








labeled with fluorophores having different absorp-
tion and emission spectra. FLIM images with both
confocal and STED super-resolution were obtained
by running the STED and all excitation lasers in
Pulsed Interleaved Excitation (PIE) mode.

The pulse sequence used in this example is
shown in Scheme 3 and consists of a first excitation
pulse at 485 nm, which generates autofluores-
cence from the cell walls. This excitation pulse is not
followed by a STED pulse; meaning that, in both the
super-resolution and confocal image, the cell walls
were imaged with the diffraction limited confocal
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Scheme 3: Pulse sequence used to image a synaptic cleft with
STED based super-resolution where the axon terminals and
dendrites were labeled with different dyes.

resolution. The two fluorescent labels were excited
with pulses at 590 and 640 nm respectively and were
each followed by a slightly delayed STED laser pulse
at 766 nm. The same area was also imaged under
confocal conditions using a similar pulse sequence
but without STED laser pulses.

Such complex pulse sequences can be very easily
realized by operating both the excitation and STED
lasers with a PDL 828 “Sepia II” driver. This high-end
laser driver features an oscillator and burst gener-
ator module with up to 8 individually addressable

Figure 4: FLIM images of a dye-labeled dendritic spine imaged
under both confocal and STED super-resolution. The synaptic
cleft can be easily recognized in the STED FLIM image (bottom
right).

channels.

These channels can be combined and delayed rel-
atively to each other with picosecond accuracy. The
oscillator module allows defining the output pulse
pattern at each channel individually. The pattern
is derived from a combination of burst generator,
delayer, and combiner operation.

The delay function allows shifting the output of in-
dividual channels by + 1 ms in 25 ps steps, which is
extremely useful to fine tune the temporal spacing of
different laser heads with a very high accuracy for,
e.g., STED microscopy.

The resulting image (Fig. 4) shows the neuronal
cell wall autofluorescence in blue, while the axon
terminal and dendrite labels are shown in green
and red, respectively. In the STED super-resolution
image, the synaptic cleft can be easily seen as a col-
orless band between the red and green zones. In the
confocal image, however, the cleft cannot be seen,
as the resolution is too low.
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Another application where the capabilities of the
VisIR-765 “STED” laser module are invaluable is
pulsed interleaved excitation based fluorescence
correlation spectroscopy using STED (PIE-STED-
FCS). Fluorescence Correlation Spectroscopy (FCS)
is a well established method for studying the diffusion
behavior of molecules in solution or membranes.
Using a fully Pulsed Interleaved Excitation (PIE)
scheme allows detecting more than one type of flu-
orophore in a single experiment. The PIE scheme in
a PIE-STED-FCS measurement involves generating
a sequence of pulses where the excitation lasers fire

Figure 5. Schematic representation of the pulsed interleaved
excitation pattern used for quasi-simultaneous, multi species
FCS probing under STED and confocal conditions. Excitation
laser pulse (blue and yellow), STED pulse (red), and result-

ing fluorescence (green). The dashed boxes indicate the time
gates applied in the data analysis step for separating STED and
confocal contributions.

in an alternating manner to individually excite and
detect each fluorophore type (see Fig. 5). Each of
these excitation pulses can be individually coupled
to a STED pulse or not.

The VisIR-765 “STED” features both high flexibili-
ty in repetition rate selection and the ability to be ex-
ternally triggered, which makes it an excellent choice
for this type of application. By operating it and the
excitation lasers with an advanced laser driver such
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as the PDL 828 “Sepia II”, complex pulse sequences
as shown in this example can be realized through an
easy to use graphical user interface.

Under confocal conditions, the minimal size of
the FCS observation volume is restricted by the
diffraction limit. However, this limit can be circum-
vented by employing Stimulated Emission Depletion
(STED) and the observation volume can be shrunk
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Figure 6: Top: Depiction of confocal and STED observation
volumes in a PIE-STED-FCS experiment. Due to the STED
donut in the focal spot (right, in red), the observation volume is
smaller allowing achieving a better spatial resolution. Bottom:
Plot of the observation spot size as a function of the STED laser
power, as determined from images of immobilized crimson beads
with 20 nm diameter.

in a gradual manner by increasing the STED laser
intensity.®!

At low STED laser powers, a small increase in in-
tensity leads to a rapid shrinking of the lateral obser-
vation area diameter. Going from 0 to 50 mW reduces
the spot diameter from 250 to less than 100 nm,
depending on the fluorophore used. At high STED
powers, however, increases in intensity will result in
slower shrinking until a diameter below 50 nm can be
reached (see plot in the bottom part of Fig. 6).

The temporal pulse shape and width of the VisIR-
765 “STED” remains independent of the optical
output power over a large range, which, along with
the excellent beam quality, make it an ideal STED
laser for this type of application.

Shrinking the detection volume helps in over-
coming averaging issues in long transit paths and
also enables determining the type of hindered dif-
fusion behavior of fluorophores in lipid membranes.

Furthermore, using a fully Pulsed Interleaved
Excitation (PIE) illumination scheme for excitation
and STED lasers allows collecting FCS data under
both confocal and STED conditions quasi-simultane-
ously. PIE-STED-FCS allows also for a straightfor-
ward check whether the STED laser has an influence
on the investigated diffusion dynamics.

Conclusions

The picosecond pulsed laser modules from
PicoQuant’s VisIR/VisUV platform have a series of
features that make them ideally suited for time-re-
solved spectroscopy or microscopy applications.
These features include supporting a range of repeti-
tion rates going from 1 Hz to 80 MHz with the ability
to change them on the fly, temporal pulse shapes and
widths that are independent of output power over a
broad range, and the ability to be easily interfaced
with advanced laser drivers such as the PDL 828
“Sepia II” to generate complex pulse patterns.

As we have shown here, the VisIR-765 “STED”
is ideally suited for microscopy applications involv-
ing STED super-resolution due to its pulse width
of typically 0.5 ns, excellent beam shape, and high
optical output powers of up to 1.5 W. The pulse width
ensures good depletion efficiency while minimizing
photo-bleaching, while the nearly perfect circular
and Gaussian beam profile allows for good beam
shaping via segmented phase plate.

In combination with other pulsed diode lasers and
a high-end laser driver such as the PDL 828 “Sepia
11", the VisIR-765 “STED” is an excellent choice for
demanding applications in time-resolved spectrosco-
py and microscopy.
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