1
Introduction

“To see a World in a Grain of Sand” (William Blake) [1] — “not only one world
and not only in a grain of sand,” a researcher working in the field of super-resolu-
tion microscopy might comment. Advanced far-field light-optical methods have
become an indispensable tool in the analysis of nanostructures with applications
both in the field of material sciences and in the life sciences. Tremendous progress
has been made in recent years in the development and application of novel su-
per-resolution fluorescence microscopy (SRM) techniques. As a joint effort by
researchers in multiple disciplines, including chemistry, computer sciences, en-
gineering, and optics, the development of SRM has its own place in the long his-
tory of light-optical microscopy, culminating in the 2014 Nobel Prize in Chem-
istry being awarded to Eric Betzig, Stefan Hell, and William E. Moerner for their
achievements in the advancement of single-molecule detection and super-resolu-
tion imaging [2]. More precisely, these researchers succeeded in developing rev-
olutionary new microscopy techniques that can be used, for example, in the in-
vestigation of fluorescent cell samples down to the level of individual molecules,
that is, they cleared the way for new approaches that have proven invaluable for a
wide range of applications in biomedical research. This is due to the fact that af-
ter specific labeling of a target structure with fluorescent markers, a fluorescence
readout can be analyzed with respect to its spatial and temporal distribution, and
thus it provides great detail about the underlying structure [3]. As the background
in fluorescence imaging is typically close to zero, the resulting contrast allowed
even the detection of single molecules [4]. Despite these developments, none of
the novel SRM techniques has so far invalidated Abbe’s (1873) or Rayleigh’s (1896)
limits for the resolution of light-optical microscopy; methods of circumventing
these limitations have been discovered. By implementing these methods it be-
came possible for the first time to, for example, directly observe the molecular
machinery of life by far-field light microscopy.

This introduction presents the basic physical concepts behind the limits in
optical resolution and offers an up-to-date diachronic overview of some impor-
tant landmarks in the development of SRM methods. The next two chapters
focus on the physicochemical background (Chapter 2) and required hardware
and software (Chapter 3). The next four topic-specific chapters are dedicated to a
description and evaluation of structured illumination microscopy (SIM) (Chap-
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ter 4), localization microscopy, and in particular single-molecule localization mi-
croscopy (SMLM) (Chapter 5), stimulated emission depletion (STED) microscopy
(Chapter 6), and multi-scale imaging with a focus on light-sheet fluorescence mi-
croscopy (LSFM) and optical projection tomography (OPT), as well as on sample
preparation techniques such as clearing and expansion microscopy (ExM) (Chap-
ter 7). These application-oriented chapters are not restricted to a mere descrip-
tion of the respective techniques but offer a thorough discussion and evaluation
of the specific potentials and problems of the various methods. Each of these
advanced light-optical microscopy techniques responds in its own specific way
to the research question and challenges at hand, and each of them comes with its
own set of benefits and disadvantages. The discussion (Chapter 8) finally tries to
push the limits by shedding light on potentially promising progressive approaches
and future challenges in this ever-growing and extremely fast developing field. A
particular focus in all of the discussions will be on the application of advanced
light-optical microscopy in studies of biological cell samples.

In the visible range of the electromagnetic spectrum, cells can be considered
thick, transparent objects that can be analyzed in three dimensions by means of
far-field light microscopy either after fixation in a preserved state or possibly as
live samples. However, the images produced by this analysis method lack struc-
tural information owing to the limited resolution of light microscopy. In recent
years, a number of methods of fluorescence microscopy have been developed to
narrow down the spread of the blur in microscopic images or to facilitate the
separate detection (localization) of individual fluorescent molecules within sam-
ples and, thus, to prevent the “Abbe limit of microscopic resolution” from be-
ing applicable to the final microscopic image, resulting in the transition from mi-
croscopy to nanoscopy. The realization of focused nanoscopy-based STED and
localization microscopy-based photoactivated localization microscopy (PALM)
techniques represents culminating points of a long history of attempts to over-
come the so-called Abbe limit: In 1873, Ernst Abbe, the colleague of Carl Zeiss, in
his pioneering developments of advanced microscopy, stated that “[...] the lim-
it of discrimination will never pass significantly beyond half the wavelength of
blue light [...],” which corresponds to approximately 200 nm. A similar limit for
the possibility to distinguish two “point-like” luminous objects was given by Lord
Rayleigh in 1896. Point-like means that the dimensions are much smaller than the
wavelength used for imaging. From this time on, for about a century, the 200 nm
value of the Abbe limit has generally been regarded as the absolute limit for ob-
taining structural information by far-field light microscopy. However, already in
his famous contribution (1873) on the fundamental limits of optical resolution
achievable in (far-field) light microscopy, Abbe stated that the resolution limit of
about half the wavelength used for imaging is valid only “[...] so lange nicht Mo-
mente geltend gemacht werden, die ganz aufSerhalb der Tragweite der aufgestell-
ten Theorie liegen [...].”" As seemingly foreseen by Abbe, only by deviating from

1) Which translates as “[...] as long as no different conditions are introduced that are completely
beyond the theory stated here [...]” [UB].
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the experimental conditions stated in his original work could super-resolution by
STED and PALM be achieved.

11
Classical Resolution Limit

In 1873, Ernst Abbe derived from theoretical considerations a criterion for the
resolution limit of a light microscope. The considerations that led to its formula-
tion are as brilliant as they are simple: He understood that an object consisting of
small structural features gives rise to diffraction, which is known to be stronger
for smaller structures. The plethora of structural features present in a real object
might be approximated locally by a superposition of stripes of different orienta-
tions, stripe widths, and strengths. This will help us in what follows to understand
the concepts behind the image blur. Let us consider a fine grating structure with
lattice constant d (spacing between two stripes), embedded in a medium with
refractive index n, which is illuminated centrally with light of wavelength 1/n
(A being the vacuum wavelength). This will result in constructive interference of
order m observed under an angle « if the following condition is fulfilled:

mel =d sin(a) . (1.1)

When imaged by a lens, such an interference pattern will only be transmitted un-
der the condition that, in addition to the central non-diffracted beam, at least
the m = £1 orders are collected by the lens, i.e., two fine object features have a
minimum distance d.ijum. = A/(# sin(a)). If oblique illumination is used, the
minimum distance d for which diffraction arising from the structure is collect-
ed by the lens is half the value of d .y ijjum.- From this Abbe derived his famous
formula for the resolution limit in optical microscopy [5]:

A

= S (1.2)

which describes the minimum distance d of two structural features to be resolved
by the microscope, where 7 sin («) is the numerical aperture of the detection ob-
jective lens, n is the refractive index of the sample, and « is half of the opening
angle defined by the rays of light that are detected by the objective lens (accep-
tance cone); a is the so-called half-aperture angle of the objective lens.

In general terms, Abbe stated a formula for the smallest distance d that two
point-like object details can have so that they can still be discriminated (resolved)
by microscopy. According to his formula (1.2), the smallest distance d is deter-
mined by the vacuum wavelength A of the light used for imaging and the nu-
merical aperture 7 sin(a). For a perfect lens with no spherical aberration, the in-
tensity of the 2D diffraction pattern of such a single “point source” in the (per-
fect) focal plane is shown in Figure 1.1a. This diffraction pattern is described [6]
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Figure 1.1  Microscopic image of a “point source” (a) or two “point sources” in close
proximity (b). Scale bar equals full width at half-maximum (FWHM) of the diffraction pattern
of a single “point source.” See text for numeric values.

by the formula

27,n\*
©), 0

Kw:g(
where J; is the first-order Bessel function of the first kind, and v is the (gener-

alized) lateral optical coordinate, related to the image coordinate r = 1/x2 + y2
by

v(r) = rz)t—nn sin(a) = rzTT[NA. (1.4)

Knowing the lateral magnification of the microscope system, the image coordi-
nate r can easily be transferred to the object coordinate space, i.e., the coordinates
within the sample.

The diffraction pattern in the axial direction is responsible for having point-like
objects imaged as elongated structures. The distribution of the diftfraction pattern
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in the axial direction differs from that in the lateral direction (Equation 1.3). It can
be derived [7] (in good approximation) as

. (u)?
Iy (u) = I sinc <Z> , (1.5)

where sinc(z) := sin(z)/z, and u is the generalized axial optical coordinate, which
depends on the z-displacement § = z’ — f, i.e., on the distance to the ideal (parax-
ial) focal plane, as follows:

2
T Ao

u
(1.6)

In 1896, Lord Rayleigh put forward his formula for the resolution of an optical
instrument, in particular of a light microscope [8], yielding values for the resolu-
tion very similar to those obtained by Ernst Abbe. His starting point was the ana-
lytical solution of the diffraction pattern of two such “point sources” (Figure 1.1b).
By his reasoning, the two sources may be “resolved” if the second source is located
at a distance equal to or larger than r, the first minimum of the diffraction pattern
of the first source. The position of the first minimum r,, of Equation 1.3 is given by
the first root of the Bessel function J; (v): As a numerical approximation we obtain
v(ry) = 3.83,0rry =0.611 /NA. The central maximum up to the radius r is called
an Airy disk of the diffraction pattern. For two objects to be resolved according to
the Rayleigh criterion, they must have a minimum distance of
A 6 A

- =0.61—. (1.7)
n sin(a) NA

i = 1o =0.61

In the simulations shown in Figure 1.1, however, the signals are placed 1 FWHM
apart of the diffraction pattern of a single “point source” The relation between
FWHM and d_; , is as follows [6]:

min

FWHM = 221y, (1.8)
1.22

where AU is the typical unit used in microscopy called an Airy unit (1 AU = 2 r,),
indicating the diameter of the Airy disk. For practical reasons, instead of using
d in» Which is difficult to measure in noisy data, often the FWHM is used as a
resolution criterion, though it is somewhat smaller in value than the resolution
limit stated by Lord Rayleigh. As can be seen from Figure 1.1, two objects placed
at a distance of 1 FWHM can still be resolved in the absence of noise. Of course,
both equations for the resolution (Equations 1.2 and 1.7) are idealized because
they do not take, for example, pixelation into account (see also Section 3.2.1 on
the localization of emitters).

The derivation of the optical resolution according to Abbe makes use of scat-
tering as a contrast within the sample. Scattering occurs for both coherent and
incoherent illumination. Resolution in the transmission microscope, however, is
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different for coherent and for incoherent illumination [7]. In the case of fluores-
cence, the light emitted by different fluorophores is generally considered to be
incoherent because of the typical fluorescence lifetimes, which are in the nanosec-
ond range.

The intensity distribution described by Equation 1.3 is normalized to a peak
intensity of 1. If instead it is normalized such that the area under the curve is
equal to 1, it describes the probability of detecting a photon emitted by the “point
source” at v dv, and similarly for the axial direction. For this reason, the distri-
butions given by Equations 1.3 and 1.5 (using appropriate normalization) are also
called the point spread function (PSF) in optical imaging. In signal processing, this
corresponds to the impulse response function.

In many practical applications, for example in localization microscopyj, it is of
interest to measure the peak position of this diffraction pattern, which in the ab-
sence of noise and with infinitesimal sampling would be given by the spread of
this distribution, as calculated by

Opsp = J vI(v) dv. (1.9)

Paraxial approximation was used in the derivation of Equation 1.3. Nevertheless,
the integral If; 1(v) dv is finite. However, using the same derivation and approxi-
mations, Equation 1.9 does not converge. A practical way to deal with this — which
in fact is used in most applications — is to restrict the evaluation to the central
maximum. This is well justified: The central maximum (Airy disk) contributes
by approximately 84% to the overall focal-plane intensity, independently of the
numerical values for wavelength and NA. Consequently, for most practical imple-
mentations, instead of the analytical expression of the intensity distribution inside
the Airy disk (Equation 1.3), a Gaussian approximation is used. This substitu-
tion using a Gaussian probability distribution has an effect on the accuracy when
determining the peak position, which will be discussed in Section 3.2. More re-
cently, especially in three-dimensional (3D) applications, cubic splines have been
employed to better approximate the shape of the experimental PSF [9].

Using the PSF to describe the effect of diffraction on a “point source,” the imag-
ing process can be represented by

g = J F()PSEG, 1) dr’, (1.10)

where 7, 7 are 3D position coordinates, g is the image, f is the object. If the PSF
is the same for every position in the sample and depends linearly on the light in-
tensity emanating from the sample, then each part of the object is blurred by the
same PSF [10]. In this case, the second part of the integrand (i.e., the PSF) depends
only on the relative coordinate (7 — 77, and the system is called linear shift invari-
ant (LSI). Equation 1.10 is then simply a convolution. The imaging process can



Figure 1.2 Details from two photographs of
a mandarin orange tree. The left part depicts
the high-resolution data (a) and its Fourier
transform (b). In the representation of the
Fourier transform, a decomposition of im-
age (a) in terms of “spatial frequencies” is
done. Average intensity and slowly varying
image features are represented in the cen-
ter, while fine details (small structures) are

1.1 Classical Resolution Limit

located toward the periphery. A schematic of
the frequencies present in the image is illus-
trated in (c). The right part shows the same
data recorded with lower resolution, i.e., with
increased blur (d), together with its Fourier
transform (e). The reduction of fine structural
details (i.e., lack of high-frequency content)

is apparent from the schematic outline of the
spatial frequencies present (f).

now be described using the Fourier transforms G and F of g and f, respectively:

G(k) = F(k) OTE(k) .

(1.11)

In this equation, OTF is the Fourier transform of the intensity PSE, the so-called
optical transfer function (OTF), and k is the spatial wave vector (or spatial frequen-
cy). Because of diffraction, fine structural details are not transmitted in a micro-
scope. Thus, the PSF is band-limited, which means that the OTF is zero for high
frequencies beyond a cut-off frequency k.- This is schematically illustrated in
Figure 1.2: Two versions of a photograph are shown (a) and (d) together with the
respective strength of the Fourier transforms (b) and (e). The concept of the spa-
tial frequencies present in the image are depicted in (c) and (f) respectively. The
crisper image data (a) can be associated with a broad range of spatial frequencies
present, indicative of a “broad” OTF of the imaging system. In contrast, an image
taken at low resolution (b) has a much narrower OTF. The regions in which the
OTF is non-zero (or above the noise level) is referred to as the “support” of the
OTE. The cut-off frequency can also be used as a measure for the resolution of
the microscope system. In analogy to the considerations by Ernst Abbe, the cut-off
frequency of an optical microscope is given by k. . = TNA/A.

1.1.1
Examples of Microscopic Imaging without Using Visible Light

Ernst Abbe developed his famous formula by considering scattering arising from a
sample itself in a manner similar to a Fourier decomposition of the sample struc-
ture [11]. For the sample structure to be imaged, the minimum requirement is
that the +1 order of the scattered signal must be detected by the objective lens.

7
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The same formula can be derived from general considerations on diffraction in
the context of matter waves, in which case the wavelength used for imaging, i.e.,
the wavelength for the detection of the contrast, is given by the de Broglie wave-
length [12]. Equation 1.2 can be used, for example, to calculate the resolution in
electron microscopy (EM) [13]. For an acceleration voltage of 75 keV, a de Broglie
wavelength of approximately 0.22 nm was originally calculated [14], indicating
that the resolution is orders of magnitude better than for optical imaging, and
much more detail may be observed in electromicrographs. An additional rela-
tivistic correction must be made to account for the electron velocity approaching
the speed of light, c:

A~ h , (1.12)

e
E
\/ZWIOE<1+ W)

with /1 being Planck’s quantum, 1, the rest mass of the electron, and E the accel-
eration voltage applied.

In addition to these diffraction-based imaging approaches in transmission elec-
tron microscopy (TEM) [14], other microscopy techniques that do not rely on
visible light either have been established. These include, for example, scanning
tunneling microscopy (STM) [15] and atomic force microscopy (AFM) [16]. All
of these non-optical techniques place a number of restrictions on samples. Some
of the more severe disadvantages, for instance, in using electron microscopy (EM)
are that experiments are generally performed with the samples placed in a vacu-
um, which requires a special sample preparation, and often coating with a metal
film is also necessary. Nonetheless, these techniques played a major role in the
discovery of essential elements of chromatin nanostructure, such as the nucleo-
somes [17, 18] and other important features (for review see [19]).

All microscopy techniques that avoid the use of visible light have in common
that it is not easy to label and distinguish multiple types of targets inside cells,
so it is difficult to achieve specific contrast. Typically, immunostaining using gold
nanoparticles can be done for EM; however, before the advent of electron spec-
troscopic imaging (ESI), there was no easy way to perform energy-discriminating
imaging (i.e., to use different wavelengths in the same acquisition sequence), and
so the number of different spectral signatures was severely limited. Modern TEM
allows energy filters to be used, which produces a contrast for specific chemi-
cal elements. In biological tissue, a number of different chemical elements can
be used for discriminating imaging. However, each of these elements of which
biological tissue is composed is typically found simultaneously in a plethora of
proteins, lipids, amino acids, and others alike and is thus not specific. Early ap-
proaches of electron spectroscopic imaging of the nucleus made use of phospho-
rus and nitrogen mapping, providing sufficient contrast and resolution to distin-
guish protein-based from nucleic acid-based supramolecular structures [20]. Last
but not least, the irradiation of a sample with accelerated electrons gives rise to
ionization, which in turn correlates with structural changes within the sample
such as atomic displacements, migration, and desorption effects [21].
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For the aforementioned reasons, and in comparison to EM, fluorescence mi-
croscopy has a couple of advantages: (1) multiple specific cellular components
may be observed from within the same sample through molecule-specific labeling
and (2) the requirements for sample preparation and observation are modest. Al-
though itis not necessarily true for all advanced super-resolution light microscopy
realizations, in principle light microscopy allows the observation of structures in-
side a live sample in real time. As a consequence, light microscopic techniques
play a vital role in the life sciences.

1.1.2
Early Concepts of Enhanced Optical Resolution

Once the theoretical resolution of microscopic detection was understood, work
related to the further optimization of microscopic illumination started. Shortly
after Abbe, realizing that the final microscopic image resolution also depended
on the coherence of the illumination light, August Kohler achieved precise con-
trol over the illumination. Despite this, it took some time to realize that the effect
of illumination can, in principle, be used to even enhance the resolution beyond
the theoretical limit given by diffraction in microscopic detection. On Novem-
ber 7, 1957, Marvin Minsky filed a US patent application on the construction of a
confocal microscope [22]. The basic idea was to focus a strong light source point
by point onto a sample, thereby scanning an object with a focused beam and to
register the transmitted/reflected light also point by point. For enhanced resolu-
tion, a pinhole in front of the light detector rejects light originating from sample
parts above and below the focal plane. At the time, however, the laser was yet to
be invented, and Minsky’s concept for a transmitted/reflected light confocal mi-
croscope, called a “microscope apparatus,” remained largely unnoticed until the
1980s. Only upon equipping the instrument with suitable laser light sources did
the then termed “confocal laser scanning microscope (CLSM)” become a valid
alternative to conventional microscopy [23, 24], with its tremendous success es-
pecially in the fluorescence mode.

The basic principle of CLSM is illustrated in Figure 1.3. The “point source”
obtained from a laser light source may be focused with high efficiency as a
diffraction-limited spot into the focal plane of the objective lens. This small
spot may be scanned within the focal plane, for example by a set of mirrors, and
at each scan position the fluorophores subjected to illumination by this focal spot
emit fluorescence, which is collected by the objective and directed to the detector.
Typically a single-element detector, such as a photomultiplier tube (PMT) or a
highly sensitive photodiode, is used, requiring descanning of the detected light in
order to be able to direct the fluorescence signal collected by the objective lens to-
wards the point detector. This is achieved by having the scanning device (e.g., the
scan mirrors) not only in the illumination but also in the detection path. By mov-
ing the scanning mirror (or alternatively by moving the sample), the position of
the focused diffraction-limited illumination spot is changed and the fluorescence
signal from neighboring “pixels” is recorded.

9



10| 1 Introduction

L
]

Figure 1.3 Schematic representation of a
confocal laser scanning microscopy (CLSM)
setup. Laser light sources for fluorescence ex-
citation are collimated and expanded using a
beam expander (BE) of fixed or variable out-
put beam width. The beam is subjected to a
scanning mirror (SM) device, typically with
two rotating mirrors for deflecting the beam
in the x- and y-directions. The excitation beam
illuminates the back focal plane of an objec-

the OL, i.e., within the sample. Fluorescence
light is collected via the same OL and des-
canned on the SMs before it is separated from
the excitation light by a dichroic mirror (DM).
Residual laser light is suppressed by a block-
ing filter (BF). A tube lens (TL) focuses the
fluorescence light onto a pinhole (PH) to pre-
vent out-of-focus light from entering the de-
tector array (DET). An equivalent setup with-
out an excitation PH was proposed by Cremer

tive lens (OL), resulting in a diffraction-limited and Cremer in 1978 [23].

illumination spot within the focal plane of

The light intensity of the illumination (excitation) focal spot is distributed ac-
cording to the illumination PSF. If — in an ideal situation — the back focal plane of
the objective lens is fully illuminated with equal intensity, corresponding to a cir-
cular aperture, the PSF displays a pattern according to Equation 1.3 with a central
“Airy disk” (Figure 1.1) having a radius proportional to A /NA. The overall proba-
bility of detecting a fluorescent molecule that is in the focal plane but positioned
off-axis, i.e., not centered in the PSF, is given by the product of the probability of
exciting it times the probability of detecting it. While the former is given by the
illumination PSFy, the latter is given by the detection PSF,,, and the total PSF,,
is given by

PSF,, = PSFy X PSFy . (1.13)

As with conventional wide-field microscopy, the resolution of a CLSM is deter-
mined by the width of the PSF. Additionally, the scanning (displacement of the
focal spot) needs to match the width of the PSF: The smaller the focal spot is, the
more meaningful pixels can be acquired in the image, and each pixel will contain
information from a smaller region in the sample. As a consequence, the image
will be less blurred. While the confocal microscope is mostly used for its ability
to suppress out-of-focus light [25], theoretical considerations show that the op-
tical resolution can be enhanced by a factor of 1.4 in the object plane [25-27],
and a true optical resolution of about one wavelength along the optical axis (i.e.,
perpendicular to the object plane) can be obtained [28]. For a detailed historical
review please see, for example, [29].
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Figure 1.4 Effects of type of illumination high frequencies. However, the spatial fre-
beam on OTF. Ringing or oscillating intensi- quencies corresponding to ca. the FWHM
ty distributions (a) have a significant effect of the axial PSF (k, ~ 1.25 X 1072 nm™")
on the transfer of higher spatial frequen- are much more efficiently transmitted for
cy components (b), although the FWHM for Gaussian beam profiles. The cut-off frequency
all three intensity distributions is the same. for axial imaging using a wide-field system
Gaussian intensity distributions resultin a (given by k, = TNA? /[(n — NA)A]) is indicated

loss of more than one order of magnitude at by the vertical blue line.

Thus it was discovered that differently shaped illumination beams clearly have
an effect on resolution (which might be obtained in terms of the FWHM of the
resulting total PSF). From an analytic point of view, it is also important to know
exactly how the OTF is affected using different beam shapes. Figure 1.4 shows
how the strength of the axial OTF depends on the type of illumination used if
the direction of illumination forms an angle of 90° with respect to the detection
axis, i.e., the illumination beam enters parallel to the object plane. This configura-
tion is realized, for example, in light-sheet fluorescence microscopy (described in
Chapter 7). The cut-off frequency beyond which structural information cannot be
transmitted due to diffraction may be given by nNA? /[(n — NA)A] [30]. It can be
seen that oscillating illumination patterns such as the function ((BesselJ;(z)/z)?)
and the axial PSF (sinc(z)?) result in superior transmission of very high spatial
frequencies compared to the Gaussian beam profile, whereas for lower spatial fre-
quencies, the Gaussian beam profile seems to be advantageous. It is therefore evi-
dent that resolution alone might be an insufficient criterion for judging the quality
of an imaging system since the amount of noise present in acquired individual im-
ages has different effects on the final resolution for differently shaped illumination
beams. An alternative approach is to use the contrast-to-noise ratio (CNR) as an
additional criterion for image quality, which also takes into consideration how the
contrast is affected by the noise level [31].
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1.1.3
Two-Photon and Near-Field Optical Microscopy

A common problem of conventional and confocal fluorescence microscopy is the
photobleaching of dyes [32—34]. Not only does it limit the recording time, but
bleached dye molecules may result in phototoxicity and additional chemical re-
actions and, thus, inflict damage on samples and affect microscopic observations,
in particular of live samples. By the use of two-photon excitation, fading in the
sample can be limited to a small volume owing to the spatial confinement of the
two-photon process, and as a consequence, the bleaching of the fluorophores can
be reduced in a suitable excitation-detection scheme. Often, two-photon excita-
tion is implemented in a point-scanning configuration, and light is detected only
from a small focal volume surrounding the geometrical focus of the detection
(single-element detector) [35]. Other approaches to realizing the confinement of
excitation to the focal plane make use of multi-point or line scanning or temporal
focusing [36—38]. Typically, a short laser pulse duration ensures that the average
radiation energy remains low, so that damage to the specimens is avoided.

In addition to a decrease in the overall photobleaching of samples and the re-
duction of phototoxic damage, the non-linear multi-photon process of optical ab-
sorption, which limits the excitation to the focal point, provides further benefits
in comparison to single-photon microscopy: The use of infrared (IR) excitation
results in a deeper penetration depth into a sample because the IR light interacts
less with the tissue. The pinhole usually employed in CLSM can generally be dis-
pensed with since in multi-photon excitation fluorescent light is generated only
within a small, well-confined volume.

Another way to achieve subwavelength resolution and imaging is based on cou-
pling the light to/from specimens via an optical element that is located a subwave-
length distance from the sample, i.e., on probing the near field of the light emitted
by the sample, or by placing the sample in the near-field of the illumination. Typi-
cally, such a probing optical element is realized by a light guide, for example, a glass
fiber, although other experimental layouts have been used (e.g., [39, 40]). When
the probe is less than one wavelength from a specimen, the resolution is given by
the size of the aperture and not by the wavelength used for imaging [41]. In 1984,
Pohl et al. demonstrated near-field imaging in the visible wavelength region and
showed that subwavelength resolution imaging (down to ~25 nm) was possible by
employing a probe with an extremely narrow aperture that was scanned along a
test pattern [42]. Around the same time, similar approaches were followed by an-
other group [43, 44], which published work on the development of a microscope
setup capable of 500 A spatial resolution.
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1.2
Methods to Circumvent the Classical Resolution Barrier in Fluorescence Microscopy

Previously, a number of light microscopy approaches have been developed with
the aim of getting around the classical resolution limit. Such imaging methods
with an effective resolution below the Abbe limit are referred to as “super-resolu-
tion” microscopy; this term was coined by Toraldo di Francia [45]. In what follows,
the text will focus on super-resolution in the context of far-field fluorescence mi-
croscopy. In principle, there are four concepts on which present super-resolution
approaches rely:

e Methods to extract meaningful structural information are based on assump-
tions on fluorophore distribution. Generally, fluorophores (or targets labeled
with them) cannot take any arbitrary position within a sample. Such methods
can be implemented based on models of the emitter distribution [46, 47] or
based on statistical inference (e.g., Bayesian induction) [48]. Since these meth-
ods do not enhance the optical resolution but provide a likely super-resolution
representation for an unknown structure, they will be discussed only in special
cases. It should be noted, however, that a reconstruction obtained in this way is
only one of the very many possible configurations, but indeed a very likely one.
For similar reasons, deconvolution approaches will not be discussed either.

o Particle tracking. Probing a structure with a limited number of sources (typical-
ly one) in a dynamic setup allows the observer to follow the trajectories of single
particles (e.g., due to thermal motion) with super-resolution. Thus, accessible
spaces may be reconstructed, resolving the surrounding matrix structure.

o Methods to increase dimensionality of acquisitions [49]. These provide a basis
for additional discrimination of fluorescence signals, even if their (diffraction-
limited) signals overlap to a large degree on the detector. Practical approach-
es to increasing the dimensionality in fluorescence microscopy have recently
been termed localization microscopy because in quantitative imaging, the pre-
cise location of the emitter is extracted. In reference to the discrimination of
fluorophores based on their emitting/non-emitting state, some of these meth-
ods are also known under the heading stochastic switching. The localization
microscopy approaches will be discussed in Chapter 5.

o Methods to decrease the volume from which fluorescence is emitted. Some of
these methods allow for a true resolution enhancement by effectively shrinking
the volume of the total microscope PSFE. They generally require a special type
of illumination. Paradigmatic for this type of approach are, for example, 4Pi-
and STED confocal laser scanning microscopy (Chapter 6), which are mem-
bers of the family of super-resolution methods based on targeted switching.
But approaches of structured illumination microscopy (SIM) or patterned ex-
citation microscopy (PEM) also reduce the volume from which fluorescence is
detected; they are discussed in Chapter 4.

The last two methods are often jointly implemented in one of the SRM ap-
proaches. For instance, the interferometric detection of a fluorescence signal by
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means of simultaneous detection through two objective lenses (4Pi configuration)
can be employed to extract additional position information based on the phase of
the detected fluorescence light. Similarly, color discrimination, fluorescence life-
time discrimination, or polarization discrimination in emitted fluorescence light
can be used to increase dimensionality. Discussion of many of these approaches
will be geared toward but not limited to the context of localization microscopy
(Chapter 5). The underlying concepts are introduced in what follows.

1.2.1
Interferometric Microscopy

The optical resolution achieved with a confocal and two-photon microscope (“2P
microscope”) is too low for many practical applications. By analyzing the formu-
las for the resolution of the microscope, a potential route to arriving at an en-
hanced optical resolution can be derived, namely, by increasing the numerical
aperture (NA) of the microscope [50]. The need for increasing the numerical aper-
ture led to the development of microscopes employing a coherent use of two ob-
jective lenses, in particular the 4Pi CLSM [51], the wave-field microscope [52—54],
and the I°M microscope with a significantly higher resolution along the optical ax-
is [55]. These three microscope techniques make use of two opposing lenses and
a coherent overlay of the illumination or detection signal, respectively, to boost
the effective opening angle used for imaging. The concept of coherent detection
using a set of two objective lenses is schematically illustrated in Figure 1.5.

Other forms of interferometric illumination along the image plane have been
employed to circumvent the need for (coherent use of) a second objective lens;
these methods are generally termed SIM [57, 58]. All of these first super-resolu-
tion techniques necessarily relied on digital image processing and yielded reso-
lutions down to approximately 100 nm in the direction in which the interference
pattern was modulated. The concept of the coherent use of two objective lens-
es, however, has been transferred to and combined with other advanced optical
microscopy techniques.

Wave-Field Microscopy

A particular configuration of interferometric illumination is obtained when the
illumination pattern is aligned in the axial direction: The principle of spatial-
ly modulated illumination microscopy and wave-field microscopy (or standing-
wave microscopy), a particular form of axially structured illumination microscopy
(Section 4.1), is to bring two coherent, usually collimated, linearly polarized laser
beams of equal intensity to constructive interference in the object space of a mi-
croscope, for instance by placing the sample between the objective lens and a mir-
ror [59]. This creates a standing wave with fixed intensity minima and maxima, re-
sulting in a selective excitation in the object space at the positions of the intensity
maxima. Thus planes with maximum intensity occur at equidistant positions per-
pendicular to the plane of incidence of both beams and parallel to the half-angle
between the two laser beams. The concept of a microscope system with such an
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Figure 1.5 Detection of fluorescence sig-

nal using an objective lens leads to the well-
known blur of the image [7]. (a) Fluorescence
light is emitted from the sample in all direc-
tions, for example, in the form of a spherical
wavelet. However, only a fraction of this light
(corresponding to a “cap” of the spherical
wavefront within the acceptance cone of the
objective lens) is detected. The acceptance
cone is usually defined by the half-angle a,
but it can also be characterized using the solid
angle Q. The solid angle of a full sphere equals

4. (b) More light can be detected using two
objective lenses. (c) The diffraction pattern of
a single objective lens is typically elongated
along the optical axis (2), i.e., along the direc-
tion of viewing. (d) If the focal positions of the
two objective lenses coincide and the path
lengths of the light beams on either side are
adjusted, a symmetric interference pattern
along the optical axis can be observed, with
the central maximum being much narrower
compared with the diffraction pattern ob-
served when using a single objective lens [56].

illumination scheme was investigated several years before the laterally structured
illumination microscope was developed. For the case in which the maximum in-
tensity planes are oriented perpendicular to the optical axis, this technique was
described in [52, 60].

For the experimental realization of this technique [53] it was assumed that along
the coordinate given by the optical axis (i.e., in the direction of observation), only
one fluorescently labeled target is present (see earlier: assumptions on the fluo-
rophore distribution). Furthermore, the object to be examined had to be thin so
that there would be no ambiguity as to which wave front maximum of the stand-
ing wave-field should be assigned to the position of the object. It was found that
these requirements rendered the approach in its original form impractical for
general use. However, the conceptual design of the use of wave-field illumina-
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tion in fluorescence microscopy was an important step since it paved the way
for the development of advanced optical imaging techniques such as I°M and
SIM.

1.3
Implementation of Super-Resolution Microscopy

The principles of SIM outlined earlier can be used to extract structural infor-
mation beyond the resolution limit without providing actually enhanced optical
resolution. These concepts will be discussed in Section 4.1 on axially structured
illumination. The key point in recent microscopy developments aimed at achiev-
ing spatial resolutions far beyond the diffraction barrier is to either exploit in a
presently stochastic way the properties of fluorescent probes (e.g., binding, pho-
toswitching, activation) or arrive at a fluorescence emission that responds in a
non-linear way to the illumination intensity. To realize such phenomena, a num-
ber of approaches have been proposed relying, for example, on the use of (photo-)
activation [61] or cis-trans isomerization [62] of fluorophores, or on the satura-
tion mostly of electronic transitions, as in saturated excitation (SAX [63-65], sat-
urated disexcitation (STED) ([66]), and saturated ground state depletion (GSD)
([67]). Common to all of these techniques is the existence of a state of the fluoro-
phore (or pairs of fluorophores) in which it (or they) cannot be excited (e.g., the
already excited state in SAX, the ground state in pulsed excitation STED, the T;
triplet state in GSD), or in which it does (or they do) not emit fluorescence in the
detection channel (e.g., the non-activated state in PALM [61], red-shifted stimu-
lated emission in STED [66], shifted emission spectra in fPALM [68], quenched
fluorescence in stochastic optical reconstruction microscopy (STORM) [62], un-
bound dye in binding-activated localization microscopy (BALM) [69]), or blink-
ing/bleaching of the dye in generalized single-molecule high-resolution imaging
with photobleaching (gSHRImP), nanometer-localized multiple single-molecule
fluorescence microscopy (NALMS), direct STORM (dSTORM)), spectral position
determination microscopy (SPDM), Bayesian analysis of bleaching and blinking
(3B), and others) [48, 70-76]. However, the existence of such a state in which fluo-
rophores are not detected is not the only requirement for SRM. The transitions
that lead to a population and depopulation of this state also play an important
role.

While resolution can already be enhanced using a CLSM system (Figure 1.6a)
or a 4Pi CLSM (Figure 1.6b), such microscope devices merely shift the diffrac-
tion limit: Up-to-date field-corrected objective lenses (with an opening half-angle
a = 74°) have enabled dual-color 4Pi recordings with regular one-photon excita-
tion [77, 78]; however, by the application of two-photon excitation using such
lenses, a single central spot with a FWHM of Az ~ 1/(3n) was observed with
negligible sidelobes [79] (Figure 1.6b). Similar values for the axial resolution have
been obtained using I°M. It uses a detection system like a 4Pi microscope, thereby
coherently adding spherical wavefronts caps of the emitted fluorescence light on
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the detector. I°M — unlike 4Pi — does not focus the illumination, and so offers fast
wide-field imaging capabilities. The clearly enhanced values for the z-resolution
(FWHM shifted from 400—800 to 70—150 nm) was the first substantial improve-
ment seen in far-field optical microscopy in around 100 years.

Figure 1.6¢,d shows the concept of discrimination based on stimulated emis-
sion depletion (Figure 1.6¢), saturated depletion (Figure 1.6d, left) or saturated
excitation (Figure 1.6d, right). The introduction of non-linearities (owing to sat-
uration) allows spatial encoding in the fluorescence signal in such a way that the
extent of the region encoded is no longer limited by diffraction. For example, in
saturated patterned excitation microscopy (SPEM/SSIM/SAX), the sample is il-
luminated with a pattern featuring peaks with high intensity alternating with dips
with zero intensity. Both the illumination pattern and the detection are limited
by diffraction. However, when illuminating using an excitation pattern with very
high intensity I;; much larger than a threshold I, only those fluorophores within
a small region around the area (or areas) of zero intensity are left in the ground
state. The position (center) of the area of zero intensity is denoted by r;. The ex-
tent of the area in which fluorophores are not excited can be made much smaller
than the typical width of a diffraction-limited spot, i.e., much smaller than the
classical optical resolution.

The discrimination of fluorophores based on the separation of their properties
in order to arrive at super-resolution is often realized in the form of a stochas-
tic transition (e.g., PALM/fPALM/STORM). Such a separation is straightforward
only if the time period between the transitions is much longer than the fluo-
rescence lifetime, allowing the detection of a large number of photons from a
single emitter during one of these periods. These concepts are usually summa-
rized under the heading “localization microscopy” and will be discussed in Chap-
ter 5. The key point in these techniques is to measure the center of a few isolated
diffraction-limited signals rather than to image all fluorophores together. In the
case of imaging isolated fluorophores, the resolution of the final image depends
among other things on the accuracy with which the position of the emitting fluo-
rophore can be determined. Figure 1.7 illustrates the relation between the spread
in the determined positions (triangles), i.e., the precision of the position deter-
mination, and the accuracy of the position measurement. The measured position
(barycenter of the scatter) may not represent the true position adequately if other
errors, such as mechanical drifts or systematic errors in the extracted positions,
are present. However, if we are interested in the configuration or arrangement of
a set of sources rather than in their true locations, the accuracy, i.e., the difference
between determined position and true position, does not affect the result if the
offset is similar for all sources. Only in the case of a variation in accuracy from
one source to the next does it need to be considered for the determination of the
final error in the measurement.

In some instances, stochastic separation is not required. Neighboring signals la-
beled with different spectral signatures can be discriminated even if their emitted
signals highly overlap on the detector. Potential realizations of such concepts, i.e.,
super-resolution using photostable fluorophores, will be discussed in Chapter 8.
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Structured lllumination Microscopy

In addition to the techniques based on the existence of a non-detectable or non-
excitable state, patterned excitation can be employed to effectively shrink the vol-
ume from which fluorescence is detected [57, 58]. A “simple” version of this con-
cept, namely focused excitation, is also realized in CLSM, and hence in STED
and 4Pi CLSM as well. In principle, any of the contrasting mechanisms reported
for fluorophores could be used for SRM if it provides a stochastic or non-linear
response, or if it is susceptible to patterned excitation. Such contrasting mecha-
nisms, some of which may not require the use of fluorescence at all, are described
in what follows. Other versions of the concept of patterned excitation based on
a wide-field detection scheme will be discussed in Chapter 4. An important fea-
ture of many practical implementations of SIM (in contrast to most other forms
of SRM) is that they can operate in linear excitation mode, i.e., the fluorescence
emission depends on the excitation intensity in a linear manner. This facilitates
quantitative intensity-based measurements enormously [81-83].



<« Figure 1.6 Optical layouts and concepts for
a number of SRM approaches. (a) Confocal
microscopy is shown here as a diffraction-
limited reference. The excitation light wave
is transformed (by the lens) into a spherical
wavefront cap that results in a 3D diffraction
spot exciting the fluorophores in the focal
region. A point-like detector (not shown) col-
lects the fluorescence primarily from the main
diffraction maximum (dark area in center of
focus), thereby providing a slightly improved
resolution over conventional fluorescence
microscopy. Yet the resolution of a confo-
cal microscope is limited by diffraction to an
FWHM > 200 nm in the focal plane (x, y) and
to >450 nm along the optical (2) axis. (b) 4Pi
microscopy improves the z-resolution by co-
herently combining the wavefront caps of
two opposing lenses; the concept renders a
main spot featuring an FWHM of 70-150nm
along the z-axis. (c) A typical single-point im-
plementation of a STED microscope uses a
focused excitation beam (Exc.) that is super-
imposed by a doughnut-shaped STED beam
to keep molecules dark by quenching excit-
ed molecules through stimulated emission.
In regions around r; where the STED beam
intensity is beyond a threshold /,, the STED
beam essentially switches the fluorophores
off by nailing them down to the ground state.
By ensuring that the doughnut intensity / ex-
ceeds |/, in alarge area, the effective spot in
which the fluorophore can still be bright and
active is confined to subdiffraction dimen-
sions. Accordingly, a measured 20 nm diame-
ter spot is shown, which is approximately ten
times below the diffraction barrier. Scanning
such a subdiffraction sized spot across the
sample yields subdiffraction images. (d) The
concepts of STED, GSD, (left-hand side), and
SPEM/SSIM (right-hand side) can be viewed as
special cases of a more general concept called

“RESOLFT.” A hallmark of this generalized con-

cept is that it utilizes focal light distributions
I(r) with zero-intensity points at positions r;
to confine either a bright (A) or a dark fluoro-
phore state (B) in space. The zeros are prefer-
ably >A/(2n) apart in the focal plane. Two ex-

amples of this generalized concept are shown.

Left: the intensity drives a transition A — B to
confine the bright state A in space. This is the
case for a parallelized STED, GSD, or RESOLFT
approach using reversibly photoactivatable

1.3 Implementation of Super-Resolution Microscopy

proteins or photochromic dyes. Right: in the
SPEM/SSIM concept, the intensity /(r) drives a
transition B — A that confines the dark state B
in space. In both cases, the positions of state A
or B are predefined in space by /(r) and r;.
When imaged onto a camera the steep re-
gions of state A (left) or state B (right) become
blurred. However, the diffraction blur can be
dealt with (as shown in the left-hand panel
STED, GSD) by allocating the signal (from the
diffraction blob) to the known coordinate r;
of the zero in the sample space. The image

is gained by scanning the array of zeros (r;)
across the sample and recording the fluores-
cence for each step. The diffraction blur can
also be dealt with for SPEM/SSIM (right-hand
panel) because the super-resolved data are
encoded in the steeply confined dark regions
around r; of state B. Since SPEM/SSIM initially
produces a so-called negative data set, the
SPEM/SSIM image is finally obtained by math-
ematically converting the negative data set
into a positive one. The small boxes in the
sketches symbolize the fluorophore molecules
that make up the object. p,(r) < 1 defines
the normalized probability of occurrence of
state A. Although all these RESOLFT concepts
are suitable for detecting single molecules,
they generally operate with ensembles. Since
the position at which the fluorophores are in
A or B - and hence emitting - is predefined by
the zero-intensity points r;, the RESOLFT strat-
egy has also been called the targeted read-out
mode. (e) The single-molecule switching con-
cepts (e.g., PALM/STORM) do not define the
region from where a signal is emitted but read
out the fluorophores of the object stochasti-
cally, molecule by molecule. Individual fluo-
rophores are sparsely switched to a specific
bright state A that is able to emit m > 1 pho-
tons before the molecule returns to B. The
detection of m > 1 photons enables the cal-
culation of the centroid of the diffraction blob
of individual molecules when imaged onto

a camera. Thus it is possible to assemble an
image consisting of centroid position marks
with a statistically variable resolution depend-
ing on m. The concepts (c-e), i.e., STED, GSD,
RESOLFT, SPEM/SSIM, and PALM/STORM, are
not limited by diffraction, meaning that they
can resolve similar molecules at nanometer
distances. Reprinted from [80], © 2010, with
permission of Springer.
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Non-Linear SIM

The resolution enhancement in patterned excitation can be further increased
by inducing a non-linear response of the fluorophore emission to the illumi-
nation intensity. An example is to saturate the excited state by the application
of high-intensity illumination. Such methods are termed “saturated excitation
microscopy” (SAX), “saturated patterned excitation microscopy” (SPEM), or “sat-
urated structured illumination microscopy” (SSIM) [63-65] (Figure 1.6d).

An additional possibility for implementing non-linear SIM requires the use of
photoswitchable fluorophores (Section 2.3). Photo-switching/photoactivation is
an inherently non-linear process and can be employed as an alternative to sat-
uration for super-resolution imaging. Owing to the low light intensities needed
to switch the molecules [85—-88], super-resolution images can be obtained over
prolonged periods of time with much less risk of inducing photodamage. Photo-
switchable fluorophores can be reversibly switched between two distinct absorp-
tion/emission states using light. A non-linear response of the fluorescence emis-
sion to the illumination intensity can be obtained by saturation of either of the two
population states. In the case of non-linear SIM, a second standing-wave interfer-
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ence pattern is applied for non-linear targeted switching of the dye molecules,
so that the fluorescence signal is obtained from a drastically reduced volume on-
ly [89].

Super-Resolution Optical Fluctuation Imaging

Another technique that in principle does not rely on the existence of a non-
detectable or non-excitable state of the fluorophore is super-resolution optical
fluctuation imaging (SOFI) [90] (Section 5.7.3). SOFI requires the use of dyes
with repeated cycling between at least two different emission states. Until now,
these states have been the fluorescent and non-fluorescent state (emission “on”
and emission “off”). Owing to the fact that SOFI is based on the independent fluc-
tuations of emitters, no activation or induced photoswitching step is required.

Reversible Saturable Optically Linear Fluorescence Transitions (RESOLFT)

Instead of saturated excitation as in SAX/SSIM/SPEM, it is also possible to em-
ploy saturated disexcitation of fluorophores to obtain a non-linear response to
the applied illumination intensity. Using low illumination intensities, the neces-
sary photoswitchable fluorescent probes can undergo a reversible transition be-
tween a fluorescent “on”-state and a fluorescent “off”-state. As such, RESOLFT is
a generalized version of STED microscopy, in which an additional laser beam is
used to deplete the fluorophores at the periphery of the excitation into the dark
“oft”-state.

For RESOLFT and non-linear SIM based on photoswitchable fluorophores, but
also for SOFI and even for a Bayesian analysis of blinking and bleaching [48], the
requirements on the fluorophores and the factors determining the resulting res-
olution are similar. The reversible switching between the two states of the fluoro-
phores must be efficient and repeatable for many cycles in order to reliably dis-
criminate neighboring fluorophores. The resolution of the resulting images is in-
versely proportional to the square root of the number of switching cycles, i.e.,
in order to enhance the resolution by a factor of 10 requires the fluorophores to
switch states 100 times. Only a small selection of the presently available reversible
switching proteins are able to live through this many cycles; switching fatigue is
therefore a limiting factor in imaging techniques relying on photoswitchable fluo-
rophores.

Stimulated Emission Depletion (STED) Microscopy

An implementation of focused SRM is STED microscopy. In contrast to the mi-
croscopies relying purely on structured illumination for excitation, it also employs
structured illumination for disexcitation. Thus, it not only shifts the resolution
limit of microscopic imaging but completely overcomes it [66, 91] and limits the
resolution of the final images only by the signal-to-noise ratio and optical aberra-
tions. Usually based on a point-by-point CLSM approach, additional fluorescence
depletion (stimulated emission depletion) of the peripheral areas of the illumina-
tion spotresults in a resolution of less than 100 nm in all three spatial directions of
space even in dual-color experiments [92]. The technique of STED is very special
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in that it employs all of the concepts required for SRM: It uses patterned excitation
(usually by a diffraction-limited spot in point-scanning STED) and patterned dis-
excitation (a diffraction-limited so-called doughnut beam), a shift in the emission
spectra (the process of stimulated emission typically results in the generation of
far-red photons), and possibly a non-excitable state (the ground state, which is no
longer excitable because the excitation pulse is over), at least in first-generation
STED and gated STED.

As indicated earlier, the transitions between the states of fluorophores play a
crucial role not only in STED but also in other forms of SRM. One of the main
purposes of this contribution is to discuss the joint prerequisites for super-reso-
lution in terms of hardware, software, and physicochemical requirements. These
topics will be covered in Chapters 2 and 3, irrespective of the actual implementa-
tion or particular method of SRM. However, hardware used mostly in STED se-
tups will be discussed in Chapter 6 dedicated to STED microscopy. The assembly
of hardware components for STED microscopy is possibly the most challenging.
A detailed description of the implementation of STED together with the specifics
of sample preparation, including the selection of fluorophores, can be found in
Chapter 6.

STED microscopy, along with other methods of SRM, relies on an induced op-
tical isolation of the detected signal. Typically, this is accomplished by a discrim-
ination of the fluorescent molecules based on their properties, i.e., founded on
their spectral states (e.g., switching of the fluorophores between on/off, fluores-
cence observed in different emission channels, different fluorescence lifetimes).
Switching a fluorophore requires two states: a detected state A (“on,” bright, fluo-
rescent) and a state B that is invisible with respect to the detection channel (“off,”
dark, non-fluorescent); in many cases, both states are connected by a transition.
Figure 1.8 shows several states in a fluorophore that are suitable for such transi-
tions. In STED microscopy, the transition between the fluorescent singlet state
S; and the ground state S, is used, i.e., a pair of bright (emitting) and dark states
(non-emitting).

Spectral Precision Distance Microscopy

Enhanced structural information content of biological samples is a desideratum.
In addition to strategies based on the narrowing of the microscope PSF (or of
its FWHM) as in STED microscopy [66] or concepts relying on the reconstruc-
tion of the fluorescent structure based on the localization of the individual fluo-
rescent molecules [61, 62, 68], the desired topological and size information of
fluorescently labeled objects may well be obtained by other far-field optical mi-
croscopy approaches. For instance, the method of spectral precision distance mi-
croscopy (SPDM) [93-99] allows for the measurement of object configurations
in structures that have extensions less than the wavelength used for imaging. The
technique relies on labeling different components of the structure with fluores-
cent markers of different “spectral signatures” [100], so that several of the sub-
components can be simultaneously recorded and discriminated if their excita-
tion/emission spectra [93, 97] or their fluorescence lifetimes [101, 102] differ. The
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Figure 1.8 Molecular transitions and states
utilized to circumvent the diffraction limit.
Each nanoscopy modality resorts to a specific
pair of bright and dark states. Several con-
cepts share the same states but differ by the
direction in which the molecule is driven op-
tically (say A — B or B — A) or by whether the
transition is performed in a targeted way or
stochastically. The targeted read-out modality
drives the transition with an optical intensity /
and hence operates with probabilities of the
molecule being in A or B. This probability de-
pends on the rates k of transition between the
two states and, hence, on the applied intensi-
ty I. The probability p, that the molecule will
remain in A typically decreases as indicated in

the panel. p, < 1 means that the molecule is
bound or “switched” to state B. This switching
from A to B or vice versa allows the confine-
ment of A to subdiffraction-sized coordinates
of extent Ar at a position r; where I(r) is zero.
In the stochastic read-out mode, the probabil-
ity that state A will emerge in space is evenly
distributed across the sample and kept so low
that the molecules in state A are further apart
from each other than the diffraction limit. An
optically non-linear aspect of the stochastic
concept is the fact that the molecules under-
go a switch to A from where they suddenly
emit m > 1 detectable photons in a row (a
fluorescent burst). Reprinted from [80], © 2010,
with permission from Springer.

23



24

1 Introduction

positions of objects are extracted from their coordinates in the 3D image data
stack. With conventional resolution fluorescence microscopes, already distances
of about 15nm and higher were measured between such fluorescently labeled
objects with a precision (95% confidence interval) of approximately 10 nm [96,
103]. Theoretical calculations consolidate the lower limit for the accuracy of this
method to be in the order of a few nanometers, i.e., well below the conventional
resolution limit [93, 98].

14
Contrast

The tremendous success that fluorescence microscopy has had in biomedical re-
search during the last 50 years is largely based on the stunning contrast that is
obtained by attaching fluorescence labels specifically to the structure of inter-
est and consequently detecting only structures that were adequately labeled on
a virtually non-existing (i.e., zero) background signal. Fluorophores, which are
responsible for the increased contrast in these labels, are sometimes also referred
to as chromophores. When speaking of chromophores, we stress that the molecule
is capable of absorbing light in a specific, narrow band of wavelengths, which is
the reason for the observed color. While the term chromophore implies that the
molecule absorbs light, the terms fluorophore and fluorescence relate to the pro-
cess of emitting light [104]. In the primary microscopic contrasting scheme using
fluorescence molecules, the dissipation of energy from excited vibrational and ro-
tational states of the fluorophore is used to separate the (red-shifted) emitted light
from the excitation light.

In recent decades, several additional contrasting methods have been derived
based on the photophysics behind fluorescence in biological samples. A large
number of parameters and processes have an influence on the fluorescence emis-
sivity, and in principle any parameter or process having an effect on the fluores-
cence emission can be applied as the contrasting mechanism. Consequently, a va-
riety of fluorescence microscopy/spectroscopy techniques have been developed
that make use of different contrasting mechanisms. Factors that characterize fluo-
rescence emissivity can include the following:

» Absorption Cross Section: Fluorophores are generally optimized to yield the
highest fluorescence intensity upon illumination. The absorption cross section
depends on the electron configuration of molecules, but also on their orienta-
tion with respect to the polarization state of the incident light. The small cross
section of two-photon/excitation is the reason why the generation of fluores-
cence can be restricted to occurring only within the laser focus, providing an
alternative means for optical sectioning. However, the success of two-photon
microscopy is attributed mostly to its use of IR light, which penetrates deeper
into tissue.

e Quantum Yield: The probability that fluorescence will be emitted following
excitation of a fluorophore is given by its quantum yield. Non-radiative dis-
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excitation processes (e.g., a non-elastic collision with surrounding molecules)
compete with the fluorescence emission decay. A change in quantum yield is
observed in two characteristic fluorescence contrast schemes: quenching and
energy transfer.

— Quenching: A fluorophore may be put in a chemical or structural configu-
ration such that the electron configuration is unfavorable for the emission of
fluorescent light by this particular fluorophore.

— Energy Transfer: If the structural configuration is such that one fluorophore
forms a joint electronic system with a neighboring fluorophore (of a dif-
ferent type ideally emitting fluorescence with a wavelength further toward
the red end of the spectra), there is a chance that Forster resonant energy
transfer (FRET) will occur, depending on the spatial separation of the two
molecules. The process becomes highly unlikely when the distance between
the two molecules exceeds several nanometers. While in this case also the
fluorescence emission is quenched, a simultaneous rise of the fluorescence
emission in the detection band corresponding to the other type of molecule
is observed.

« Poisson distributed quantized emission: Fluorescence emission is a quan-
tum mechanical process. It is stochastic in nature, and fluorescence emission
is quantized. The number of fluorescence photons detected follows a Poisson
distribution.

o Bleaching: The lifetime of a particle (molecule) capable of converting absorbed
light into fluorescence is finite. As the molecule undergoes a number of transi-
tions between excited and ground states, there is a probability for the molecule
to dissociate, or to undergo an electronic change (ionization) or a chemical re-
action, often resulting in the removal of this fluorophore from the population
of available, i.e., emitting, fluorophores in the sample. This “bleaching,” i.e., a
loss in fluorescence intensity, is often induced by the illumination of a sam-
ple with excitation light, in which case the process is termed photobleaching.
Photolysis is the chemical decomposition of molecules under the influence of
light. However, bleaching can also be induced by other means, for example, by
embedding fluorophores in a suitable chemical environment. Bleaching is usu-
ally discussed in connection with a detection channel. It should be noted that a
shift in the emission spectra of a fluorophore (e.g., by protonation or oxygena-
tion) could be confused with bleaching as a similar loss of fluorescence signal
is observed in the corresponding detection channel. Likewise, when excitation
occurs within a narrow band of wavelengths, a change in the absorption spec-
tra of the fluorophore could have a similar effect. Sometimes, the transition
from a fluorescent to a non-fluorescent state is reversible, in which case the
terms transient bleaching and reversible bleaching are occasionally used.

o Fluorescence lifetime: The lifetime of the excited (S;-)state of a fluorophore
is finite. The 1/e-decay time of the S, -state is characteristic of the type of fluo-
rophore used but is influenced by its nanoenvironment. Typical lifetimes of
excited states are in the nanosecond range.
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» Lifetime of triplet state: A fluorophore might undergo a transition to an elec-
tronic triplet (T,-)state. This state is typically long-lived (with respect to the
fluorescence lifetime) since it involves a transition that is quantum mechan-
ically suppressed. Thus, the fluorophore is no longer available for excitation.
However, within a biological sample and at room temperature, relaxation from
the triplet state to the ground state is possible, but mostly this does not con-
tribute to the detected fluorescence signal.

» Lifetime of radical state: A fluorophore might undergo a reversible transition
involving a reduction or oxidation to a radical state from which it might re-
turn — after some time — to the non-radical ground state S,. The observable
effect of this transition on the fluorescence output is very similar to the situa-
tion where a fluorophore goes to the triplet state. However, in terms of possible
transitions and further chemical reactions, it is not.

Several additional parameters affect detected intensities. A prominent factor
is the cross talk between detection channels, which in the case of a color-based
separation of detection channels can be attributed to the fact that the wavelengths
emitted by a fluorophore light at room temperature are distributed according to
the molecular spectrum (vibrational and rotational energy levels), which typically
spans across several tens of nanometers, with a tail toward the red end of the
spectrum. Therefore, a molecule of a given type might also contribute to a signal
detected in another channel, for example, a channel associated to another type of
molecule with a peak emission at longer wavelengths. In linear excitation mode,
the effect might be corrected to a high degree if the amount of cross talk for any
given sample with a selection of fluorophore types and settings for the microscope
detection bands is known (e.g., by independent, single-color measurements). In
non-linear excitation or stochastic emission mode, this may only be corrected in
experiments in which simultaneous registration of all affected detection channels
is performed.

1.4.1
Multi-Color Imaging

One of the most difficult aspects of SRM is to perform multi-color experiments.
One of the reasons for this is the cross talk discussed earlier. Other reasons are
the limited availability of combinations of fluorophores that simultaneously match
the imaging conditions of the corresponding SRM technique and the difficulties
in multi-color labeling protocols. For all of the present super-resolution tech-
niques, examples of applications of multi-color imaging were demonstrated early
in the advent of SRM. Multi-color STED was realized and published already in
2007 [105, 106]. Experiments employing multi-color PALM/STORM were pub-
lished around the same time [107, 108], as were multi-color experiments using
PALM with Independently Running Acquisition (PALMIRA) [109].
Single-molecule localization microscopy employing multiple colors is notori-
ously difficult if more than two classes of fluorophores are employed. The reasons



1.5 Applications to the Study of Nuclear DNA

for this differ from the constraints imposed by the STED hardware and photosta-
bility requirements: Various species of fluorophores react differently to a specif-
ic chemical environment dominated by the embedding buffer used for imaging.
Consequently, precise control of the blinking behavior of the fluorophores is lim-
ited if many classes of fluorophores are mixed, and multi-color images tend to be
acquired in sequential mode, with one (or two) color channels recorded at a time,
and an in-between exchange of the buffer medium or even exchange of the fluo-
rescent labels. Multi-color applications of SIM and LSFM were proposed early on
simply because these linear techniques impose fewer constraints on fluorophores
and embedding media.

1.5
Applications to the Study of Nuclear DNA

The human genome has been decoded, but we are still far from understanding
the regulation of all gene activities. A largely unexplained role in these regulato-
ry mechanisms is played by the 3D arrangement of genetic material [110]. The
visualization and quantitative measurement of the distribution of DNA at high
resolution inside the cell nucleus is therefore an essential desideratum in genet-
ics. Current SRM methods offer a 10 nm resolution, allowing in principle to divide
a cell with a typical volume of (10 pum)? into roughly 10° super-resolution pixels.
If we consider that most eukaryotic cells have around 10* genes and that the cel-
lular abundance of each of the transcripts is typically between 10 and 100 copies,
the information content that is accessible by SRM is about 1000 times higher than
what is needed to encode all of the transcripts within a given cell [111]. Arriving at
the goal of a quantitative analysis of the distribution of DNA and of all of the tran-
scripts is a multi-disciplinary endeavor, with collaborative input from molecular
and system biologists, polymer physicists, biophysicists, engineers, and computer
scientists.

Strong evidence suggests that the genome in mammalian cell nuclei has a high-
ly complex spatial organization (for reviews see, e.g., [110, 112-114]). In addi-
tion to the genomic sequence, several other factors are connected to gene activi-
ty [115]. For instance, it has been shown that the location [116, 117] and chromatin
compaction or condensation [118] of individual genes are correlated to gene ac-
tivity [119-121]. These factors also influence the accessibility of a given gene
locus to macromolecular complexes, for example, to those involved in the pro-
cess of transcription [122, 123], especially during particular stages [124, 125] or
phases of enhanced cell stress [126]. A functionally compartmentalized organiza-
tion of higher-order chromatin arrangement provides another level of epigenetic
gene regulation [19, 127, 128], and it is known from chromosome-conformation-
capture studies that topologically associating chromatin domain (TADs) struc-
tures are preserved [129-132]. A wealth of molecular and microscopic informa-
tion has been accumulated, resulting in a variety of — sometimes contradictory —
models of nuclear architecture on the nanoscale. For a long time, a major source
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of such ambiguities has been constituted by the limits of conventional light mi-
croscopy (optical resolution about 200 nm in the object plane/laterally, 600 nm
along the optical axis [7]) that made conclusive tests of models on the nanoscale
very difficult. The limited resolution in micrographs thus represented a severe set-
back to a full mechanistic understanding of, for example, transcription/splicing
and repair.

Today, commercial super-resolution microscopes are available in the broad field
of biomedicine, often in the context of imaging core facilities with a range of mi-
croscopy methods available and with highly trained personnel. This is necessary
to bridge the gap between microscope “engineers” and microscope “users.” While
limitations in microscope optics and resolution have been overcome, challenges
remain in the forms of fluorescence labeling and control of fluorescence emis-
sion, of sample preparation, and of super-resolution imaging in tissue. To obtain
quantitative information on the functional interplay between nuclear structure
and nuclear architecture on the one hand and genetic and epigenetic molecu-
lar regulatory mechanisms on the other hand, the novel types of microscopes
developed in recent years have already shown tremendous potential in the ear-
ly years of SRM (for a list of applications see, for example, [133]). Studies with
the aim of elucidating the functional architecture of the cell nucleus may not only
comprise a direct measure of the expression level of gene regions but could al-
so encompass a quantification of the effects of gene regulation, compaction, and
epigenetic modifications of a specific gene region on its expression and on the
genomic function of spatially neighboring gene regions. At the same time, quan-
titative predictions could be gained from a joint approach using structural data,
as obtained from molecular dynamic simulations of chromatin compaction and
folding [134, 135], together with any kind of microscope (light, electron, X-ray
microscopy) or with next-generation sequencing (NGS) and other methods in
molecular biology.

Today, many computer models allow for the quantitative prediction of the
conformation and accessibility of chromatin. In polymer physics, the worm-like
chain (WLC) model is often used to describe semi-flexible polymers. Free nucleic
acids in solution (e.g., DNA) can be considered a representative of such a poly-
mer, despite the fact that DNA has many properties that are not well described
by highly simplified models, and more advanced methods involving, for example,
molecular dynamic simulations are used in more sophisticated analyses. Howev-
er, we will use a simple approximation to the WLC model to illustrate a possible
combination of polymer simulations with microscopic analysis.

The WLC model is particularly suited to describe stiffer polymers, in which
successive segments display some sort of correlation in terms of their orientation
(direction). The quality of this correlation is reflected in the elastic properties of
the polymer. For simplicity, in what follows, DNA is considered to be a polymer
chain with no torsional stress. Such a chain is often described by the Kratky—
Porod model [136] as consisting of N segments of length b and orientation vec-
tor ¥, = (sin(¢) sin(6), cos(¢) sin(0), cos(d)) in spherical coordinates. The WLC
model is obtained in the limit » — 0. Figure 1.9 shows the three projections along
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Figure 1.9 Simulation of

a polymer using a Kratky—
Porod polymer model. A per-
sistence length of ~6.1 nm
was used in this simulation.
In contrast, DNA was found to
have a persistence length of
~50nm [137].

-50 0 50
y (nm)

(%, ¥, z) of a simulation of a polymer. Such simulated structures will be used in
what follows to illustrate the progress achieved using available advanced light mi-
croscopy methods. By means of virtual microscopy (VIM), in which the micro-
scope image is computer-generated based on either the calculated or measured
microscope PSF, the true benefit of the respective microscope method when ap-
plied to image such a structure can be appreciated.

Figure 1.10 shows z-projections of computer-generated images of the polymer
depicted in Figure 1.9 using an assumed resolution of 50 nm. Noise was neglect-
ed in the simulation. It is evident that the structure may not be fully resolved.
However, additional information may be gained when employing structured il-
lumination, which renders high spatial frequency content accessible in the mi-
croscope images: When shifting the phase of the standing wave-field from 0° to

widefield standing wave (phase 0°) standing wave (phase 180°)
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Figure 1.10 Virtual microscopy (VIM) images  wavelength. From the relatively low intensities
of a polymer using an assumed resolution of  observed in (b) it may be deduced that the

50 nm in the absence of noise. z-projections structure does not span multiple fringes of the
are shown for different types of illumination.  standing wave pattern. This may be used to

(a) Wide-field illumination. (b,c) Standing wave estimate the upper bound for the size of the
illumination along z-axis with 0° and 180° labeled polymer structure.

phase angle, respectively, using a 491 nm laser
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1807, i.e., from high illumination at the origin to zero illumination intensity, the
object is only barely visible at severely reduced intensity, indicating that the size of
the object is smaller than the modulation wavelength of the standing wave-field,
491 nm/(2n) ~ 160 nm. It is also clear that the object has an extent that is in the
same range as the values for the resolution limit in optical detection since the im-
age does not resemble a diffraction-limited spot (i.e., it is not round), which means
that the object cannot be smaller than ~1/10.

1.6
Other Applications

SRM has been applied to a large range of other biological questions, only a few
of which are mentioned here. As discussed earlier, imaging of 3D biological sam-
ples has been challenging so far owing to inhomogeneities in their optical prop-
erties, resulting in optical aberrations. Optical aberrations generally accumulate
with increasing length of the optical path within the sample and with the number
of interfaces (membranes) intersecting the optical path. Hence priority in the ap-
plication of advanced light microscopy (with the exception of LSFM) has been
given to imaging surface structures (e.g., receptor proteins [138] and clathrin-
coated pits [139]), to imaging inside the cytoplasm (e.g., lysosomes, Golgi appa-
ratus [61, 140]), and to imaging the nuclear envelope or structures constituting
parts of this envelope (e.g., nuclear pore complex [76, 141, 142]). Owing to these
difficulties, to date, only a few groups have ventured into the realm of super-res-
olution imaging within the cell nucleus (for a review see [143]). Especially since
the introduction of SRM methods in the technology platforms available for med-
ical research, other applications of SRM have been found in the realms of neu-
roimaging, developmental biology, and cancer research. Another emerging field
of application for these imaging methods is cardiovascular research.
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