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Abstract: We show that far-field fluorescence nanoscopy by stimulated
emission depletion (STED) can be realized with compact off-the-shelf laser
diodes, such as those used in laser pointers and DVDs. A spatial resolution
of 40-50 nm is attained by pulsing a 660 nm DVD-diode. The efficacy of
these low-cost STED microscopes in biological imaging is demonstrated by
differentiating between clusters of the synaptic protein bassoon and
transport vesicles in hippocampal neurons, based on the feature diameter.
Our results facilitate the implementation of this all-molecular-transition
based superresolution method in many applications ranging from nanoscale
fluorescence imaging to nanoscale fluorescence sensing.
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1. Introduction

Due to its sensitivity and ability to image the interior of cells, far-field fluorescence
microscopy has become one of the most widely applied methods in modern life sciences. Its
popularity has grown despite the fact that its resolving power has been restricted by the wave
nature of light [1]. However, with the advent of stimulated emission depletion (STED)
microscopy [2] and more recent techniques [3] allowing conceptually unlimited resolution in
the far field, this fundamental obstacle has been overcome. In the last decade, STED
microscopy has become a powerful tool for subdiffraction fluorescence imaging [4-7] that has
been increasingly applied in the biological as well as in the material sciences [8-12].

STED microscopy overcomes the diffraction barrier by using stimulated emission to
transiently turn off the capability of fluorophores to emit spontaneously. This transient
fluorescence silencing is utilized to make features, that are closer than the diffraction barrier,
fluoresce sequentially in time. This is typically accomplished by overlapping a regularly
focused excitation beam with a doughnut-shaped STED beam (featuring a point of minimal
intensity at the center) that instantly de-excites fluorophores to the ground state. Thus the
doughnut minimum defines the spatial coordinate at which the fluorophores are still active
[2]. The fluorescence capability of markers located elsewhere in the excitation spot is
prohibited because the high probability for stimulated emission disallows the fluorophore to
assume the fluorescent state. As a result, the fluorophore spends virtually all the time in one of
its dark states, meaning that it is switched off. The subdiffraction extent of the region in which

fluorescence is allowed defines the resolution; it is given by Ar z/l/(Znsin a1+ I/IS) [5,7],

with | being the intensity at the doughnut crest. Is = Av/(oz) is the threshold intensity at which
the fluorescence ability is reduced to 50%, with hv being the photon energy, o the cross-
section for stimulated emission and 7 the fluorescent lifetime. The wavelength of light is
denoted by / and the numerical aperture of the lens by n sin «.

Since in STED microscopy, as in all RESOLFT-type nanoscopy techniques, the detection
coordinate is predefined by the light pattern (e. g. by the doughnut) any measured photon can
be assigned to this predefined position. This targeted on-off switching and read out allows
fast, in practice up to several 100 frames per second recording rates, depending on the
brightness of the sample [13,14]. Thus, STED delivers subdiffraction images without
mathematical post processing of the recorded data. Moreover, because stimulated emission is
a basic transition, potentially any bright and stable fluorescent marker can be employed for
STED. On the other hand, because stimulated emission has to act on the relatively short-lived
fluorescent state (r ~1-5 ns), for efficient fluorescence silencing, the rate for stimulated
emission has to be higher than the relatively fast spontaneous decay rate 1/z . This results in
values of | of the order of a few MW/cm? making a strong laser source essential for high

resolution STED imaging.

While the initial pulsed STED systems provide outstanding resolution, they were so
complex and uneconomical in use that their wide use was severely hampered. A step toward
simpler implementation has been made by the realization of dedicated phase plates
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transforming the STED beam into a doughnut-shaped focal intensity distribution, while
leaving the excitation beam unaffected [15,16]. By exploiting supercontinuum lasers [17] or
stimulated-Raman-scattering sources [18] compact and flexible STED setups have been
implemented. However, the repetition rate of these systems (1MHz) vyields relative slow
acquisition rates. Fiber based laser sources are easy to maintain, but semiconductor laser
technology promises even greater robustness and cost-efficiency due to lower complexity.
Westphal et al. applied diode lasers to STED microscopy [19], but the laser power was limited
so that only a resolution enhancement of a factor of two was achieved.

Relevant for the resolution in STED microscopy are the maximal intensity and the quality
of the intensity minimum of the STED beam, i.e. the contrast between the central doughnut
minimum and the doughnut crest. Consequently, the ideal STED light source features an
excellent beam quality paired with high intensity, preferably operated in a pulsed mode with a
repetition rate of several megahertz (for fast recording times) and pulse durations of 0.3-1 ns
(for efficient fluorophore silencing). While for a long time it seemed that this demand can be
met only with mode-locked Ti:sapphire or mode-locked gas laser based systems, here we
show that competitive STED performances can be achieved using compact, off-the-shelf laser
diode modules, in fact by laser pointers and lasers used in DVDs.

2. Setup and materials
2.1 Laser diode as STED light sources

First, we tested a simple continuous wave (cw) laser pointer at 660nm with 200mW output
power as the STED light source (Class 3b laser, 20 €, DealExtreme, Hong Kong). Already
with this simple laser a lateral resolution of 80-90nm could be realized which is more than
twice the confocal resolution. A laser operated in the pulsed mode yields higher peak intensity
than in cw operation when operating at the same average power. In this way the photons can
be used more effectively for STED, yielding a higher resolution. Typically pulsed laser diodes
are used in fluorescence lifetime measurements for which subnanosecond time resolution is
essential. These short pulses are commonly generated in an external optical resonator or by
injecting a modulated current in the laser diode which require expensive systems and
components. To operate the laser diode in the nanosecond regime, in our experiments a simple
laser diode driver based on the same concept as the one described by Rai et al. [20] proved to
be sufficient.

S
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Fig. 1. Employing a DVD laser diode as light source for STED. Setup including the schematic
diagram of the electrical driver circuit for the laser diode and the intensity profile of the
generated pulses. T: transistor, C: capacitor, PG: pulse generator, GND: ground; DM: dichroic
mirror; APD: avalanche photodiode.

In order to build today’s simplest and possibly most economic laser suitable for STED, we
resorted to a 660 nm off-the-shelf laser diode (130 mW, HL6545MG, opt next, Japan), a

standard component in DVD-drives. We controlled its electrical pumping system for pulsed
mode operation using standard electronic components. The estimated peak power lies in the
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range of 0.5-1 W, which is a 4-7-fold increase compared to the laser power in cw operation.
The principle layout of the electrical pulse circuit is shown in Fig. 1. It is based on three main
components: a bipolar transistor T (BFG19S), a capacitor C = 20pF and a constant current
source. The circuit is triggered by an external pulse generator (TG4001, TTi, Forth Worth,
TX). The constant current source charges the capacitor linearly up to 80V. The transistor acts
as a switching element and is operated in the avalanche mode. It becomes conductive upon
triggering of the pulse generator, which causes the capacitor to discharge within <1 ns. As a
result, the laser diode is driven by a short current pulse. The pulse repetition rate of the laser
diode is set by the pulse generator and was kept constant at 5 MHz in all STED experiments
reported here in order to compromise between short acquisition times and sufficiently high
peak intensities.

Figure 1 shows a typical intensity profile of the optical pulses which was measured with a
photomultiplier (H7422-40, Hamamatsu, Tokyo, Japan) and time-correlated single photon
counting (HydraHarp 400, PicoQuant, Berlin, Germany). The pulses consist of a central peak
and several sidelobes. The damped relaxation oscillations are caused by changes in the pump
power during the switching process in the electrical pulse circuit. Mainly the central
maximum contributes effectively to STED and is therefore here referred to as the STED pulse.
To disallow the fluorescent state by the presence of the stimulating photons, the STED pulses
have to be significantly longer than the lifetime of the higher vibrational level of the ground
state into which the molecule is stimulated, but shorter than the lifetime of the fluorescent
state 7. Avoiding multi-photon induced bleaching processes also call for longer STED pulses,
meaning that pulse durations in the range from a hundred picoseconds to about 1 ns are
optimal for most dyes [21,22]. The measured pulse width of 400 ps, which is a convolution of
the actual pulse width and the PMT transition time jitter, shows that the laser diode has
sufficiently short pulses. The actual pulse width might be shorter, but it is reasonable to
assume that the simple driver will not produce shorter pulses than sophisticated commercial
ones with pulse durations in the range of 100 ps. Further optimization of the electrical circuit
could possibly reduce the relaxation oscillations.

2.2 Description of the optical setup

A pulsed laser diode at 532 nm (PicoTA, Picoquant, Berlin, Germany) serves as the excitation
source which was triggered by the STED pulses of the 660 nm laser diode (see above). The
two beams are combined by a dichroic mirror and coupled into a microscope stand (DMI
4000B, Leica Microsystems GmbH, Mannheim, Germany) equipped with a three axis piezo
stage-scanner (PI, Karlsruhe, Germany) and an oil immersion lens (ACS APO, 63x/1.30NA,
Leica Microsystems GmbH, Mannheim, Germany) which also imaged the fluorescence signal
onto a confocally arranged aperture of a photon counting module (SPCM-AQR-13-FC,
PerkinElmer, Canada). The doughnut shaped intensity profile of the STED focus was
generated by inserting a phase plate (RPC Photonics, NY, USA) which induced a helical
phase ramp from 0 to 2w on the initially flat wave front.

2.3 Additional specifications of the STED light source

The wavelength of the laser diode was measured by a spectrometer (Ava-Spec-2048-SPU,
Avantes, Broomfield, USA) to be 660 nm with a FWHM of 1.6 nm. The charge injection into
the diode was estimated to 1-2nC (~80V - 20pF) per pulse resulting in close to InJ light
pulses.

2.4 Fluorescent bead sample preparation

Nile red filled polysterene micro spheres (specified diameter 20nm, Invitrogen, Eugene, USA)
were sowed on poly-L-lysine coated cover slips and mounted in DABCO containing Mowiol
(Fluka, Buchs, Switzerland) to avoid molecular diffusion and reduce photobleaching.

2.5 Neuron sample preparation
Dissociated hippocampal cultures were prepared from E19 Wistar rats and cultured at a
density of 60.000 cells / cm? on poly-L-lysine-coated cover slips in neurobasal medium
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supplemented with B27 and glutamine (Invitrogen, Eugene, USA). Fixation was performed on
DIV13 (day 13 in vitro). Bassoon was immunostained using monoclonal antibody sap7f407
(Enzo Life Sciences) and Atto565 (AttoTec, Siegen, Germany).

3. Imaging results

To demonstrate the ability of the pulsed laser diode to silence the spontaneous emission of the
fluorophores, we synchronized the STED diode to the 532 nm excitation laser; subsequently
both were coupled into a scanning microscope. The confocal image of fluorescent beads
shown in Fig. 2 was recorded at constant excitation intensity while the STED beam was
interrupted periodically in time. The fluorescence signal from areas with the beam switched
on dropped down by 90-95% which is sufficient as ‘on-off” contrast for STED microscopy.

19

STED-beam (modulated

Intensity / a.u.

STED-beam off
STED-beam on

4rlpm 8

Fig. 2. To demonstrate STED an image of fluorescent beads was recorded at constant excitation
but modulated STED-beam (left). The corresponding fluorescence intensity profile of the
image (right) shows that when applying STED the fluorescence signal drops down to < 10%.

We exploited this optically induced fluorescence silencing of the fluorophore for
subdiffraction microscopy by producing a doughnut-shaped intensity distribution in the focal
plane which keeps all molecules non-fluorescent except those in close proximity to the center

2| STED + L.D.

Q

Intensity / a.u.

confocal

Fig. 3. STED imaging with the compact and simple laser diode: (a) confocal image of Nile red
fluorescence beads and corresponding STED images ((b) raw data and (c) linear
deconvolution) (a-1), (b-1) Magnified view of the boxed region in (a) and (b). (d) The
corresponding line profiles of confocal (green) and STED mode (red) highlight a more than 4-
fold resolution gain. Bar size corresponds to 250 nm.

of the 660 nm beam. A measurement of the STED intensity distribution showed a
proncounced depth of the doughnut minimum. Therefore no spatial filtering was required. The
comparison between the confocal and STED images of fluorescent beads (Fig. 3)
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demonstrates a more than 4-fold improvement over the confocal resolution, namely a
resolution of 40-50nm in the STED mode.
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Fig. 4. Presynaptic active zone protein Bassoon in hippocampal-neurons. (a),(d) Confocal
image, (b), (e) STED raw data, and (c), (f) STED data linearly deconvolved. Magnified views
of the boxed region in (d) and (f). The line profiles through these corresponding structures
illustrate the resolution gain in the STED mode. Through the enhanced resolution of STED the
active zone (AZ) and bassoon/piccolo transport vesicles (PTVs) can be distinguished by their
different diameters. Bar size corresponds to 500 nm.

To show the applicability of our pulsed laser diode based STED system to biological
imaging we immunostained and imaged the synaptic protein bassoon in cultured rat
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hippocampal-neurons. Bassoon is a multi-domain protein which is specifically localized at the
presynaptic active zone and predicted to be involved in cytomatrix organisation and
neurotransmitter release [23]. Figure 4 compares the confocal with the corresponding STED
images of bassoon in cultured neurons. The subdiffraction resolution provided by STED
enables the discrimination between bassoon clusters at the presynapic active zone and
bassoon/piccolo transport vesicles having a typical diameter of about 70-90 nm [24].

In conclusion, we have realized a compact and simple STED system based on a off-the-
shelf (DVD) laser diode yielding a lateral resolution of 40-50 nm. This compact and low-cost
implementation will increase the availability of STED and facilitate turning it into a
commonly used tool. In the near future, further simplification is planned by also replacing the
excitation light source with a simple and economic laser diode. Moreover, the presented
STED light sources provide the opportunity to easily convert existing confocal laser scanning
microscopes into STED nanoscopes with subdiffraction resolving power.
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