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Preface

‘Many hands make light work?’

... and both meanings of the proverb sound true to me: The success of super-reso-
lution microscopy based on laser light doing what it is supposed to do is the result
of the hard work of many researchers worldwide. And for many of us members
of the global scientific communities, trying to find answers to questions such as
“why?” and “what for?” is an integral part of our everyday lives. Naturally I had to
wrestle with these issues during the writing process of this book as well, although
it seems to me that the reasons for the endeavor and its potential functions might
coalesce in this case.

Rendering entities or structures visible that could not be seen before, while re-
flecting on — and calling into doubt — the visualization strategies employed is an
as beautiful and valuable process as it is a tricksterish one. Furthermore, it is fair
to say that particularly the rather young research area of super-resolution mi-
croscopy has proven to be tremendously productive for applications ranging from
molecular and structural biology to developmental biology to neuroscience. Ad-
vancements in the field of biomedicine are an especially clear paradigmatic exam-
ple of the social relevance of applied photonics in this multi-disciplinary research
field because it is a fact that progress in, for example, early cancer diagnosis or
drug development strategies may contribute to healthier and longer lives for all of
us.

This book, in addition to being a tribute to the hard work of super-resolution
specialists around the world, was written to be a key educational resource, a hand-
book, i.e., according to genre conventions, specifically designed for the dissemi-
nation of knowledge and skills. This reflects the fact that the main parts of the
book originated in a lecture series on biomedical optics given at the universities
of Heidelberg and Mainz in 2013-2016. Hopefully the publication will prove to
be a useful means of support in learning processes for senior researchers — who
are curious to understand ever more — as much as for coming generations of sci-
entists.

But there is another correlation between learning processes and the book that
you hold in your hands; it simply would not be there without the teachers I myself

XHi
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Preface

have had the privilege of being educated by. I want to express my sincerest grati-
tude to Prof. Dr. Christoph Cremer, one of the most eminent scholars in the field.
I cannot put into words what I have learned from him in the last years: Ich danke
Ihnen von ganzem Herzen. Many heartfelt thanks to Prof. Dr. Jorge Ripoll Lorenzo
for his incredible help and support, for his friendship and trust; evyapioted ndpa
1moAd, from you I have learned so much, especially how powerful ideas can really
be. Special thanks go to Prof. Dr. Rainer Heintzmann, not only for the fantastic
welcome he gave me at King’s College London during my time as a Marie Curie
Fellow on his research team but for his always helping hand as well as helping
mind and for our productive collaborations. I am also deeply grateful for all the
expertise, wonderful support, and great help provided to me by Prof. Dr. Vasilis
Ntziachristos. Thank you so much, Prof. Dr. Gerd Schonhense, for your excel-
lent counsel, for your encouragement, and for being my mentor during the ha-
bilitation process at the Johannes Gutenberg University in Mainz, Germany. And
I would like to extend my sincere gratitude to the (to me unknown) referees of
my habilitation for their support. I am also deeply indebted to Prof. Dr. Michael
Hausmann for his encouragement, wonderful help and guidance over the years.
I would like to express my deep gratitude to Dr. Waltraud Wiist and Dr. Marcel
Reuter from Wiley-VCH for their expertise and for making the book see the light
of day. And needless to say, this book could never have been written without the
support and encouragement from my colleagues, especially at the Core Facility
Microscopy, and the members of Prof. Cremer’s teams at the Institute of Molec-
ular Biology (IMB) Mainz and the Institute of Pharmacy and Molecular Biotech-
nology (IPMB) Heidelberg. Love to my families in Freiburg, Offenburg, Endingen
and Engen. Many thanks to you all.

“[O]nce a story is told, it cannot be called back. Once told, it is loose in the
world” [1]. This story of super-resolution microscopy is being set free in the hope
that it may do its job of providing an ever so small contribution to the generation
of new ideas in a self-reflexive and responsible manner, to the sharing of ideas in
a transcultural scientific community, and to finding applications that might one
day serve humanity or keep our environment healthy and alive.

Mainz, Germany, April 2017 Udo Birk
Reference

1 King, T. (2008) The Truth About Stories:
A Native Narrative, Univ. of Minnesota
Press, Minneapolis, 1st edn.
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any fluorescent protein, for example, GFP or YFP

yellow fluorescent protein

Xvil






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-

Super-Resolution Microscopy, 1. Edition. Udo J. Birk.
©2017 WILEY-VCH Verlag GmbH & Co. KGaA.. Published 2017 by WILEY-VCH Verlag GmbH & Co. KGaA.
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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 auflerhalb 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.

1.1
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:

mTA =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 . jium. = A/ (7 sin(@)). 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 ., ijjum.. From this Abbe derived his famous
formula for the resolution limit in optical microscopy [5]:

A

= i 1.2)

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

3
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(a)

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

27,1\°
; ) s (1.3)

I(v) = I (
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 = \/x2 + y2
by

v(r) = rzTnn sin(a) = rzTnNA. (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 diffraction 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

2
I () =1Isinc(Z) , (1.5)
axial 0 4

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:

21t NA?
u =

PRI
2
-, (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
ata 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 /;(v): As a numerical approximation we obtain
v(ry) =3.83,0r ry = 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 A

d_.. =r,=0.61 =0.61—. 1.7
min = To n sin(a) NA (1.7)

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]:

FWHM = 22L AU, (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 microscopy, 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 Jfooo I(v) dvis 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 diftraction on a “point source,” the imag-
ing process can be represented by

g = J F(")YPSEG, 1) dr (1.10)

where 7, 1’ 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 — r7), and the system is called linear shift invari-
ant (LSI). Equation 1.10 is then simply a convolution. The imaging process can
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Figure 1.2 Details from two photographs of  located toward the periphery. A schematic of
a mandarin orange tree. The left part depicts  the frequencies present in the image is illus-

the high-resolution data (a) and its Fourier trated in (c). The right part shows the same
transform (b). In the representation of the data recorded with lower resolution, i.e., with
Fourier transform, a decomposition of im- increased blur (d), together with its Fourier
age (a) in terms of “spatial frequencies” is transform (e). The reduction of fine structural
done. Average intensity and slowly varying details (i.e., lack of high-frequency content)
image features are represented in the cen- is apparent from the schematic outline of the
ter, while fine details (small structures) are 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.. .g. 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 OTE. 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-oft
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.
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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, ¢:

A~ h , (1.12)

€
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
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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-

TL

/

the OL, i.e., within the sample. Fluorescence
lightis 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 Cremerin 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

PSFtOt - PSFIH X PSFdet . (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].



