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Courtesy Dr. Elisabeth Ehler, Kings College London, UK
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More than 130 years ago Ernst Abbe discovered
that the investigation of specimens with a light
microscope is limited by the nature of light itself.
He found that objects that are closer than half the
wavelength of visible light (d=/(2NA) could not be
optically separated. This established an appar-
ently unbreakable resolution barrier of ~200 nm in
far field light microscopy. However, Stefan Hell has
recently broken this barrier. Using the concept of
STimulated Emission Depletion (STED) in combina-
tion with confocal scanning microscopy, Hell has
demonstrated that it is possible to image below the
theoretical limits of resolution. This has allowed for
the imaging of structures previously impossible to

visualize using a far field microscope.
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Stimulated Emission Depletion — the basic principle

A conventional laser scanning microscope ex-
cites fluorophores in a sample with a diffraction
limited spot resulting in ~200 — 250 nm lateral res-
olution under optimal conditions (High NA objec-
tives, short wavelength of excitation light).

With a Leica TCS STED microscope the speci-
men is scanned by two pulsed laser beams that
are tightly synchronized. The 640 nm wavelength
laser excites the sample just as in a conventional
confocal system. The excitation laser pulse is
directly followed by a ring-shaped pulse from
a Ti:Sapphire infrared laser. This ring is created

from a pair of modulated beams (Fig. 2a). The
wavelengths of these beams, 730 — 780 nm, do
not excite the fluorophores in the sample (ATTO
647N or ATTO 655, Fig. 6, p. 7). Instead, the paired
beams stimulate the excited molecules back to
the ground state, without emitting detectable
fluorescence. The initial process called “stimu-
lated emission” was described by A. Einstein in
the beginning of the 20th century and set the ba-
sis for the development of lasers.

Fig. 1: Layer of fluorescent nano-beads
imaged under optimal confocal condi-
tions (left) and with the same settings
with the STED-depletion laser turned
on (right).

Fig. 2a: Coupling of STED excitation
laser pulses (green) and STED deple-
tion beam pulses (red) into the SP5
scanner to create the doughnut shaped
fluorescence depletion for resolution
enhancement.
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Fig. 2b: Process of stimulated emission:
the fluorophore is excited to an upper
electronic level by taking up energy
(hv) from the excitation laser (blue) and
is forced to return to the ground state
by the depletion laser energy. This re-
sults in the generation of a second pho-
ton with the same spectral properties
as the stimulating one so that its signal
can be filtered out spectrally.

Fig. 3: Extended form of Abbes law of
diffraction. (d = distance; A = wave-
length, NA = numerical aperture, I =
saturation intensity of depletion laser,
i.e.the power thatis necessary to halve
the population of the excited state (this
value depends on dye molecules and
wavelength, | = maximum intensity of
depletion laser)

The term implies a theoretical infinite
resolution for / — .

Fig. 4a: The effective fluorescent area
(green) decreases with increasing de-
pletion laser power (red).

Fig. 4b: 3-fold reduction of the scanning
spot size in x and y yields 9-fold more
accurate sampling.
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Because of the doughnut-shaped beam profile,
this depletion process occurs exclusively in the
outer area of the excited spot, leaving the inner
region unaffected. The remaining excited mol-
ecules emit their fluorescence and are detected.
Because the depopulation of the excited state
scales nearly exponentially with the intensity
of the depletion laser, virtually all excited mol-
ecules in the ring-covered area are depleted
from the excited state. The size of the inner area
determines the resolution and depends on the
depletion laser power. The higher the power, the

smaller is the spot size, which results in higher
resolution. Theoretically, this process could be
continued down to molecular level, but there
are practical limitations such as dye stability,
vibrations, sufficient signal, and quality of the
minimum. With the TCS STED it is possible to
get resolution values of less than 90 nm (FWHM)
routinely, assuming correct sample treatment
and imaging parameters. This increase in reso-
lution is purely optical, without employing image
processing such as deconvolution or center of
mass determination.

—

confocal
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Practical Aspects of STED Imaging

Specimen Staining

Mounting ——

acquisition

Data
analysis

The following sections describe the steps to
acquire a high quality STED image. These steps
are not significantly different from conventional
confocal microscope practice. This starts with
the appropriate labeling of the structure of in-
terest by a STED-suitable fluorescent dye. Sub-
sequently, the sample needs to be embedded

Specimen

STED microscopy has already been used suc-
cessfully to answer questions from the fields of
neuroscience, membrane biology and intracellular
transport, where a variety of specimens have been
investigated (see suggested readings, p. 19).

The criteria for a sample to result in a good
STED image are not different from the ones in
standard fluorescence microscopy: best results
are obtained from bright samples with high

correctly, before finally images can be acquired
and analyzed. Each step influences the quality of
the final result. The guide will start by discussing
the selection of appropriate specimens to use
in order to achieve good results with the Leica
TCS STED. (Data analysis will not be discussed
here.)

contrast. The process of Stimulated Emission
Depletion leads to a reduction of the area from
which fluorescence is emitted, thus resulting in
a signal intensity decrease. To obtain a good sig-
nal/noise ratio in the resulting STED image, one
should start with a suitable confocal image. As
an estimate for the TCS SP5, a good STED signal
can be expected if one gets saturation of the in-
ternal photomultiplier (1250 V) with ~ 10% of the
Helium-Neon 633 nm laser.

confocal

Fig. 5: Clustering of Syntaxin 1A Nano-
domains on the basolateral Membrane
of PC12 Cells: The nanoresolving pow-
er of STED microscopy allows for the
determination of size and density of
these biological entities.

Sample: courtesy of Prof. Dr. Thorsten
Lang, University of Bonn, Germany
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Fig. 6: Normalized excitation and emis-
sion spectrum of ATTO 647N. For STED
excitation and depletion wavelength
are at 640 and 750 nm respectively. The
depletion wavelength can be tuned.
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Dyes and Staining

STED microscopy is based on fluorescence.
Consequently, the structure of interest has to be
labeled specifically with an appropriate fluoro-
phore. Careful control of the spectral conditions
and dyes is necessary to get the best results
with the STED microscope. The lasers used
in the Leica STED, i.e. the pulsed 640 nm laser
for excitation and the Ti:Sa-IR-Laser for deple-
tion (STED-wavelengths ~730-780 nm) make the

ATTO 647N and ATTO 655 the dyes of choice for
STED experiments. These dyes are also suit-
able for standard fluorescence microscopy. In
general, all fluorescent dyes are susceptible to
stimulated emission but the vast majority cannot
be used for sub-diffraction imaging due to their
optical properties such as: Cy5, that can be de-
pleted but is bleached after one scan.
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Criteria for a good STED dye:
* high cross section for stimulated emission

* no excitation at depletion wavelength

* photostability at depletion and excitation wavelength

e low Triplet-state population

* low non-linear photobleaching

e reactive group usable for coupling (e.g. to antibodies)

= hest choices for Leica TCS STED: ATTO 647N and ATTO 655



Sample Preparation

The preparation of the sample is identical for
STED and confocal microscopy. Well-known
standard techniques such as direct and indirect
immunofluorescence, FISH (Fluorescence In
Situ Hybridization) and other labeling techniques
(e.g. actin cytoskeleton labeling with phalloidin)
can be used.

Imaging in the sub-100 nm range requires one to
consider the size of the label itself. In immunoflu-
orescence (IF) the specificity of antibodies (Ab)
is utilized to fluorescently label biological struc-
tures of interest. In direct IF the dye is coupled

At

direct IF

Mounting

Particularly when imaging with high NA objective
lenses not only the microscope, but also the em-
bedding medium, the cover slip and the immersion
medium have an important impact on image qual-
ity and obtainable penetration depth. This is main-
ly due to the effect of refractive index (mis-)
matching.

Changes in the refractive index along the optical
pathinduce aberrations, leading to less resolution,
and less signal, resulting in lower efficient deple-
tion. This compromises the achievable resolution.
The Leica TCS STED is equipped with a special
100x 1.4 NA oil objective optimized for cover slips
of 170 pm thickness.

indirect IF
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directly to the primary antibody that specifically
binds the structure. In indirect IF, secondary an-
tibodies that recognize epitopes on the primary
antibodies carry the dye. The size added to the
structure of interest by the labeling procedure
is usually larger in indirect IF, and here more
preparation steps are necessary. However, the
signal intensity is increased, due to the binding
of several secondary antibodies, each with sev-
eral fluorophores, to one primary antibody. Indi-
rect immunofluorescence is normally preferred
because one secondary antibody can be tagged
to numerous primary antibodies, which greatly
amplifies the signal.

** dye

*
Aprimary Ab
Asecondar-_.r Ab

Oil (Leica Type F Immersion Fluid, n ® = 1,518) is
used as the immersion medium. Therefore the re-
fractive index of the embedding medium should be
as close as possible to 1.518. Good STED results
have been obtained with standard embedding
media such as glycerol, mowiol and vectashield.
Superresolution images could be obtained easily
from planes 10 — 15 pm deep inside the sample,
depending on its nature. A recent publication
explores the possibilities of a new mounting me-
dium, TDE, which provides perfect refractive in-
dex matching from water to oil. Initial results have
shownthatthe STED dyes ATTO 647N and ATTO 655
perform nicely in TDE, paving the way for STED
imaging far deeper inside the sample.

Fig. 7: Direct and Indirect Inmunofluo-
rescence

While direct IF brings the fluorescent
dye closer to the structure of interest,
the indirect IF allows signal enhance-
ment by the attachment of multiple
secondary antibodies carrying fluoro-
phores.
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Fig. 8: 2,2' — Thiodiethanol. The refrac-
tive index of TDE/H,0 mixture can be
freely (and linearly) adjusted from the
refractive index of Hp0 (1.332) to the
refractive index of oil (1.518) by chang-
ing the ratio between the two constitu-
ents. Therefore the use of TDE/H,0 al-
lows perfect matching of the refractive
index of the embedding medium to the
immersion medium, giving access to
super resolution imaging deeper than
15 pum inside the sample. The charac-
teristics of TDE/H20 as embedding me-
dium have been explored in detail in a
recent publication (Staudt et al., Mi-
crosc Res Tech 2007).
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Image Acquisition

The operation of the Leica TCS STED is con-
trolled completely by LAS AF software, just like
the Leica TCS SP5. Because of the full integra-
tion of the STED-specific settings and operating
steps, the access to super resolution STED im-
ages is as easy as taking conventional confo-
cal images. The quick overview outlined below
explains what to consider when acquiring data
with the Leica TCS STED. Important points are
listed in the box Tips and Tricks, p 13.

The auto alignment:

A perfect lateral overlay of the excitation spot
and depletion laser is essential to perform STED
microscopy successfully. As described before,
the process of depletion must omit the inner
region of the illuminated area to allow for fluo-
rescence emission without compromising the
resolution enhancement.

A fully automated alignment routine optimizes
this by adjusting the involved laser beams with
motorized optical elements. This routine should

be carried out when starting up the system and
then every hour thereafter to ensure optimal
alignment. This is necessary because the effects
of minor thermal drifts cannot be excluded com-
pletely in a complex system with many different
sources of power, i.e. heat.

The alignment is started by one mouse click and
takes ~ two minutes. Technically, the alignment is
conducted on an internal target slide with a spe-
cial reflective surface. This slide is inserted into
the intermediate image plane. The sample is not
illuminated during this process and does not have
to be removed. Reflection images of the target
slide surface are recorded with the individual la-
sers and compared (internal references: 594 nm,
then 640 nm excitation laser, and last the 710 nm
IR laser beams). Deviations are analyzed by a
correlation algorithm and compensated for by
moving the beam deflecting mirrors until a per-
fect overlay is achieved. No reference sample is
needed. Experiments can be continued immedi-
ately - all settings are automatically restored.
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Fig. 9: Alignment procedure to ensure
the perfect overlay of the excitation
and depletion laser

Top: Parameters accessible under Con-
figuration.

Bottom: Image of the target slide sur-
face, consisting of a reflective sand
sputtered surface (top left: 640 nm, top
right: 710 nm, bottom left: overlaidimage
after auto alignment).
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Fig. 10: User interface of the DFC 360FX.
Different filters are available, binning,
illumination time and gain can be ad-

justed.
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The workflow (Camera > Confocal tab > STED
tab):

The STED dyes ATTO 647N and ATTO 655 fluo-
resce in the far red spectral range, hardly vis-
ible for the human eye (sensitivity at 680 nm <5%
compared to 550 nm). Thus it is difficult to select
an appropriate area of the fluorescent sample
through the eyepieces without a counter stain
such as Alexa 488. For convenience, the system
is equipped with a fully software integrated CCD-
camera, the DFC 360FX, so that one can find the
focal plane and navigate on the sample. Having
found a suitable area of the sample it is then
possible to toggle over from Camera to Confocal
mode.

The higher resolution and the reduced signal
intensity of STED images require scanning with
more pixels (i.e. larger format) at a slower scan
speed, and/or with higher averaging compared
to their confocal counterparts. To account for
this and to deliver an optimized workflow, two in-
dependent acquisition settings can be accessed
under Acquire: the Confocal and the STED tab,
between which one can toggle easily.

To avoid undersampling, the format is adjusted
automatically when the user switches from the
Confocal to the STED tab. The Confocal tab is
used to select the optical plane, the field of view
etc. in a fast live scan and to obtain confocal im-
ages. The STED tab provides control of the STED
laser and access to a second set of imaging pa-
rameters that can be fine-tuned for STED data
acquisition (e.g. scan speed, averaging). When
changing to the STED tab, the format is adjusted
automatically to avoid undersampling due to
pixels that are too large.

The most convenient workflow is to start with
fast imaging using the CCD-camera (filter for
ATTO dyes: Y5) to find the focal plane and to se-
lect the area of interest by moving the xy-stage.
After that, the user switches to Confocal mode
and chooses the precise field of view and opti-
cal plane that should be imaged. To take a STED
image, the user toggles over to the STED tab, and
then, after making fine adjustments as needed,
captures the STED image. Subsequent imaging
can be performed very fast, due to the separate
storage of the now-defined confocal and STED
settings.




Things to consider acquiring STED images standard confocal microscopy. The Leica TCS
Improved resolution requires the use of smaller  STED is equipped with two different types of de-
pixel sizes to avoid undersampling. Shrinking tectors — Photomultiplier Tubes (PMTs) and Ava-
the area where the fluorescence signal is emit- lanche Photo Detectors (APDs) —to allow imag-
ted from, as is done in STED microscopy, fur- ing of the full range from very bright to rather dim
ther results in less signal per pixel compared to  samples.

Fig. 11: The Confocal and the STED tah:

In scanning mode two different set-

tings of acquisition parameters can be

L easily accessed by toggling between
: the STED and the Confocal tab.

L

APD PMIT
= higher sensitivity: = lower sensitivity:
max. guantum efficiency ~ 75% max. quantum efficiency ~30%
= very low background noize « zome background
= small dynamic range = large dynamic range
= only a certain amount
of photons time allowed
weeak samplas bright samples
Fig. 12a: Pros and Cons of APDs and
PMTs.
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Fig. 12b: Comparison of detector
A S nm sensitivity.
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Fig. 13: Intensity adjustment for deple-
tion laser. The slider allows adjusting
the resolution of the recorded image by
changing the depletion effect (propor-
tional to laser power).

12 Confocal Application Letter

The scan speed and therefore image acquisition
time depends on the signal/noise ratio. 100 Hz and
4 times line averaging is an appropriate setting to
image a biological sample of average intensity,
resulting in an overall scan speed of ~20 sec-
onds/frame at 512 x 512 pixels. Images have also
been acquired at a much faster rate up of to 19
frames/s, depending on the sample (achievable
S/N ratio) under investigation.

It is recommended to use a higher rather than
a lower excitation intensity to obtain the optimal
signal/noise ratio and to rule out potential excita-
tion by the Ti:Sa IR laser. The pulsed 640 nm laser
diode is controlled manually. To ensure optimal
pulse timing a certain intensity value (usually 5.6
—5.7) should not be exceeded. Furthermore, the
excitation should not be saturated, meaning that
a moderate increase in excitation should still be
reflected by an intensity increase in the image.

| LaserPower

Images with STED resolution are recorded with
the active STED laser (shutter open, red light at
the slider). As soon as the STED laser is inac-
tive, the images exhibit confocal resolution. The
slider allows the user to freely adjust the inten-
sity of the depletion laser. As derived from the
modified Abbe equation, higher resolution is ob-
tained with higher depletion power, but other ef-
fects such as reduction of signal (eventually lead
to worse S/N ratio) and re-excitation have to be
considered as well. Therefore the optimal deple-
tion and excitation power should be determined
individually for each sample.

The Leica TCS STED grants access to resolu-
tion beyond the diffraction barrier in xy while still
providing confocal resolution in z. Therefore it is
easy to image 3D stacks with increased spatial
information in each optical section.

0% 0% 0%

i
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confocal

Tips & Tricks

e Use cover slips of 170 ym thickness and Leica Type F Immersion Fluid (Cat. Nr. 11513 859).

* Match the refractive index of the embedding medium to the one of oil (n * = 1,518) to gain
maximal penetration depth.

¢ Perform auto alignment at start up of system and every hour thereafter.

* Choose the appropriate detector for your sample (bright sample: internal PMT No. 4;
weaker sample: external APD).

« Stay close to optical axis (apply panning only within zoom 3 region).

» Do not saturate excitation / do not use excitation above a certain value (5.7).

¢ In general full depletion power yields maximal resolution increase. But the optimal depletion
power to use with a certain sample should be determined individually.

e [f you want to scan faster, select a smaller region with a higher zoom value, resulting in a
smaller scan field (e.g. selection of zoom 18 (scan field ~8 x 8 pm) that can be recorded with
256 x 256 format.

e Further increase in speed can be achieved by scanning rectangles rather than squares
without compromising needed pixel size (e.g. 512 x 256 scan field).

e Correct data sampling according to the Nyquist theorem (~2,5-fold oversampling,

STED pixel size 20 — 32 nm).

Fig. 14: Replication foci (= chromosome
territories) in a cell nucleus visualized
with Fluoresence In Situ Hybridization
(FISH) revealing amount and size of
clusters. Confocal (left) and STED im-
age (right) were processed by the same
linear deconvolution algorithms.

Courtesy of Dr. Marion Cremer, LMU
Munich, Germany
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Pixel size: 34 nm

Pixel size: 136 nm

Fig. 15: The effect of undersampling.
Syntaxin sheets: top: pixel size 136 nm
bottom: 34 nm. The difference between
confocal (right) and STED image (left)
diminishes due to undersampling.
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Correct data sampling*

Data acquisition with a scanning microscope
implies the digitization of the fluorescence sig-
nal emitted from the sample. This means that a
quasi-continuous signal is converted into a sub-
divided one, with the pixels as the associated
entities. According to the Nyquist theorem, a re-
liable digitized representation of the data is only
assured if the sampling frequency is at least two
times higher than the highest spatial frequencies
in the sample, which in imaging translates to the
highest possible resolution. In practical terms of
confocal microscopy, correct sampling is grant-
ed by pixel sizes at least 2.3 times smaller than
the theoretical resolution.

*This section does not only apply for STED but for confocal
imaging, too.

Example:
* Objective: HCX PL APO 100x/1.4 Qil
e Excitation wavelength: 488 nm

e According to Kino: FWHI\/IXy =0.4*exc/NA,
multiplied by 1,5—1,7 (depending on Stokes
shift of the dye)

* FWHMxy = 210 nm Required pixel size for
accurate sampling: 210 nm/2.3 =91 nm

A pixel size of maximally 90 nm is sufficient for
correct representation of data recorded under
these settings. If this value is surpassed, no

confocal




further information is gained (known as empty
magnification), but the time needed for scanning
isincreased and photobleachingbecomesamore
severe problem, too. If the sample is scanned
with pixels that are too large, i.e. undersampling,
it is not represented correctly and information
is lost. This can cause not only disappearance
of details, but can also introduce artifacts. The
latter is known as aliasing, where shapes in the
specimen are completely changed.

For a given excitation wavelength and a certain
numerical aperture the appropriate pixel size is
a fixed value. The zoom option allows adjusting
the pixel size to the specific imaging settings.

Suggested Readings
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By decreasing the zoom the pixel size increases,
which can result in undersampling. STED exhib-
its a strong improvement in lateral resolution,
thus requiring smaller pixels to avoid undersam-
pling when working with the same zoom settings
as in the confocal mode.

For convenience, this is automatically consid-
ered in the software when switching from the
confocal to the STED tab by adjusting the for-
mat accordingly. The pixel value considered for
this adjustment is found under Configuration
and can be changed, if desired. The default
setting of 32 nm is calculated by dividing 80 nm
(achievable resolution in a Leica TCS STED sys-
tem under very good conditions) by 2.5.
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