell Biology

PET

MRI or US

OCT

WF or TIRF

Confocal

4Pi or I5M

GSD

SSIM

STED

PALM or STORM

NSOM

EM

Seconds

Seconds

Seconds

Milliseconds

Milliseconds

Milliseconds

ND

ND

Seconds

Seconds

NA

NA

Fl
uo

re
sc

en
ce

 m
ic

ro
sc

op
y

Su
pe

r r
es

ol
ut

io
n

1 nm 1 µm 10 µm 100 µm 1 mm 1 cm 10 cm10 nm 100 nm

Protein Nucleus Mammalian cell

Virus
Golgi Bacterial cellSynaptic

vesicle Yeast cell Mouse brain MouseER

Mitochondria

Temporal
resolution

Positron-emission 
tomography
An in vivo imaging technique 
that detects the location of 
positron-emitting isotopes by 
the pair of -rays that are 
emitted when the positrons 
encounter electrons. The most 
common scan is produced by 
imaging the metabolic activity 
of fluorodeoxyglucose, a 
radioactive analogue of 
glucose.

Magnetic resonance 
imaging
A medical imaging technique in 
which the magnetic nuclei 
(especially protons) of a 
subject are aligned in a strong, 
uniform magnetic field, absorb 
energy from tuned radio 
frequency pulses and emit 
radio frequency signals as their 
excitation decays.

Optical coherence 
tomography
An in vivo imaging technique 
that sends out femtosecond 
infrared pulses and uses 
optical interference to sense 
reflections from tissue 
inhomogeneities.

Confocal microscopy
A mode of optical microscopy 
in which a focused laser beam 
is scanned laterally along the x 
and y axes of a specimen in a 
raster pattern. Point-like 
illumination and point-like 
detection results in a focal spot 
that is narrower than that 
obtained in wide-field 
microscopy.

Wide-field microscopy
The most popular mode of 
light microscopy, in which the 
entire specimen is bathed in 
light from a mercury or xenon 
source, and the image can be 
viewed directly by eye or 
projected onto a camera.

aperture of the lens. As most lenses have a numerical 
aperture of <1.5 (  is <70 ), the theoretical resolution 
limit for cell imaging (where  must be longer than 
~400  nm to minimize harm to cells) is 150 nm laterally 
and 500 nm axially2. In fact, this is the current resolution 
obtainable with a wide-field microscope.

Because the axial resolution in wide-field micro scopy 
is much poorer than the lateral resolution, research in 
microscopy instrumentation from the 1970s to the 
1990s focused on the improvement of axial resolution 
(TIMELINE). Initially, the use of confocal3 and multiphoton 
microscopy4 provided optical sectioning but did not signifi-
cantly improve axial resolution. Later, I5M (REFS 5,6) and 
4Pi (REFS 7–9) microscopies combined the apertures of 
two opposing lenses to allow the visualization of cellular 
structures with a large improvement in axial resolution 
— down to ~100 nm — using wide-field and confocal 
set-ups, respectively. Although axial resolution improved 
by sixfold, lateral resolution remained unchanged. It was 
not until the 1990s that fundamentally new microscop-
ies revolutionized the imaging field, for the first time 
breaking the lateral resolution diffraction limit. These 
techniques are collectively named super-resolution 
imaging techniques.

Near-field super-resolution imaging. In 1992, a super-
resolution image of a biological sample was obtained 
for the first time10 (TIMELINE). Near-field scanning optical 
microscopy (NSOM) was originally proposed in 1928 by 
Synge11, and was first demonstrated in 1984 using visible 
radiation on test slides12,13. NSOM overcomes the diffrac-
tion limit by removing the lenses and thus eliminates the 
need for focusing. Instead, the light passes through a 
small aperture that is positioned close to the sample (in 
the near-field zone), such that light cannot substantially 
diffract. The lateral resolution, determined by the dia-
meter of the aperture, is typically 20 120 nm. Although 
NSOM has been used to study the nanoscale organization 
of several membrane proteins14,15, imaging in the near-
field is technically challenging. The aperture probe is 
difficult to make, and the need for feedback to maintain 
a constant distance from an irregular sample limits the 
speed of image acquisition. In addition, NSOM cannot 
be used for intracellular imaging. These factors have 
prevented widespread use of NSOM in cell biology.

Far-field super-resolution imaging. In contrast to NSOM, 
lenses are used in far-field microscopy, and they are 
placed at a distance from the sample. For super-resolution  

Figure 1 | Comparison of the spatial and temporal resolutions of biological imaging techniques. The size scale is 
logarithmic. Average sizes of biological features are given; specific sizes vary widely among different species and cell lines. 
The spatial and temporal resolutions are estimates of current practices, and some were taken from REF. 120. The spatial 
resolution is given for the focal plane. The temporal resolution is not applicable (NA) for electron microscopy (EM) or 
near-field scanning optical microscopy (NSOM) because they image static samples. Ground-state depletion (GSD) and 
saturated structured-illumination microscopy (SSIM) have not been shown on biological samples, and thus their temporal 
resolutions are not determined (ND). ER, endoplasmic reticulum; MRI, magnetic resonance imaging; OCT, optical 
coherence tomography; PALM, photoactivated localization microscopy; PET, positron-emission microscopy; STED, 
stimulated emission depletion; STORM, stochastic optical reconstruction microscopy; TIRF, total internal reflection 
fluorescence; US, ultrasound; WF, wide-field microscopy.
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ConvenJonal	  microscopy	  
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PALM/STORM	  

Structured	  illuminaJon	  

STED	  

Summary	  

70 - 140 nm !

Coherent illumination and/or fluorescence detection!

4π	  Microscopy	  
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2 µm 2 µm 

Confocal! 4Pi!

Z!

X!

Microtubules, mouse fibroblast!
Immunofluor, Oregon Green!

4π	  Microscopy	  

CCD!

Comparison	  to	  4-‐Pi:	  
	  	  -‐	  Full	  field	  method	  
	  	  -‐	  requires	  more	  extensive	  
	  	  	  	  post-‐processing	  

I5M	  microscopy	  
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Fluorescence!

The stronger the STED beam the narrower the fluorescent spot 

STED	  microscopy	  

Heavy subunit of neurofilaments in neuroblastoma 

Confocal STED 

STED	  microscopy	  
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Real-‐Jme	  (28	  frames	  per	  second)	  movie	  of	  a	  2.5	  µm-‐long	  area	  in	  a	  hippocampal	  
axon	  in	  culture.	  The	  individual	  spots	  represent	  single	  labeled	  synapJc	  vesicles.	  

STED	  microscopy	  

50nm  
fluorescent  
beads Resolution extension through Moire effect 

Non linear pattern -by saturation 

Sine wave pattern generated by a laser illumination!
Captured at 5 phases and 3 angles and multiple !
Z sections!

Actin in Hela Cell 

Comparison	  to	  STED	  
	  	  -‐	  Full-‐field	  method	  
	  	  -‐	  requires	  many	  images	  and	  	  
	  	  	  	  extensive	  reconstrucJon	  

Structured	  IlluminaJon	  microscopy	  
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The 3D-SIM image showed an average (±SD)
of 5.6 ± 3.3 foci per mm2, whereas only 2.8 ±
1.1 foci per mm2 were detected in the confocal
image. By comparison, 12 ± 1.8 NPCs per mm2

have been observed in mouse liver nuclei by
freeze-fracture EM (22). Although the numbers
cannot be directly compared because of cell type
and cell cycle–dependent variations (23), they
still indicate that 3D-SIM detects and resolves
most NPCs and outperforms CLSM.

Although the discrete chromatin voids at NPCs
are not visible in confocal or standard wide-field
images, the intensity of DAPI staining should
still show fluctuations that anticorrelate with NPC
foci. We also reasoned that, even though the lam-
ina does not show a striking one-to-one exclu-
sion from NPCs under any of our methods, it
should still be anticorrelated with the NPCs. To
pursue these questions, we examined the aver-

age environment of an NPC focus in our images
(fig. S4). Sub-images were cropped from the
data set centered on the peak intensities of NPC
foci, which were automatically detected in 3D.
Intensity profiles through the center of each sub-
image show a drop in intensity in DAPI stain-
ing, centered on the NPC focus, in all confocal
and 3D-SIM images. A similar drop in intensity
of the lamin signal is seen only in the case of 3D-
SIM. In composites of the sub-images, a central
hole can be seen in the DAPI channel. This in-
dicates that the expected intensity fluctuations
are present in all cases. The composite lamina
image recorded by 3D-SIM also shows a hole,
which was not detected by confocal microscopy.
The width of the NPC signal was determined
from intensity profiles by measuring the full
width at half maximum. With CLSM this width
was ~200 nm (192 ± 17 and 192 ± 11 nm before

and after deconvolution, respectively), which
essentially reflects the point spread function
(PSF) of CLSM. In contrast, the measured width
of NPC signal recorded with 3D-SIM was 120 ±
3 nm, which is in good agreement with EM
measurements (15).

Many of the nuclei we imaged contained in-
vaginations of the nuclear envelope that are es-
pecially prominent near the centrosome during
prophase. These invaginations have been shown
by EM studies to be tubular extensions of both
nuclear envelopes (24), but because their width
is generally smaller than the diffraction limit they
appear as a single line by conventional micros-
copy. We investigated these nuclear invagina-
tions in prophase nuclei by CLSM and 3D-SIM
(Fig. 4) and could resolve the bilaminar struc-
ture of these invagination only with 3D-SIM
(movie S2). This detailed substructure of nuclear

Fig. 3. Simultaneous imaging of DNA, nuclear lamina, and NPC epitopes by 3D-SIM. C2C12 cells are immu-
nostained with antibodies against lamin B (green) and antibodies that recognize different NPC epitopes (red).
DNA is counterstained with DAPI (blue). (A) Central cross sections. (B) Projections of four apical sections (cor-
responding to a thickness of 0.5 mm). Boxed regions are shown below at 4× magnification; scale bars indicate
5 mm and 1 mm, respectively. (A) CLSM and deconvolution still show partially overlapping signals. In contrast, with 3D-SIM the spatial separation of NPC, lamina, and
chromatin and chromatin-free channels underneath nuclear pores are clearly visible. (B) Top view on the nuclear envelope. Whereas CLSM fails to resolve close nuclear
pores, 3D-SIM shows clearly separated NPC signals at voids of peripheral chromatin and surrounded by an irregular network of nuclear lamina. (C) Mid sections
comparing stainings with an antibody that mainly reacts with Nup214, Nup358, and Nup62 (aNPC) and one specifically recognizing Nup153 (aNup153). The aNPC
signal is above the lamina (140 ± 8 nm), whereas the aNup153 pore signal is at the same level as the lamina (–15 ± 20 nm). Scale bars 1 mm. (D) Schematic outline
of the NPC, showing the relative position of Nup proteins and surrounding structures. ONM, outer nuclear membrane; INM, inner nuclear membrane.

6 JUNE 2008 VOL 320 SCIENCE www.sciencemag.org1334

REPORTS

 o
n 

O
ct

ob
er

 2
7,

 2
01

0 
ww

w.
sc

ie
nc

em
ag

.o
rg

Do
wn

lo
ad

ed
 fr

om
 

The 3D-SIM image showed an average (±SD)
of 5.6 ± 3.3 foci per mm2, whereas only 2.8 ±
1.1 foci per mm2 were detected in the confocal
image. By comparison, 12 ± 1.8 NPCs per mm2

have been observed in mouse liver nuclei by
freeze-fracture EM (22). Although the numbers
cannot be directly compared because of cell type
and cell cycle–dependent variations (23), they
still indicate that 3D-SIM detects and resolves
most NPCs and outperforms CLSM.

Although the discrete chromatin voids at NPCs
are not visible in confocal or standard wide-field
images, the intensity of DAPI staining should
still show fluctuations that anticorrelate with NPC
foci. We also reasoned that, even though the lam-
ina does not show a striking one-to-one exclu-
sion from NPCs under any of our methods, it
should still be anticorrelated with the NPCs. To
pursue these questions, we examined the aver-

age environment of an NPC focus in our images
(fig. S4). Sub-images were cropped from the
data set centered on the peak intensities of NPC
foci, which were automatically detected in 3D.
Intensity profiles through the center of each sub-
image show a drop in intensity in DAPI stain-
ing, centered on the NPC focus, in all confocal
and 3D-SIM images. A similar drop in intensity
of the lamin signal is seen only in the case of 3D-
SIM. In composites of the sub-images, a central
hole can be seen in the DAPI channel. This in-
dicates that the expected intensity fluctuations
are present in all cases. The composite lamina
image recorded by 3D-SIM also shows a hole,
which was not detected by confocal microscopy.
The width of the NPC signal was determined
from intensity profiles by measuring the full
width at half maximum. With CLSM this width
was ~200 nm (192 ± 17 and 192 ± 11 nm before

and after deconvolution, respectively), which
essentially reflects the point spread function
(PSF) of CLSM. In contrast, the measured width
of NPC signal recorded with 3D-SIM was 120 ±
3 nm, which is in good agreement with EM
measurements (15).

Many of the nuclei we imaged contained in-
vaginations of the nuclear envelope that are es-
pecially prominent near the centrosome during
prophase. These invaginations have been shown
by EM studies to be tubular extensions of both
nuclear envelopes (24), but because their width
is generally smaller than the diffraction limit they
appear as a single line by conventional micros-
copy. We investigated these nuclear invagina-
tions in prophase nuclei by CLSM and 3D-SIM
(Fig. 4) and could resolve the bilaminar struc-
ture of these invagination only with 3D-SIM
(movie S2). This detailed substructure of nuclear

Fig. 3. Simultaneous imaging of DNA, nuclear lamina, and NPC epitopes by 3D-SIM. C2C12 cells are immu-
nostained with antibodies against lamin B (green) and antibodies that recognize different NPC epitopes (red).
DNA is counterstained with DAPI (blue). (A) Central cross sections. (B) Projections of four apical sections (cor-
responding to a thickness of 0.5 mm). Boxed regions are shown below at 4× magnification; scale bars indicate
5 mm and 1 mm, respectively. (A) CLSM and deconvolution still show partially overlapping signals. In contrast, with 3D-SIM the spatial separation of NPC, lamina, and
chromatin and chromatin-free channels underneath nuclear pores are clearly visible. (B) Top view on the nuclear envelope. Whereas CLSM fails to resolve close nuclear
pores, 3D-SIM shows clearly separated NPC signals at voids of peripheral chromatin and surrounded by an irregular network of nuclear lamina. (C) Mid sections
comparing stainings with an antibody that mainly reacts with Nup214, Nup358, and Nup62 (aNPC) and one specifically recognizing Nup153 (aNup153). The aNPC
signal is above the lamina (140 ± 8 nm), whereas the aNup153 pore signal is at the same level as the lamina (–15 ± 20 nm). Scale bars 1 mm. (D) Schematic outline
of the NPC, showing the relative position of Nup proteins and surrounding structures. ONM, outer nuclear membrane; INM, inner nuclear membrane.

6 JUNE 2008 VOL 320 SCIENCE www.sciencemag.org1334
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Simultaneous	   imaging	   of	   DNA,	   nuclear	   lamina,	   and	   NPC	   epitopes	   by	   3D-‐SIM.	  
C2C12	   cells	   are	   immu-‐	  nostained	  with	   anJbodies	   against	   lamin	  B	   (green)	   and	  
anJbodies	   that	   recognize	  different	  NPC	  epitopes	   (red).	  DNA	   is	   counterstained	  
with	  DAPI	  (blue).	  

 Schermelleh et al.,  Science  320, 1332-1336 (2008)    "

Structured	  IlluminaJon	  microscopy	  

3D	   volume	   rendering	   of	   a	   prophase	   nucleus	   imaged	   with	   3dSIM.	   C2C12	   cell	   is	  
immunostained	  with	  anJbodies	  against	  Lamin	  B	  and	  counterstained	  with	  DAPI	  (red).	  

Structured	  IlluminaJon	  microscopy	  
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 E.  Betzig et al.,  Science  313, 1642 -1645 (2006)    "

Activate a few sparse molecules"

Image until bleached"

Activate a few sparse molecules"

Add to get final image"

Find the center of the spots"

Find the center of the spots"

Add to get super-resolved image"

Principle: successively activate GFP-tagged molecules and localize them precisely"

Photo-‐acJvated	  localizaJon	  microscopy	  

Nature Reviews | Molecular Cell Biology

405 nm
405 nm or
thermal 488 nm

488 nm

503 nm 518 nm

Dark Bright BleachedBleachedGreen Orange

Reversible photoactivation of DronpaIrreversible photoshifting of Eosa b

569 nm

506 nm 390 nm516 nm 569 nm 581 nm

fluorescent ‘on’ state must produce enough photons to 
allow its precise localization (which is predetermined 
in STED imaging). In addition, the single-molecule 
approach requires strict control over the maximum den-
sity of photoactivated molecules, and depends on their 
reliable localization against a diffuse background.

Spatial resolution should be improved without sacri-
ficing temporal resolution. Live-cell PALM was recently 
used to study adhesion-complex dynamics53, but this 
was made possible by the slow intrinsic motion of adhe-
sion complexes. At an imaging rate of 25 60 seconds 
per frame, many other biological movements would 

appear to be blurred. To improve the temporal resolu-
tion of PALM, FPALM and STORM, it is necessary to 
maximize the number of photons that can be collected 
per unit area per unit time. Manley et al.52 reported that 
high-density single-particle tracking with PALM was 
best achieved using EosFP, which has the largest con-
trast ratio and highest photon output of all the known 
photoshiftable FPs22,48.

Another consideration is that when using irrevers-
ible fluorophores, temporal resolution is also limited by 
the photobleaching rate. In these cases, less photostable 
probes are desired, although a balance must be met 

Box 1 | Fluorescent proteins used for super-resolution imaging

Fluorescent proteins (FPs) that are used for super-resolution imaging can 
be divided into three classes: irreversible photoactivatable FPs (PA-FPs), 
whose fluorescence can be turned on with light of a specific wavelength; 
photoshiftable FPs (PS-FPs), whose fluorescence excitation and emission 
spectra shift following illumination; and reversible PA-FPs (also known as 
photoswitching FPs), whose emission can be reversibly switched on and 
off with light. For example, exposure to ultraviolet (UV) or blue light 
causes an irreversible spectral shift in the PS-FP Eos110 from a green state 
to an orange state (see figure, part a). As another example, the reversible 
PA-FP Dronpa111 fluoresces green in its bright state (see figure, part b). 
Prolonged or intense irradiation with green light leads to a 
non-fluorescent form with absorption maximum at 390 nm, which can 
then be reversibly photoactivated back to the green-emitting form  
by irradiation with 405 nm light. Dronpa can undergo 100 cycles of  

activation–quenching with only a 25% loss of its original fluorescence59.
The photophysical properties of PA-FPs and PS-FPs used for 

super-resolution imaging vary widely (see table). Activating light refers to 
the irradiation used for the photoactivation or photoshifting event; 
quenching light reverts the FP to its dark state (this is only applicable to 
reversible proteins); pre/post colours refer to the colours before and after 
photoshifting (or photoactivation). The following photophysical 
properties all correspond to the fluorescent form of the FPs after 
activation or shifting: 

ex
, excitation wavelength; 

em
, emission 

wavelength; 
abs

, extinction coefficient; 
fl
, fluorescence quantum yield; 

contrast, fold increase in fluorescence at 
em

 after photactivation or 
photoshifting; N, number of detected photons per single molecule of FP  
in each activation or shifting imaging cycle; NA, not applicable; ND, not 
determined.

Fluorescent 
protein

Activating 
light

Quenching 
light

Pre/post 
colours

ex (nm) em (nm) abs 
(M–1cm–1)

fl (%) Contrast N Oligomeric 
state

Refs

Irreversible photoactivatable fluorescent proteins

PA-GFP UV-violet NA Dark/green 504 517 17,400 79 200 ND Monomer 51,61,62

PA-RFP1-1 UV-violet NA Dark/red 578 605 10,000 8 ND ND Monomer 60,61,64

Photoshiftable fluorescent proteins

PS-CFP2 UV-violet NA Cyan/green 490 511 47,000 23 >2,000 260 Monomer 48,61,69, 
112

Kaede UV-violet NA Green/orange 572 582 60,400 33 2,000 ~400 Tetramer 22,61,65

KiKGR UV-violet NA Green/red 583 593 32,600 65 >2,000 ND Tetramer 61,66

Monomeric 
Eos

UV-violet NA Green/orange 569 581 37,000 62 ND ~490 Monomer 22,48,52, 
53,61,68

Dendra-2 Blue NA Green/orange 553 573 35,000 55 4,500 ND Monomer 68,112

Reversible photoactivatable fluorescent proteins

FP595 Green 450 nm Dark/red 590 600 59,000 7 30 ND Tetramer 56,70

Dronpa UV-violet 488 nm Dark/green 503 518 95,000 85 ND 120 Monomer 48,59,61

Padron Blue 405 nm Dark/green 503 522 43,000 64 ND ND Monomer 71
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Comparative widefield, PALM, TEM, and PALM/TEM overlay images!
of mitochondria in a cryo-prepared thin section from a COS-7 cell!
expressing dEosFP-tagged cytochrome-C oxidase import sequence!

 E.  Betzig et al.,  Science  313, 1642 -1645 (2006)    "

for FA assembly, can bind !-actinin and AC proteins such as
paxillin, talin, and VASP. Indeed, it is believed to stabilize
interactions between talin and actin, and is known to localize at
the termini of stress fibers (27). This feature is apparent in both
the dual-label PALM overlay (Fig. 2 E and F) and diffraction-
limited TIRF (Fig. 2D) images of the cell. However, only the
PALM data reveals that !-actinin and vinculin do not com-
pletely colocalize within each AC, a result in agreement with the
partial correlation of their retrograde movement observed in
refs. 28 and 29. Instead, !-actinin exists in larger patches
emanating from the stress fibers, whereas vinculin coalesces in
small, dense clusters scattered throughout each adhesion.

Fig. 2A and Fig. 2B are sufficiently distinct to underscore the
low crosstalk in opposite detection channels for EosFP and
Dronpa. Fig. 2 A and B also indicates that a similar number of
molecules can be localized (105 to 106 per PALM image) with
each label, even though Dronpa is imaged after prolonged
exposure to 405 nm and 561 nm light, followed by deactivation
with 488 nm light. Finally, Fig. 2 C and D demonstrates that the
sample preparation protocol does not perturb the cellular mor-
phology and membrane structure, at least at the diffraction-
limited level of differential interference contrast (DIC) and
TIRF.

Another example illustrating the nanoscale relationship be-
tween a cytoskeletal protein (Dronpa-tagged actin) and an
adhesion-associated protein (tdEos-tagged paxillin) is given in
Fig. 3. The Dronpa image (Fig. 3A) reveals not only ventral actin
fibers that span the length of the HFF-1 cell, but also a finer actin
network amid these fibers that is typically not visible by TIRF.
Paxillin (Fig. 3B) exists not only in ACs at the cell periphery (e.g.,
Fig. 3E), but also as elongated adhesive complexes of order 100
nm in diameter or less running parallel to the ventral actin fibers
(Fig. 3C).

In contrast to the vinculin/!-actinin example in Fig. 2, there is
very little direct overlap between paxillin and actin (Fig. 3 C and
E–G). This segregation is consistent with the relatively low
correlation observed in the retrograde movement of these two
proteins within adhesion complexes (28, 29). Nevertheless,
higher magnification views indicate that some (arrow heads, Fig.
3 E–G), but not all (full arrows, Fig. 3F) of the long paxillin
structures form an inner core surrounded by bundled actin
fibers. This structural relationship would not be discernable by
two-color TIRF.

One obvious qualitative difference between the Dronpa and
tdEos images in Fig. 3 A and B, respectively, is that the latter
exhibits substantially higher resolution. This difference is quan-

Fig. 2. Nanostructural organization of cytoskeletal !-actinin and adhesion
complex localized vinculin in an HFF-1 cell. (A) PALM image of Dronpa-tagged
!-actinin. (B) PALM image of tdEos-tagged vinculin. (C) DIC image revealing
morphology. (D) TIRF image of combined tdEos and Dronpa emission. (E)
Dual-color PALM overlay of !-actinin (red) and vinculin (green). (F) !-Actinin,
vinculin, and overlaid PALM images within the single adhesion shown in the
box in E. E and F reveal that !-actinin and vinculin only partially colocalize
within each adhesion, with !-actinin existing in large patches emanating from
stress fibers and vinculin coalescing in small, dense clusters scattered across
each adhesion.

Fig. 3. Nanostructural organization of cytoskeletal actin and the adhesion
protein paxillin in an HFF-1 cell. (A) PALM image of Dronpa-tagged actin. (B)
PALM image of tdEos-tagged paxillin. (C) Dual-color PALM overlay of actin
(green) and paxillin (red). (D) DIC image in the same region. Paxillin assembles
in fibrillar-like adhesions that run parallel to ventral actin fibers and cluster
near the cell periphery to form larger adhesion complexes (topmost box in C,
shown expanded in E). Very little direct overlap is observed between actin and
paxillin, although actin bundles densely cluster around some (arrowheads in
E–G) but not all (full arrows in F) fibrillar paxillin adhesions.

20310 ! www.pnas.org"cgi"doi"10.1073"pnas.0710517105 Shroff et al.

Nanostructural	  
organizaJon	  of	  
cytoskeletal	  acJn	  
and	  the	  adhesion	  
protein	  paxillin	  in	  an	  
HFF-‐1	  cell.	  

Dual	  color	  Photo-‐acJvated	  localizaJon	  microscopy	  
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•  STORM = PALM using organic fluorophores"
•  Originally using tandem fluorophores"
•  Later also with single fluorophores (dSTORM)"

clathrin-coated pits in a fixed cell was demonstrated
(Figure 2), achieving a lateral resolution of !25 nm using
two or three different activators each paired with the same
reporter [50]. An advantage of multicolor imaging using a
single reporter dye is that the different color channels are
naturally aligned because the localizations are derived
from the same type of fluorophores imaged along the
same optical path.

Multicolor super-resolution imaging has also been
achieved using a photo-switchable fluorescent protein
(rsFastLime) and a photo-switchable organic dye (Cy5)
as labels. By sequentially imaging these two fluorophores
at different excitation and emission wavelengths, Bock
et al. have demonstrated two-color imaging of microtu-
bules in cells [51]. Multicolor imaging using fluorescent
proteins alone is more difficult, because the emission
spectrum of the pre-activated state of one fluorescent
protein often overlaps with that of the post-activated state
of another (Table 1). Shroff et al. have circumvented this
problem by using a reversibly switchable green fluor-
escent protein (Dronpa) and an irreversibly switchable
green–orange fluorescent protein (EosFP) for two-color
imaging of actin and adhesion complexes in fixed cells
[52]. The two fluorophores are imaged sequentially, with
EosFP being imaged first followed by Dronpa, which is
imaged after all of the EosFP have been photobleached.
The necessity for sequential imaging of each color, how-

ever, would present an obstacle for time-resolved multi-
color imaging which requires structures labeled with
different colors to be monitored over multiple time
points. This illustrates the continued need for the de-
velopment of new photo-switchable fluorescent proteins
that allow simultaneous multicolor imaging. During the
publication of this article, such a fluorophore was reported
by Andresen et al. who demonstrated two-color imaging
using a newly developed blue-shifted Dronpa variant
together with the original Dronpa [53].

Three-dimensional imaging
Among themost useful aspects of fluorescencemicroscopy
is its ability toprovide a 3D imageof the sample.Toextend
this capability to super-resolution imaging by fluorophore
localization, a means to determine the lateral as well as the
axial positions of the activated fluorophores is required.
Such a method has been demonstrated by Huang et al., in
which the axial position of the fluorophore is determined
on the basis of astigmatism in the image, as illustrated in
Figure 3a [54]. Specifically, a cylindrical lens is inserted
into the imaging path so that the shape (the ellipticity) of
the image of each fluorophore becomes a highly sensitive
measure of its distance from the focal plane [55], while the
centroid of the image provides the lateral position as
before. This method achieves a simultaneous lateral resol-
ution of !25 nm and an axial resolution of !50 nm over a
range of 600 nm in the z direction without scanning the
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Figure 2

Multicolor imaging. (a and b) A comparison of two-color conventional immunofluoresence (a) and STORM (b) images of microtubules (green) and
clathrin-coated pits (red) in fixed BS-C-1 cells. The antibodies used for microtubule staining were labeled with Cy2 and Alexa 647 (a structural analog
of Cy5) as the activator and reporter, respectively. For clathrin labeling the antibodies were labeled with Cy3 and Alexa 647. (c) A further magnified view
of the boxed region shown in (b). Panels b and c reproduced from [50] with permission.
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ConvenJonal	   immunofluoresence	   (a)	   and	   STORM	   (b)	   images	   of	  microtubules	   (green)	   and	  
clathrin-‐coated	  pits	   (red).	  AnJbodies	  used	   for	  microtubule	   staining	  were	   labeled	  with	  Cy2	  
and	  Alexa	  647.	  For	  clathrin	  labeling	  the	  anJbodies	  were	  labeled	  with	  Cy3	  and	  Alexa	  647	  

Bates et al., (2006)    "
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(from Heilemann, 2009)"

time in the field of view. The resulting point-spread function
measured from each fluorophore residing in the on state was
analyzed by fitting a Gaussian function to localize its position
with high precision. After thousands of position determina-
tions (localizations), the super-resolution image was recon-
structed. The super-resolution images (Figure 3d) show sub-
stantially better spatial resolution than the images in Fig-
ure 3c for all fluorophores. Typically, we recorded 10000–
20000 frames at frame rates of 10–33 Hz and achieved an
optical resolution of approximately 20 nm (Figure S3c in the
Supporting Information). Higher frame rates can be achieved
using faster EMCCD cameras in combination with higher
excitation intensities. Under the applied experimental con-
ditions, all tested fluorophores exhibit fluorescence count
rates of 10–30 kHz. Thus, 500–3000 photons can be used to
calculate fluorophore localizations with a theoretical preci-
sion of 5–15 nm.[16]

At this point, we must consider that the achievable
resolution is not only controlled by the number of photons
and the mechanical stability of the setup but also by the
labeling density. According to the Nyquist–Shannon sampling
theorem,[34] the mean distance between neighboring localized
molecules must be at least half of the desired resolution. To
achieve an optical resolution of 20 nm, a mean distance
between neighboring fluorescently labeled antibodies of
10 nm or less is required, which is rather challenging consid-
ering that the size of a typical IgG antibody is about 7 nm. The

theoretical maximum resolution is further deteriorated as
most immunofluorescence assays use both a primary and a
secondary antibody. In this respect, the use of photoactivat-
able or photoswitchable fluorescent proteins (FPs) is advan-
tageous, because they enable higher labeling densities owing
to their comparably small size. On the other hand, FPs often
exhibit lower photostability than conventional organic fluo-
rophores. Furthermore, even though they are smaller than
antibodies, the size of the FP tag (e.g., 27 kDa for GFP) may
in some cases still affect the function of the target protein. The
advantage of small organic fluorophores for super-resolution
imaging lies in the variability of their use.

As can be seen in Figure 2d, super-resolution imaging
with small organic fluorophores is not restricted to the use of
MEA but also works with other thiols such as GSH under
physiological conditions. The tripeptide GSH is the most
abundant low-molecular-weight thiol protectant and antiox-
idant in mammalian biology. The thiol groups are kept in a
reduced state at millimolar concentrations in animal cells.[35]

Encouraged by these considerations, we performed live-cell
super-resolution imaging experiments with small organic
fluorophores such as ATTO655, ATTO680, ATTO700, and
ATTO520 (Figure 4 and Figure S4 in the Supporting Infor-
mation) that exhibit the most pronounced electron-accepting
properties and therefore require only low millimolar concen-
trations of thiols to be efficiently transferred to the long-lived
off state.

Figure 3. Super-resolution imaging of the cytoskeletal network of mammalian cells with eight different Alexa Fluor and ATTO dyes spanning the
visible wavelength range according to the dSTORM principle.[10] a, b) Emission maxima and molecular structures of the eight fluorophores Alexa
Fluor 488, ATTO520, Alexa Fluor 532, ATTO565, Alexa Fluor 568, ATTO590, ATTO655, and ATTO700 ([*] molecular structures are not available).
c) Immunofluorescence images (TIRF microscopy) of microtubules in COS-7 cells (scale bar 2 mm) and d) corresponding reconstructed super-
resolution images. Experiments were performed in PBS, pH 7.4, 10–200 mm MEA, with a frame rate of 10–20 Hz and excitation intensities of 1–
4 kWcm!2 (matched to balance the different extinction coefficients of the fluorophores at the excitation wavelength). Alexa Fluor 488: 488 nm,
3 kWcm!2, 100 mm MEA; ATTO520: 514 nm, 3 kWcm!2, 100 mm MEA; Alexa Fluor 532: 514 nm, 1.5 kWcm!2, 100 mm MEA; ATTO565: 568 nm,
1.5 kWcm!2, 100 mm MEA; Alexa Fluor 568: 568 nm, 1.5 kWcm!2, 100 mm MEA; ATTO590: 568 nm, 4 kWcm!2, 200 mm MEA; ATTO655:
647 nm, 1.5 kWcm!2, 10 mm MEA; ATTO700: 647 nm, 4 kWcm!2, 100 mm MEA.
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