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What You Will Learn in This Chapter
Stimulated emission depletion (STED) microscopy is in its simplest form an exten-
sion of confocal fluorescence microscopy that offers much enhanced spatial resolu-
tion in both 2D and 3D. This chapter provides a basic overview of the theory behind
STED microscopy and the technology developments and modern design of the
STED microscope. Like with any advanced imaging technology, it is important to
implement simple testing procedures of the overall performance. This chapter
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provides detailed examples of the testing procedures that have proven useful to
ensure optimal performance of a range of STED microscopes. Finally, this chapter
includes a few application image examples.

8.1 Introduction

STED (stimulated emission depletion) microscopy is a far-field super-resolution
fluorescence microscopy technique that allows fluorescence imaging with, in princi-
ple, unlimited spatial resolution. The concept of STED microscopy was first
introduced in 1994 [1], and the first successful experimental implementation of
STED microscopy applied to a biological specimen was published in 2000
[2]. STED microscopy has subsequently become a well-established super-resolution
microscopy technique suitable for imaging a broad range of biological samples with
a resolution that is much smaller than the conventional diffraction-limited resolution
that can be obtained by a conventional confocal microscope. STED microscopy can
further be efficiently combined with fluorescence correlation spectroscopy (FCS),
thus enabling super-resolution studies of, for example, diffusion in cell membranes
[3, 4]. The implementation of STED-FCS, which follows the same general approach
as for conventional FCS, has the unique ability to enable studies at observation
volumes much smaller than the diffraction limit. For further details on implementa-
tion and practical guide to STED-FCS, we refer the reader to Sezgin et al. [5].

8.2 Basic Principle of the STED Microscope

STED microscopy enables imaging beyond the diffraction limit by exploiting the
property that there are two distinct relaxation routes: (1) spontaneous emission, and
(2) stimulated emission, whereby an excited fluorescent molecule can return to the
ground state. This is illustrated in terms of a Jablonski diagram in Fig. 8.1a. In STED
microscopy, as is the case for conventional confocal microscopy, photons from the
excitation laser are absorbed by fluorophores in the specimen resulting in a molecu-
lar transition to a higher excited state. In the case of conventional confocal micros-
copy, subsequent to internal conversion, the excited molecules would ideally return,
with a high yield, to the ground state via “spontaneous emission” whereby photons
of light, red-shifted relative to the excitation wavelength, are emitted and detected as
conventional fluorescence. In the case of STED microscopy, however, a significant
fraction of excited molecules, as defined by the shape of the STED point spread
function (PSF), is instead stimulated to return to the ground state by “stimulated
emission” upon exposure by the STED laser. In this context, it is important to
remember that relaxation by stimulated emission is not a dark process but rather is
a process where relaxation to the ground state, as stimulated by the STED laser,
results in the emission of a photon of identical nature (i.e., wavelength, polarization,
phase) to the photon from the STED laser. Furthermore, as the photon emitted from
the STED laser is not absorbed by the excited dye, this process results in an exact
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doubling of the photon emitted by the STED laser. A key aspect in the design of the
detection window in STED microscopy is thus to ensure that the emission bandpass
filter does not overlap with the STED laser such that the photons that result from the
stimulated emission process are, as far as the detector is concerned, effectively a dark
state. A second key aspect in STED microscopy, and the reason for the requirement
of exquisite time control, is that the STED laser is able to stimulate a vast majority of
specific molecules to return to the ground state prior to the occurrence of relaxation
by conventional spontaneous emission. Because most fluorophores have a mean
excited state lifetime of a few nanoseconds, this introduces a requirement that the

Fig. 8.1 Principles of STED microscopy. (a) Schematic of STED microscopy in terms of a
Jablonksi diagram illustrating the transitions in electronic state during conventional fluorescence
(i.e., spontaneous emission) and during stimulated emission. (b) Schematic of optical path of a 2D
STED microscope. The excitation laser path (excitation; blue) and the STED beam (STED; pink),
donut shaped via a vortex phase plate (VPP), are super-positioned in the sample plane (S) via
scanning head (SH) and objective (OBJ). (c) Schematic of 2D cross section of excitation point-
spread function (PSF)(blue), 2D-STED PSF with zero intensity at the center (red), and effective
emission PSF (green) that would result from the super-position of the excitation and STED PSFs.
(d) Example confocal and (e) STED image of the same field of view of fluorescent beads. Also
shown in (d, e) are white arrows indicating the location of the fluorescent intensity profiles shown in
f) for the confocal image (blue line) and STED image (pink line). Scale bars ¼ 200 nm. (g)
Schematic of STED microscopy in terms of asorption and emission spectra for sample stained with
Alexa Fluor 488 showing the typical selection of the excitation laser (488 nm), the STED laser
(592 nm), and the emission bandpass filter settings (525/50 nm) for sample stained with Alexa
Fluor 488
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STED depletion process must ideally occur within a fraction of a ns after the
excitation process.

8.3 Basic Design of the STED Microscope

The basic layout of a STED microscope is the same as for traditional confocal
microscopy with an additional requirement of the incorporation of a STED laser,
optical elements that enable exquisite shaping of the STED laser beam, and elec-
tronics for exquisite control of the time synchronization of the STED laser relative to
the excitation laser. A 2D STED implementation via a vortex phase mask is shown in
Fig. 8.1b. The excitation path is based on a confocal optical scheme. The laser light
is focused onto the sample via the objective lens, and the resulting fluorescence is
collected back pixel by pixel via the same objective lens and detected via a high
sensitivity point detector such as avalanche photo diodes (APDs). A pinhole aperture
positioned before the detector guarantees the optical section of the sample. The
shape of the STED beam is adjusted by the vortex plate, and the resulting shaped
beam is spatially and temporally adjusted to closely overlap the excitation beam in
the sample plan.

In the case of 2D STED, the function of the beam shaping optical elements is to
engineer the point-spread function (PSF) of the STED laser to a donut pattern with a
zero intensity foci in the middle (Fig. 8.1c), while any number of alternate beam
shapes have also been demonstrated, including for 3D STED [6]. A prerequisite for
STED microscopy is that the centroid of the conventional diffraction-limited PSF of
the excitation laser (Fig. 8.1c) is perfectly co-aligned in space with the centroid of the
PSF of the STED laser, and furthermore that the arrival time of the excitation laser
and STED laser at the sample plane is precisely controlled. With such exquisite
spatial and temporal control, it is possible to create an effective emission PSF
(or observation volume; Fig. 8.1c) that is much smaller than the conventional
diffraction limit. With such a STED microscope, it is possible to acquire both a
conventional confocal image of e.g. fluorescent beads with an inactive STED laser
beam at conventional diffraction-limited resolution (Fig. 8.1d) and a super-
resolution STED image of the same specimen with an active STED laser beam
with a much improved resolution (Fig. 8.1e) as is clearly demonstrated by the
representative example of fluorescence intensity line profile in Fig. 8.1f.

An important characteristic of STED microscopy is also that it is possible to tune
the resolution of the STED microscope by adjusting the STED laser power. As a
result, the diffraction barrier no longer limits the resolution of a STED microscope
that increases with increasing intensity of the STED laser:

dSTED ¼ dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ A ISTED

IS

q ð8:1Þ
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where d is the diameter of the diffraction-limited excitation laser spot, A > 0 is a
geometrical parameter that takes into account the shape of the STED laser beam,
ISTED is the STED laser intensity, and IS is the so-called saturation intensity,
characteristic for a specific fluorescence label representing how efficiently it can
be depleted. To increase the lateral resolution of a standard confocal microscope a
donut-shaped STED beam is generated via a vortex phase mask; to increase the axial
resolution of a standard confocal microscope a bottleneck STED beam is created via
a pi phase mask. A combination of both masks will allow tuning the resolution in
both lateral and axial direction. While theoretically, the spatial resolution can be
pushed to unlimited scales, the signal-to-noise ratio is a limiting factor. In practice,
this means that a typical resolution up to about 50 nm can be routinely achieved for
cell studies.

In order to answer to the multiple demands coming from biological and biomedi-
cal applications, the most common implementation is a multicolor STED micro-
scope. Such a microscope allows combining different fluorescent markers in order to
disclose morphology, proximity, and co-localization of molecules at a nanoscale
level. A schematic of single-color STED microscopy in terms of the absorption and
emission spectra of the representative green fluorophore Alexa Fluor 488 is shown in
Fig. 8.1g. In STED microscopy, just as in the case of conventional confocal
microscopy, the excitation laser is selected to match closely to the peak of the
absorption spectra, while the emission bandpass filter is typically selected to collect
emitted light broadly around the peak of the emission spectra. Meanwhile, the
selection of the STED laser, typically 592 nm for green dyes, is dictated by a
requirement that the laser wavelength is red-shifted relative to the peak fluorescence
emission (and the emission bandpass filter) of the specific probe. These same
characteristics are representative for STED microscopy of e.g. intermediate red
dyes such as Alexa Fluor 555 or TMR, which can be used for STED microscopy
with a 660 nm STED laser, or more red-shifted dyes such as Alexa Fluor 594, Atto
590, Abberior Star Red, or Abberior Star 635P, which can be used for STED
microscopy with a 775 nm STED laser. While different excitation and STED
beams could be combined to obtain a multicolor STED image, the most reliable
implementation for co-localization studies employs a single STED beam to deplete
multiple excitations, so that the alignment of the distinct color channels is deter-
mined by the center of the STED PSF.

8.4 Microscope Performance Tests

To ensure the best performance of a STED microscope, it is absolutely essential to
check for laser stability, point spread function (PSF) distribution of excitation and
STED beams, and the co-alignment of the excitation and STED laser beams. Here,
we suggest a maintenance routine to guarantee reliable and comparable STED
measurements. In order to follow the presented routine it is useful to be equipped
with a power meter to check the stability of the STED laser, a gold bead sample to
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check the alignment of the excitation and STED PSF of the beams, and a fluorescent
bead sample to check alignment and resolution with fluorescence detection.

8.4.1 Laser Power Measurements

Since the STED resolution depends on the STED laser intensity power, the STED
laser source needs to remain stable over time. A daily or even hourly variation of the
STED power will provide different resolution effects on same dyes and so incompa-
rable images that will nullify any data analysis. It is good practice to check weekly
the laser power provided by the STED beam at different intensity levels. This
measurement can be done via a power meter detector positioned on top or at the
back aperture of the objective lens used to run the experiment. For these
measurements, we regularly use a power sensor with a spectral range of
400–1100 nm and a maximum power rating of 500 mW (Thorlabs; S130C) and a
power meter (Thorlab; PM100D). We typically measure laser powers at least every
week in order to verify laser coupling stability. Different laser intensity levels can be
set via software and the corresponding power recorded. A variation of more than
10% has to be considered as a possible cause for inconsistent data.

8.4.2 Gold Beads

In order to obtain a reliable STED effect, the alignment of both the excitation and
STED PSF should be symmetric and straight along all directions. Such PSFs can be
visualized via imaging of gold beads in reflection mode. The excitation beam should
show a classical diffraction-limited point spread function (PSF) characterized by
Gaussian distribution along lateral and axial directions. The STED beam in the
absence of masks should have the very same profile as the excitation beam. Once
a mask is applied, the beam must remain straight and show a characteristic zero
intensity point in the center as shown in Fig. 8.2a. Uneven intensity distribution and
tilt of the beam suggest that the optical path must be corrected (e.g., align phase plate
with the beam, align mirrors, damaged lenses, or objective lens). Gold beads
measurement allows also to check on the spatial alignment of the excitation and
the STED beam; the beam should be coaxial along the xy-axis and positioned at the
very same z-plane.

8.4.3 Fluorescent Beads, Nanorulers, and Immunostained Cell
Samples

The fine alignment between excitation and STED beams should always subsequently
be validated on fluorescent calibration samples such as fluorescent bead samples
(Fig. 8.2b). In acquiring such STED images, just like for conventional confocal
images, it is of course essential to strive to acquire images at high signal-to-noise
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ratio (SNR) by use of either line (or frame) averaging or frame (or line) accumulation
or both, and to use proper sampling according to the Nyquist theorem. In terms of
sampling, this typically entails acquisition of images with a projected pixel size of at
least 3� smaller than either the anticipated or determined lateral resolution. In
accordance with an expected lateral resolution of around 50 nm, proper sampling
would require a projected pixel size of around 15 nm.

From images of sub-diffraction-limited beads, preferably of a size of 20–40 nm in
diameter, it is possible to directly visualize the effective observation volume of the
STED microscope. When the highest STED laser power is applied, the maximum
resolution of the microscope is measured. Tuning the STED power and combining
different mask will allow an indicative calibration of the resulting observation
volume. If the system is equipped with a variable pinhole aperture repeating this
measurement with both a closed pinhole and an open pinhole setting allows for an
evaluation of the alignment of the detection path. As a prerequisite, when the pinhole
is fully opened, the STED PSF should be aligned with the excitation PSF in all
directions. Upon closing the pinhole, a well-aligned STED system is characterized
by a symmetric intensity distribution along the lateral direction and a straight beam
along the axial direction as shown in the example in Fig. 8.2b. Furthermore, when
the confocal and STED images of fluorescent beads are super-imposed, the super-
resolution signal should appear in the center of the confocal image in all directions as
shown in Fig. 8.2b.

Fluorescent bead samples of dimensions much smaller than the diffraction limit,
usually of 20–40 nm in diameter, are also commonly used to evaluate the resolution
of a STED microscope as a function of the STED laser power (Fig. 8.3). One version

Fig. 8.2 Validation of super-position of excitation and STED beams for a well-aligned STED
microscope. (a) Validation of spatial alignment of STED microscope with 80 nm diameter gold
beads showing respectively the expected pattern of light scattered from the excitation beam (red)
and the STED beam (cyan) along each axis as shown. Scale bar¼ 500 nm. (b) Validation of spatial
alignment of STED microscope with fluorescent GATTA beads (GattaQuant) labeled with Atto
647 N (Bead R) showing the super-position of the confocal point-spread function (PSF; blue) and
the STED PSF (orange glow) along each axis as shown. Scale bar ¼ 1 μm
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Fig. 8.3 Performance validation of STED microscope in 2D STED imaging mode with 23 nm
diameter DNA origami GATTA beads (GattaQuant). (a–e) STED image examples of GATTA
beads labeled with Atto647N (Bead R) that were imaged on Leica STED 3X microscope with a
STED white 100X 1.40 NA Plan APO oil immersion objective, 633 nm laser excitation, a pulsed
775 nm STED laser, and time-gated detection (0.5 � td � 7 ns) with a spectral emission window of
649–701 nm. Scale bars ¼ 1 μm. The resolution of the resulting STED images evaluated quantita-
tively by using the line profile tool in ImageJ (version 1.53j) to create line intensity profiles across
select apparent single GATTA beads (N ¼ 15 for each image condition) and by fitting the resulting
line intensity profiles to one-dimensional spatial Gaussians in Wolfram Mathematica (version
12.0.0.0). (f) Box-and-whisker plot of FWHM values from images of GATTA beads labeled with
Atto647N (Bead R). (g) Box-and-whisker plot of FWHM values from images of GATTA beads
labeled with Oregon Green 488 (Bead B). The corresponding images were acquired on the same
microscope system as for images in (a–e) except with 488 nm excitation, a CW 592 nm STED laser,
and time-gated detection (1.5 � td � 6.5 ns) with a spectral emission window of 494–584 nm. (h)
Box-and-whisker plot of FWHM values from images of GATTA beads labeled with Atto 542 (Bead
G). The corresponding images were acquired on the same microscope system as for images in (a–e)
except with 561 nmexcitation, aCW660nmSTED laser, and time-gated detection (1.5� td� 6.5 ns)
with a spectral emission window of 570–663 nm. i) Box-and-whisker plot of FWHM values from
images of GATTA beads labeled with Atto 594 (Bead O). The corresponding images were acquired
on the same microscope system as for images in (a–e) except with 561 nm excitation, a pulsed
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of this uses DNA origami GATTA beads that can be ordered with the same
fluorophores that are to be used in a given biological experiment. This approach
has the great advantage that the ultimate resolution calibration can then be run on the
very same fluorescent molecules that are to be employed in the actual experiment.
Another version of the resolution calibration of a STED microscope as a function of
the STED laser power is to use dot-like features, such as nuclear pores, stained with
the same dye that is to be used in the actual experiment (Fig. 8.4), or other structures
of dimensions much smaller than the diffraction limit such as single microtubule
filaments [7]. Both of these sample types thus preclude any fluorophore-dependent
effects that may originate from the consequence that the STED resolution depends
on the saturation intensity, IS, of the fluorescent dye used to label the sample
(as shown in Eq. 8.1). The same STED power can thus provide a quite different
STED effect depending on the dye, to the extreme situation in which the STED laser
quickly photobleaches certain dyes such that no super-resolution effect can be
obtained. This is because besides the absolute resolution provided by the instrument,
a key parameter in STED microscopy (just like in conventional confocal micros-
copy) is also the signal-to-noise ratio (SNR) as a high-quality image requires
sufficient contrast to resolve the signal above the noise of the background.

From the imaging of single sub-diffraction-limited beads or sub-diffraction-
limited sized cellular structures, as shown in Figs. 8.3 and 8.4, it is possible to
extract quantitatively the resolution of the STED microscope from measurements of
the full width at half maximum (FWHM) of line intensity profiles across the objects
of interest. This is most commonly done by fitting such intensity line profiles, I(x), to
a one-dimensional spatial Gaussian

I xð Þ ¼ Ibkgd þ I exp
� x� x0ð Þ2

2σ2

� �
ð8:2Þ

where Ibkgd is the intensity of the background fluorescence, I is the peak intensity, x0
is the position of the peak, σ is the Gaussian width of the peak, and the FWHM is
given by

FWHM ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
σ: ð8:3Þ

An interesting alternative to these calibration measurements of sub-diffraction-
limited beads and structures are also DNA origami-based GATTA-STED nanorulers
consisting of two fluorescent marks of dense arrangements of multiple dye
fluorophores at a specified distance of separation. Examples of confocal and STED
images of such nanorulers specified to consist of two fluorescent marks separated by

⁄�

Fig. 8.3 (continued) 775 nm STED laser, and time-gated detection (0.5� td � 7 ns) with a spectral
emission window of 603–666 nm. The STED laser power, projected pixel size, and FWHM results
of the analysis of intensity line profiles are shown in Table 8.1. N¼ 15 for all analysis in Figures (f–
i) for each image condition
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90 and 50 nm are shown in Fig. 8.5. By using these samples, it is in principle
possible to directly determine the minimum STED laser power of the STED micro-
scope that is required to resolve the two fluorescent marks as two separate structures
by visual examination of a series of images acquired at different STED laser powers.
Alternatively, for a full quantitative analysis, intensity line profiles across the two
separate structures can be fit to the sum of two spatial Gaussians

I xð Þ ¼ Ibkgd þ I1 exp
� x� x01ð Þ2

2σ2

� �
þ I2 exp

� x� x02ð Þ2
2σ2

� �
ð8:4Þ

where Ibkgd is the intensity of the background fluorescence, I1 and I2 are the
respective peak intensities of each respective fluorescent mark, x01 and x02 are the
respective positions of each peak, and σ is the Gaussian width of the peaks. From
such fits, the FWHM is again given by Eq. (8.3), while the separation distance
between the two fluorescent marks is given by

Peak Separation ¼ x01 � x02j j �
ffiffiffiffiffiffiffi
2σ2

p
ð8:5Þ

Table 8.1 Image conditions and FWHM analysis results for all GATTA Beads in Fig. 8.3

Sample
STED laser power (mW; %
of max available power)

Projected pixel
size ( px¼ py) (nm)

FWHM
(mean � standard
deviation) (nm)

Bead R
(Atto647N)

0 70 270 � 12

33 (10%) 39 140 � 20

82 (25%) 28 95 � 9.4

158 (50%) 21 73 � 12

291 (100%) 15 62 � 9.7

Bead B
(Oregon Green
488)

0 70 230 � 13

30 (10%) 44 110 � 19

77 (25%) 30 69 � 14

151 (50%) 22 56 � 11

300 (100%) 16 48 � 14

Bead G (Atto
542)

0 70 260 � 13

27 (10%) 50 150 � 18

67 (25%) 35 110 � 18

131 (50%) 25 77 � 13

248 (100%) 18 61 � 10

Bead O (Atto
594)

0 70 270 � 31

33 (10%) 36 160 � 17

82 (25%) 27 110 � 15

158 (50%) 20 75 � 14

291(100%) 15 59 � 14
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8.4.4 Time Alignment and Gating

STED microscopy can be implemented via pulsed or continuous (CW) laser sources.
The classical implementation employs pulsed lasers both for the excitation and
STED beam. A temporal misalignment of the excitation and STED beams will result
in a confocal blurring around the STED image. Shifting the time synchronization of
the STED laser with respect to the excitation laser will allow a perfect time alignment
between the beams resulting in a well-contrasted super-resolution image. Over the

Fig. 8.4 Performance validation of STED microscope in 2D STED imaging mode with cells
immunostained for nuclear pore complex protein Nup-153. (a–e) HeLa cells were fixed with
paraformaldehyde, permeabilized with Triton X-100 (0.1%), blocked with bovine serum albumin
(10%), and immunostained with primary antibody to Nup-153 (Abcam; ab24700; 1:500 dilution)
and secondary goat anti-mouse IgG labeled with Alexa Fluor 532 (Thermo Fisher Scientific;
A11002; 1:500 dilution), mounted in Prolong Gold mounting media, and imaged on a Leica
STED 3X microscope with a STED white 100X 1.40 NA Plan APO oil immersion objective,
514 nm laser excitation, a continuous wave (CW) 660 nm STED laser, and time-gated detection
(1.5 � td � 6.5 ns) with a spectral emission window of 550–624 nm. The STED laser power and
projected pixel size ( px ¼ py) for each image was respectively (a) 0 mW and 74 nm, (b) 26 mW
(10% of maximum available laser power) and 46 nm, (c) 65 mW (25%) and 32 nm, (d) 129 mW
(50%) and 23 nm, and (e) 255 mW (100%) and 17 nm. The resolution of the resulting STED images
was evaluated quantitatively as described in Fig. 8.3 by using the line profile tool in ImageJ (version
1.53j) to create line intensity profiles across select apparent single NUP complexes (N¼ 15 for each
image condition). The full width-half maximum (FWHM) results of the intensity line profiles from
this analysis are shown in traditional box-and-whisker plots in (f). The mean FWHM values (�
standard deviation) were respectively (a) 250 � 32 nm, (b) 180 � 16, (c) 140 � 15 nm, (d)
110 � 17 nm, and (e) 88 � 17 nm. Scale bars ¼ 5 μm
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Fig. 8.5 Performance validation of STED microscope with GATTA-STED nanorulers
(GattaQuant). Confocal, STED images, and image analysis thereof of GATTA-STED nanorulers
consisting of two fluorescent marks of dense arrangements of the dye ATTO 647N that are
separated by, respectively, (a–d) 90 nm (STED 90R) and (e–h) 50 nm (STED 50R). Images were
acquired on a Leica STED 3X microscope with a STED white 100X 1.40 NA Plan APO oil
immersion objective, 633 nm laser excitation, a pulsed 775 nm STED laser, and time-gated
detection (0.3 � td � 8 ns) with a spectral emission window of 640–752 nm. The images were
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years, a CW implementation has been favored over the pulsed one due to a reduced
intensity of the STED beam delivered to the sample. In this case, a pulsed excitation
laser is combined with a CW STED laser. In such an implementation, the confocal
blurring will always appear and a time gating of the detected photons is needed as
shown for the image examples in e.g. Figs. 8.3 and 8.4.

8.5 Application Examples

8.5.1 STED Imaging in Cells

STED microscopy is nowadays a well-known technique to disclose features and
conduct co-localization studies at a nanoscale level. Here, we discuss the detailed
procedure to acquire reliable multicolor STED images on a well-aligned and
calibrated system.

The simplest multicolor STED imaging is done with dyes that have distinct
excitation and preferably also distinct emission spectra but which can be depleted
with a single STED laser. One of the best examples of such dye combinations are
intermediate red dyes such as Alexa Fluor 594 or Atto 590 in combination with far
red dyes such as Abberior Star Red or Abberior Star 635P (see example images in
Fig. 8.6). Just as was the case for the STED images of the calibration samples shown
in Figs. 8.3 and 8.4, it is also possible in these instances to tune the resolution by
adjusting the STED laser power. One caveat, however, is that the SNR of the
resulting images typically decreases with increasing STED laser power although
one possibility in these instances is to use image deconvolution in order to enhance
the contrast of such images as shown in Fig. 8.6b, h. A major advantage of this

⁄�

Fig. 8.5 (continued) acquired in line scanning mode with a projected pixel size of (15)2 nm2 and
with a STED laser power of respectively (a, e) 0 mW, (b) 82 mW (25%), and (f) 240 mW (80% of
maximum available power). The resolution of the resulting STED images was evaluated quantita-
tively by using the line profile tool in ImageJ (version 1.53j) to create line intensity profiles across
select apparent single nanorulers in the orientation of the two fluorescent marks as detected in the
STED images (N ¼ 15 for each image condition) and by fitting the resulting line intensity profiles
for the confocal data to a one-dimensional spatial Gaussian, and the STED data to the linear sum of
two one-dimensional spatial Gaussians (Wolfram Mathematica; version 12.0.0.0). (a, e) Confocal
image data. (b, f) STED image data. (c, g) Magnified superimposed confocal (blue) and STED data
(orange glow) of nanorulers from ROIs outlined by white squares in (a, b, e, and f). Scale
bars ¼ 1 μm. (d, h) Average (� standard error of the mean) of the intensity line profiles for (d)
STED 90R and (h) STED 50R nanoruler image data from the confocal image data (open circles)
and the STED image data (closed circles). Also shown in (d, h) are the best fits to the average
confocal data (blue dashed line) and the average STED data (dashed orange line). The average
FWHM (� standard deviation) of the confocal data for the STED 90R nanoruler was 326 � 20 nm,
while the average peak separation between the two distinct fluorescent marks in the STED data was
86 � 20 nm. The average FWHM (� standard deviation) of the confocal data for the STED 50R
nanoruler was 286� 22 nm, while the average peak separation between the two distinct fluorescent
marks in the STED data was 54 � 6 nm
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Fig. 8.6 Two-color STED image example in 2D STED imaging mode with a single pulsed 775 nm
STED laser. (a–h) HeLa cells were fixed and stained as for image data in Fig. 8.3 except that
immunostaining was done with primary antibodies to tyrosine tubulin (yellow; Sigma-Aldrich;
T9028 (Clone TUB-1A2); monoclonal mouse IgG3; 1:500 dilution) and TOM20 (pink; Santa Cruz
Biotechnology; sc-11,415; polyclonal rabbit IgG; 1:100 dilution) and secondary antibodies of
respectively goat anti-mouse IgG labeled with Abberior Star Red (Abberior GmbH; STRED-
1001; 1:500 dilution) and goat anti-rabbit IgG labeled with Atto 590 (Sigma-Aldrich; 68919; 1:
500 dilution). Stained cells were imaged on a Leica STED 3X microscope with a STED white 100X
1.40 NA Plan APO oil immersion objective, in frame sequential mode with time-gated detection
(0.5 � td � 7 ns), and respectively 561 nm (Atto 590) and 660 nm (Abberior Star Red) excitation
and spectral emission windows of 589–643 nm (Atto 590) and 673–748 nm (Abberior Star Red). (a)
Confocal image of tyrosine tubulin (yellow) and TOM20 (pink). The outlined ROI (white square) in
(a) is shown in magnified view for (c) confocal image settings (left: TOM20; center: tyrosine-
tubulin; right: overlay of TOM20 (pink) and tyrosine tubulin (yellow)); (d) 2D STED image with
775 nm STED laser power of 33 mW (10% of maximum STED laser power); (e) 2D STED image
with 775 nm STED laser power of 82 mW (25%); (f) 2D STED image with 775 nm STED laser
power of 158 mW (50%); and (g) 2D STED image with 775 nm STED laser power of 291 mW
(100%). Also shown in (b, h) is the 2D STED image with 775 nm STED laser power of 291 mW
(100%) after deconvolution using Huygens Professional at default settings for the Classical
Maximum Likelihood Estimator algorithm (Scientific Volume Imaging). Scale bars in (a, b) are
10 μm, and (c–h) are 1 μm
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approach to multicolor STED imaging is that in this instance there is no chromatic
shift between the color channels. This is because in STED microscopy, it is the
center of the STED PSF that determines the absolute alignment of the multicolor
images [8]. This is in stark contrast to conventional confocal imaging where chro-
matic aberrations cannot be avoided. Thus, multicolor STED imaging with a single
STED laser is an optimal arrangement for super-resolution co-localization studies as
has been demonstrated previously [8]. Good practice, however, nevertheless always
requires that single color control samples to optimize the detection channels for
minimum cross talk, while it is also essential to acquire images at high SNR.

Multicolor STED microscopy is further possible with multiple STED and excita-
tion beams (see example images in Fig. 8.7). But in cases of detailed co-localization
studies, the chromatic aberration shift of the system in this instance must be
evaluated by use of a calibration sample, usually a 100 nm diameter TetraSpeck
bead sample. When the system is aligned the fluorescence emitted in the different
spectral range should overlap both in confocal and STED modality. Furthermore, to
avoid bleaching of the red-like dyes before their visualization, it is essential that the
STED images are acquired starting with the most red-shifted fluorophore and ending
with the most blue-shifted fluorophore. Additionally, if a 3D reconstruction of the
sample is required, then the entire stack of images needs to be acquired channel by
channel starting with the most red-shifted dye and ending with the most blue-shifted
dye. Noteworthy here is that, due to the high intensity associated with the STED
laser beam, photobleaching can also be a limiting factor in STED microscopy.
Consequentially, it might be easy to acquire a single image of the sample at
maximum STED power and resolution but much more challenging to acquire a
z-stack of the same sample that will guarantee a 3D reconstruction of the region of
interest. Depending on the needed resolution to disclose the required features of a
study, the employed STED power might therefore be reduced following the resolu-
tion calibration. When a multicolor STED image is required for a certain experiment,
the scientist would further need to decide for example if the images should provide
the same resolution per each fluorescent dye or if it is acceptable to acquire the
images at the maximum achievable resolution per each dye. The system needs to be
calibrated and the STED power must be tuned accordingly. Depending on the
analysis that is run on the acquired images, one solution might be favorable to the
other.

8.5.2 STED Imaging in Deep Tissue

The very principle that STED imaging is based upon makes it unfortunately suscep-
tible to light aberrations and scattering that occur with increasing depth in thicker
samples. Yet a precise spatial and temporal overlap of the excitation and STED
depletion laser beams is required to obtain the narrow excitation focus as explained
in this chapter. Thus, light scattering as induced by thick or optically dense samples
reduces the ability to optimize the beam shape used for the STED depletion beam.
The deeper within or the denser a sample is, the lower the STED efficiency and
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Fig. 8.7 Comparison of three-color confocal (top left of each image) and 2D STED images
(bottom right of each image). (a) Mitochondria stained as described for data in Fig. 8.3 but with
primary antibody to TOM20 (Santa Cruz Biotechnology;sc-11415; polyclonal rabbit IgG; 1:100
dilution) and secondary antibody labeled with Abberior Star 635P (Abberior GmbH; ST635P-1002;
1:500 dilution). (b) Tyrosine-Tubulin stained with primary antibody (Sigma-Aldrich; T9028 (Clone
TUB-1A2); monoclonal mouse IgG3; 1:500 dilution) and secondary antibody labeled with Alexa
555 (Thermo Fisher Scientific; A32727; 1:500 dilution). (c) F-actin stained with phalloidin labeled
with Oregon Green 488 (Thermo Fisher Scientific; O7466; 1 unit per coverslip). (d) Superimposed
three-color images of mitochondria (red), tyrosine tubulin (green) and F-actin (blue). Stained cells
were imaged on a Leica STED 3X microscope with a STED white 100X 1.40 NA Plan APO oil
immersion objective with a projected pixel size of 30 nm, in frame sequential mode in the following
order: (1) Abberior Star Red emission channel (a excitation at 633 nm; STED depletion at 775 nm at
STED laser power of 82 mW (25%); spectral emission window of 656–737 nm; time-gated
detection of 0.5 � td � 7 ns), (2) Alexa Fluor 555 emission channel (b excitation at 561 nm;
STED depletion at 660 nm at STED laser power of 67 mW (25%); spectral emission window of
566–613 nm; time-gated detection of 1 � td � 8.5 ns), and (3) Oregon Green emission channel
(c excitation at 488 nm; STED depletion at 592 nm at STED laser power of 77 mW (25%); spectral
emission window of 494–549 nm; time-gated detection of 1.5 � td � 6.5 ns). Scale bars ¼ 10 μm
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therefore the higher the STED power requirements to obtain any super-resolution
images. In addition, the often weaker signal requires longer acquisition times and
leads to increased photobleaching and a higher signal-to-noise level. These
limitations mean that albeit it is possible, STED imaging is much more challenging
in thicker or optically denser samples when compared to thin samples close to the
cover glass. The achievable light penetration depth and resolution depends on the
optical properties of the sample, but for each, there is ultimately a limit at which
STED imaging may not yield higher resolution images, then airy-scan imaging,
conventional confocal imaging, and ultimately multi-photon imaging.

At present most super-resolution studies have been imaging samples of up to
10 μm thickness (see review: [9]), which is a standard tissue section thickness, but in
a biological context is not considered deep tissue imaging. Although STED imaging
of bright and very photostable fluorescent beads has been demonstrated as deep as
155 μm [10], most biological samples have more light scattering properties through-
out the tissue and have fluorescence less bright and less photostable than such
optimal bead standard samples. Nevertheless, various studies have demonstrated
the usability and superior imaging resolution of STED in common thick biological
specimen such as in several hundred micrometer thick brain slices (for protocol:
[11]) or actin filament dynamics in live mouse brains up to 40 μm away from the
implanted cranial cover glass window [12, 13]. Willig and Nägerl [11] have been
able to visualize via STED time-lapse imaging the dynamics of dendritic spines of
pyramidal neurons in living hippocampal mouse brain slices with a resolution of
~100 nm. Since the STED microscope setup is very similar to conventional laser
scanning confocal and multi-photon microscopy, similar sample approaches (e.g.,
upright microscopes, sample mounting, objective types) and limitations (e.g., sam-
ple movement due to growth or drift, sample optical density, and viability issues)
apply.

To increase the axial resolution (z dimension) in 3D stacks of samples, adaptive
optics (AO) are being developed for STED [14, 15]. To achieve a higher axial
resolution, multiple laser beams need to be shaped independently, so that the point-
spread function is narrowed along the axial dimension. The additional beam shaping
elements make maintaining the beam alignments in 3D STED even more difficult
than in 2D STED with increasing aberration at increased sample depth [16]. Another
approach to improve STED imaging in thicker samples is to use two-photon
(2P) STED [17–19] to compensate for the changing and increasing light scattering
along the z-axis of the sample. 2P STED can improve the spatial resolution achieved
by regular two-photon microscopy (two to sixfold) at moderate imaging depths [17].

Taken together, STED imaging in deeper areas of biological samples in vivo and
ex vivo is achievable, but requires considerately more effort to test and establish
compared to conventional STED imaging with samples very close to the cover glass.
It is therefore advisable for anyone interested in deep tissue STED imaging to seek
out established users of the technique to learn and troubleshoot the methodology and
potentially test out any envisaged sample.
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Take-Home Message
The super-resolution effect in STED microscopy is obtained by the combination of
stimulated emission depletion (STED) laser beam, which overlaps in space and time
with a standard confocal excitation beam, and which has been engineered to
specifically deplete all excited fluorophores at the periphery of a local zero (by the
process of stimulated emission) while all fluorophores at the center of the local zero
of the STED beam are permitted to relax by conventional spontaneous emission,
thus resulting in a much improved effective emission PSF (schematic in Fig. 8.1c
and image examples in Figs. 8.3, 8.4, 8.5, 8.6, and 8.7).

STED microscopy has become a mature super-resolution microscopy technique
that is routinely applied for single- and multicolor imaging in thinner specimen
(<10 μm) such as fixed cells. As with any advanced technique however it is essential
to fully validate the performance of the STED microscope prior to imaging of the
specimen of interest. This chapter introduces a range of such calibration samples and
shows representative data that should be obtainable on a well-aligned system. Much
work is also currently being done on improving the performance and usability of
STED microscopy in thicker tissue samples.
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