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Abstract Owing to its chemical specificity, high brightness, live-cell compatibility
and other favourable characteristics, fluorescence is ubiquitously used as a source of
contrast in biological microscopy. Fluorescence microscopes are also indispensable
for many fluorescence spectroscopy techniques, such as single-molecule spectros-
copy, fluorescence fluctuation spectroscopy and any form of fluorescence (micro)-
spectroscopy performed in-situ in living cells and organisms. This makes
fluorescence microscopy a key topic of this whole volume. This chapter aims at
providing a general introduction to the topic, describing a generic fluorescence
microscope and its essential components with more emphasis on objective lenses
and their role in determining the resolution of microscopy images. The differences
between widefield and confocal microscopes are explained and the later part of the
chapter introduces briefly other variants of fluorescence microscopy and approaches
to increase image resolution.

Keywords Confocal microscopy · Image resolution · Optical microscopy · Optical
sectioning · Super-resolution imaging

1 Introduction

Fluorescence is one of the most commonly used sources of contrast in biological
microscopy. Its uses range from the most routine assays, such as counting cells based
on fluorescently labelled nuclei or counting live and dead bacteria using live/dead
staining [1], to the most advanced forms of super-resolution or functional imaging
[2, 3]. Fluorescence as a source of contrast in biological microscopy owes its
popularity to several factors including:

1. Chemical specificity. Selective fluorescent labelling allows visualising the spatial
distribution of specific structures or molecules of interest. Some fluorescent labels
are specific to certain classes of molecules (for example DNA labelling dyes
[4, 5]) or to certain types of environment (for example lipophilic dyes accumu-
lating preferentially in non-polar environments such as lipid membranes or lipid
droplets [6, 7]). Besides this type of low-level specificity there exist various
labelling strategies to achieve more specific targeting. These include, for example
the use of fluorescently labelled antibodies or DNA sequences, genetically
encoding proteins of interest tagged either with fluorescent proteins or with
specific anchor sequences for fluorescent label binding [8–10]. Last but not
least, some biomolecules exhibit intrinsic fluorescence (for example
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photosynthetic dyes or metabolic cofactors) and can be specifically imaged by
fluorescence microscopy without the need for extrinsic labelling
[11, 12]. Although indispensable in fluorescence microscopy studies,
fluorophores and labelling strategies are beyond the scope of this chapter. More
information on this topic can be found in chapter “Choosing Fluorescent Probes
for Biology” of this volume.

2. Multiplexing capability. There exists a broad range of fluorophores with distinct
excitation and/or emission spectra. Since signals from spectrally distinct
fluorophores can be readily distinguished, it is possible to image simultaneously,
or nearly simultaneously, several species of molecules or structures of interest
selectively labelled by distinct fluorophores. Such images can be then used, for
example, to evaluate colocalisation between different species of proteins or other
biomolecules [13–15]. When linear spectral unmixing is used (see Sect. 2.2.1),
even signals from fluorophores with highly overlapping spectra can be separated,
allowing distinguishing of more than 100 different spectral signatures in fluores-
cence images [16].

3. Environmental sensitivity. Fluorescence brightness, spectra as well as fluores-
cence lifetimes of many fluorophores are sensitive to the fluorophore’s environ-
ment. This allows fluorescence microscopy to image distributions of, for
example, pH, polarity, viscosity, or the concentration of specific ions [17–19]
inside of living cells or multicellular organisms.

4. High brightness. Fluorescence is typically several orders of magnitude brighter
than Raman scattering, another source of chemically specific contrast in micros-
copy [20]. While fluorescence cannot compete with Raman scattering in the
amount of chemical information it provides, its high brightness allows on one
side direct observation of fluorescence in microscope eyepieces and, on the other
side, it permits imaging and tracking of individual fluorophore molecules.

5. Compatibility with living cells and organisms. Like most other forms of optical
microscopy, fluorescence microscopy is suitable for imaging living cells or
multicellular organisms. Low excitation intensities are often sufficient to obtain
enough fluorescence signal, resulting in low phototoxicity and making fluores-
cence microscopy suitable for live-cell and live-organism imaging over extended
periods of time [21, 22].

6. Technical simplicity and affordability. In its simplest forms, fluorescence micros-
copy can be performed with very simple optical microscope setups, which are not
fundamentally more complex than setups for brightfield optical microscopy, the
simplest and oldest form of optical microscopy. Various low-cost designs of
fluorescence microscopes or upgrades to brightfield microscopes have been
proposed, including lens-free designs [23–32]. The technical simplicity of fluo-
rescence microscope also ensures its straightforward combination with other
optical microscopy modalities [33, 34].

7. Super-resolution capabilities. While in its basic forms, fluorescence microscopy
offers the same resolution as other forms of optical microscopy, which means
diffraction-limited at the best (see Sect. 3.1 for more details), there exist a number
of techniques that allow fluorescence imaging with significantly better resolution.
Most of these techniques rely on some features specific to fluorescence
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microscopy such a switching of fluorophores between bright (fluorescent) and
dark states or sparsity of features typical for fluorescent images. For more details,
see Sect. 6 and chapter “STED and RESOLFT Fluorescence Nanoscopy”.

So far, when talking about fluorescence as a source of contrast in microscopy, we
have mainly considered fluorescence intensity as the source of contrast. Fluores-
cence intensity images inform us mainly about the spatial distribution of fluorescent
probes and fluorescently labelled molecules of interest in the specimen and can be
acquired even with the simplest forms of fluorescence microscopes. However, other
characteristics of fluorescence can be also used to generate contrast in fluorescence
microscopy and to provide different types of information about the system under
study. As examples we can mention fluorescence lifetime used in
fluorescence lifetime imaging microscopy (FLIM) (see chapter “Time-Resolved
and Polarized Spectroscopy” for more details), fluorescence anisotropy [35, 36],
fluorescence linear dichroism [37] or statistics of fluorescence intensity fluctuations
employed in fluorescence correlation spectroscopy (FCS) imaging (see chapter “2D
FCS Including Imaging FCS and Scanning FCS”).

The term microscopy is usually associated with imaging of microstructures.
However, fluorescence microscopes are also frequently used in non-imaging tech-
niques as a device to generate small, well-defined detection volumes essential in FCS
(see chapter “FCS and FCCS Principles and Applications”) and other single-
molecule fluorescence spectroscopies. While these techniques are often not gener-
ating images themselves, they frequently benefit from the imaging capabilities of
fluorescence microscopes for positioning the detection volumes into specific regions
of the specimen. This aspect has become more important as biomolecular studies
move from in-vitro settings to measurements performed directly in living cells and
organisms. Overall, these fluorescence spectroscopic or micro-spectroscopic tech-
niques can be seen as a form of fluorescence microscopy in a broader sense, bringing
us to the conclusion that this whole volume is dedicated largely to fluorescence
microscopy. As many of more specialised modalities of fluorescence microscopy
are, therefore, discussed in other chapters, this chapter limits itself only to general
basics of fluorescence microscopy.

2 Epifluorescence Microscope

The most common architecture of a fluorescence microscope is an epifluorescence
microscope, which employs episcopic, or in other words reflected light, mode of
observation. In practice this means that the excitation light is delivered to the
specimen by the same objective lens which is used for collecting the fluorescence
light. A generic (widefield) epifluorescence microscope is schematically depicted in
Fig. 1. An epifluorescence microscope can be built in an upright (the objective is
above the specimen) as well as in an inverted configuration (the objective is below
the specimen), whichever configuration is more suitable for the specimens of
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interest. The inverted configuration is preferred for imaging cells in culture dishes
and similar systems, where small objects are found close to the bottom of a dish filled
with a liquid medium. The upright configuration is more convenient for imaging
larger non-transparent objects, for example intravital imaging in rodents. Micro-
scope slides are easily imaged in either configuration. The schematic in Fig. 1 shows
explicitly an inverted microscope; turning the figure by 180° gives a schematic of an
upright microscope.

2.1 Light Sources

The excitation light in an epifluorescence microscope can be provided by lasers or
incoherent light sources, often referred to as lamps. Lasers are used in confocal
microscopy (see Sect. 4), while incoherent light sources are common in widefield
fluorescence microscopy with the exception of some specialised widefield
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Fig. 1 A schematic drawing of the main components of an inverted widefield (a) and confocal (b)
epifluorescence microscope. Refer to Sects. 2.1–2.4 for an explanation of the role of the individual
components. Green lines schematically illustrate rays of fluorescence emitted from an in-focus
fluorophore (solid lines) and an out-of-focus fluorophore (dotted lines). The rays from the in-focus
fluorophore are focused in the primary image plane producing a sharp (diffraction limited) image of
the fluorophore, while the unfocused rays from the out-of-focus fluorophore produce a blurry
background. Confocal aperture in the confocal setup (b) stops most of the out-of-focus fluorescence
from reaching the detector (see Sect. 4 for more details)
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modalities such as total internal reflection fluorescence (TIRF) microscopy (see Sect.
5.3). Mercury or Xenon arc lamps producing white light covering a broad spectral
range from ultraviolet (UV) to near infrared (NIR) used to be the most common light
sources in widefield epifluorescence microscopy. Mercury metal halide lamps
offered a similar spectrum with the advantages of a longer lifetime and easier
operation. However, all these lamps have been largely rendered obsolete by solid-
state light sources usually based on light-emitting diodes (LEDs). LEDs often emit in
relatively narrow spectral ranges (although white-light LEDs are also available);
therefore, LED-based light sources usually contain several LEDs which together
cover the whole desired spectral range. Their advantages include very long lifetimes,
high-intensity stability, high energy efficiency [38, 39] as well as fast modulation
capabilities [40]. Beside the high efficiency of conversion of electric energy to light,
solid-state light sources have three additional advantages which contribute to the
overall energy efficiency of the microscope:

1. LEDs can be switched on and off nearly instantaneously. Therefore, they can be
on only when excitation light is needed. In contrast, metal halide or arc lamps
have quite long warm-up times and cannot be switched off, for example, between
the acquisition of individual images; a mechanical shutter has to be used instead
to prevent the excitation light from reaching the specimen when it is not needed.

2. The output power of LEDs can be regulated electronically, hence they do not
need to emit at full power if only low excitation light intensity is required. Neutral
density filters or aperture stops are used to control the excitation light intensity
produced by metal halide or arc lamps, while the lamp itself emits at its full
power.

3. Only a narrow spectral band of excitation light is usually used at a time to
specifically excite certain fluorophores of interest. Since metal halide or arc
lamps produce white light covering a broad spectrum, the desired spectral band
is selected by an excitation filter (see Sect. 2.2.) which blocks the rest of the light
from reaching the specimen. Most of the output of the lamp is, thus, typically
wasted. On the other hand, since solid-state light sources usually contain multiple
LEDs, each emitting only in a relatively narrow spectral band, only the LED
emitting in the desired spectral band can be turned on.

The combination of nearly instantaneous on and off switching and narrow
spectral bands (see points 1 and 3 above) makes LED-based light sources well suited
for very fast multi-channel fluorescence imaging. Rapid switching between different
excitation spectral bands, without the need for any mechanically moving parts,
enables nearly simultaneous selective excitation of different fluorophore species in
the specimen. To fully benefit from the high speed of excitation band switching,
there must be no other mechanical movements involved in switching between
different fluorophore channels; the microscope, therefore, needs to be equipped
with a main beamsplitter and an emission filter that is suitable for all the fluorophores
of interest (such as a polychroic mirror or a partially reflective mirror and a multi-
band emission filter; see Sect. 2.2 for more details).
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2.2 Beamsplitters and Filters

Light from an excitation light source (see Sect. 2.1) passes through an excitation
filter to select the desired excitation spectral window. Excitation filters are not
needed if the light source emits only in a narrow spectral band such as is the case
with most lasers and some LEDs. In setups with multiple laser lines available for
excitation, acousto-optical tuneable filters are sometimes employed instead of exci-
tation filters to select a desired laser line or a combination of lines. Together with the
ability of rapidly switching the excitation laser lines, they offer an additional
capability of fast modulation of a laser line intensity [41].

The excitation light is then reflected by a beam splitter, the main or primary beam
splitter, to the microscope objective. Fluorescence emitted by the specimen is
collected by the same objective and passes through the primary beam splitter in
order to reach the detection device, for example a digital camera or human eye. The
primary beam splitter thus plays the key role of separating the excitation and
emission light paths. It is usually a dichroic mirror which reflects light of wave-
lengths shorter than a cut-off wavelength and transmits light of longer wavelength.
The separation is, therefore, based on the well-known phenomenon of Stokes shift,
the red shift of a fluorophore’s emission spectrum compared to its excitation
spectrum. It is a very efficient way of separating the emission and excitation paths
since the losses of emission as well as excitation light are minimal on a properly
chosen dichroic mirror. The disadvantage of a dichroic mirror with a single cut-off
wavelength is its limitation to a specific spectral window. When a specimen labelled
by multiple, spectrally distinct fluorophores needs to be imaged, a different dichroic
mirror has to be used for each fluorophore, which slows down the acquisition speed.
This limitation is overcome by polychroic mirrors, which have several alternating
reflection and transmission bands. They allow simultaneous or nearly simultaneous
(for example with a light source allowing very fast switching of excitation spectral
bands; see Sect. 2.1) excitation of distinct fluorophore species. Polychroic mirrors
with 2 to 4 bands are commonly used in fluorescence microscopy and mirrors with
higher numbers of bands are also available. With increasing number of spectral
bands, the transmissive spectral windows have to be narrower, which reduces the
amount of fluorescence light that can reach the detection device. The loss in
fluorescence signal tends to be more prominent for fluorophores with broader spectra
that are more likely to stretch further over the other reflective spectral bands.

Where full flexibility in the choice of excitation wavelengths and their combina-
tions is important, an acousto-optical beam splitter can be used as the primary beam
splitter [42]. The device acts as a polychroic mirror with arbitrarily tuneable reflec-
tion and transmission bands. The drawbacks are the increased cost and complexity of
such a setup. Alternatively, a broad-band partially reflective mirror (for example
with 10% reflectivity and 90% transmissivity across the whole visible spectrum) can
be used as a low-cost alternative in such cases. Similarly to an acousto-optical beam
splitters, it is suitable for any combination of excitation and emission bands. Its low
efficiency in delivering excitation light to the objective can be compensated by
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increasing the excitation light source power. If the excitation source is powerful
enough, even lower reflectivity to transmissibility ratios can be used to minimise the
loss of fluorescence light on the beamsplitter. A limitation lies in its lack of spectral
selectivity. Reflected or back-scattered excitation light passes the mirror equally well
as fluorescence and all the burden of blocking the unwanted excitation light then
falls on the element which typically follows after the primary beam splitter – an
emission filter.

The role of the emission filter is to block unwanted reflected and scattered
excitation light from reaching the detection device and to define the spectral band
in which fluorescence is detected. It, therefore, increases the specificity of detecting
the fluorescence signal of interest. Similarly to dichroic and polychroic mirrors, there
exists a range of long-pass, single band-pass and multiple band-pass filters. Fluo-
rescence spectra are usually quite broad, spanning ranges often exceeding 100 nm;
therefore, compromises are usually needed between the requirements of specificity
(enhanced by narrow-band filters) and maximising collected signal (increasing with
broader transmissivity bands of the filters). When we want to specifically image
individual fluorophore species in a specimen labelled by multiple fluorophore
species, selective excitation of individual species by light of appropriately selected
wavelengths applied one at a time is usually more efficient and preferred compared
to attempting emission signal separation by narrowing down the emission filter
transmission bands. When multiple fluorophore species are excited by the same
wavelength, it is often impossible to detect the signal from an individual fluorophore
species only, without contamination with signal from the other simultaneously
excited species (so-called spectral crosstalk). Linear spectral unmixing introduced
in Sect. 2.2.1 may be necessary in such a case to separate contributions from the
individual fluorophore species.

Matched sets including an excitation filter, a dichroic or polychroic mirror and an
emission filter, for a certain spectral range of fluorescence, are commonly mounted
in filter cubes. The whole filter cubes are then exchanged when switching between
fluorophores, either by rotating a filter cube turret or translating a filter cube slider. In
some setups, excitation filters, beam splitters and emission filters are mounted in
separate turrets and can be thus freely combined. This flexible arrangement is
advantageous when two fluorophores (or a single environmental sensitive probe in
two different environments) excited by the same wavelength but emitting at different
spectral windows, which means exhibiting different Stokes shifts, are present in the
specimen. A single excitation filter and dichroic mirror alongside with two different
emission filters are sufficient in this case. An example is probing lipid membrane
organisation with Laurdan, which changes its emission spectrum in response to the
membrane phase [43].

In some cases, for example when the process under study is very fast, it is
necessary to capture the signal from multiple fluorophores truly simultaneously.
Polychroic mirrors as main beam splitters can help in such cases by enabling
simultaneous excitation in different spectral bands; however, a single multi-band
emission filter and a single-detection device are not sufficient in this case since they
would not allow separation of the signals from individual fluorophores. Multiple
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detection devices are needed, each collecting light in a different spectral window.
Secondary dichroic beam splitters and emission filters are then usually employed to
spectrally separate the fluorescence signals. The individual detection devices can be,
for example separate digital cameras or separate portions of the chip of a single
camera. The latter approach, beside reducing the cost of the setup by decreasing the
number of cameras needed, is advantageous in situations where the final experiment
output is sensitive to camera noise characteristics, such as in fluorescence fluctuation
spectroscopies [44]. Its obvious limitation is a reduction of the accessible field
of view.

The choice of beam splitters and filters is an important step in a fluorescence
microscopy experiment design. The choice is based on the excitation and emission
spectra of fluorophores used to label the specimen, with the goals of maximising the
portion of the emission spectrum detected and, in the cases when multiple
fluorophore species are used, of minimising the spectral crosstalk between individual
spectral channels. Fluorophore spectra databases are a useful tool for this task [45].
Note that matching the detection spectral window to the emission spectrum of a
fluorophore is more important than matching the excitation wavelength to the
fluorophore’s excitation spectrum maximum. The reduced excitation efficiency,
when using a wavelength outside of the excitation spectrum maximum, can be
compensated by increased excitation light intensity. Light which is not absorbed
by the specimen is not likely to cause it any harm. Therefore, if the excitation light is
not strongly absorbed by other molecules in the specimen than the fluorophores of
interest, the risk of photodamage and phototoxicity scales with the excitation rate of
the fluorophores rather than the excitation light intensity itself. On the other hand,
there are no easy ways to compensate for fluorescence light lost on sub-optimally
chosen filters or beam splitters, other than, for example, extending image integration
times (and thus the duration of the experiment), detection gain (and thus the noise in
the image) or fluorophore excitation rate (and thus the risk of increased fluorophore
bleaching and photodamage of the specimen).

Spectral crosstalk is minimised by selecting fluorophores with spectrally well-
separated emission and/or excitation. However, the more different fluorescent labels
are present in the specimen, the smaller the spectral separation between them can be,
eventually leading to the presence of fluorophores with overlapping spectra. In such
cases, dichroic mirrors and optical filters are not sufficient to unambiguously sepa-
rate signals from such fluorescent labels. Linear spectral unmixing can be a solution
to this problem.

2.2.1 Linear Spectral Unmixing

We assume that the fluorescence emission spectrum of a mixture of fluorophore
species is a linear combination of emission spectra of the individual species weighted
by the relative abundance of each fluorophore species. If we acquire a multi-channel
image with C fluorescence channels, then in each pixel of the image, we get the
following intensities in each channel:
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Ic =
XS

s= 1

Mcs ws

Index c denotes the fluorescence channel and goes from 1 to C, index s identifies
the fluorophore species and goes from 1 to S, the number of the fluorophore species.
ws is the weight with which s-th fluorophore species contributes to the overall signal,
or in other words, the relative abundance of the s-th fluorophore in the mixture. Mcs

are the elements of the so-called mixing matrix which describes the contribution of
each fluorophore species to the individual channels, that means their normalised
spectral signatures. The mixing matrix can be found by acquiring images (with the
same set of C channels) in samples containing each a single fluorophore
species only.

By measuring the signal in all C channels, we obtain a set of C equations for
S unknown weights ws. This set of equations can be unambiguously solved only
when C is larger than or equal to S. This means we need at least as many channels as
we have fluorophore species. The unknown weights ws are then obtained from the
following equations:

ws =
XC

c= 1

Usc Ic

Usc are the elements of the unmixing matrix, which can be found by matrix
inversion (in the case when C = S) or pseudo-inversion (when C > S) of the mixing
matrix. Finding the weights ws for all pixels in the image gives us a new multi-
channel image of S channels, each channel corresponding to the distribution of a
single fluorophore species.

When spectra of two fluorophore species, i-th and j-th, are heavily overlapped, the
corresponding mixing matrix elements Mci and Mcj are likely very similar for all
channels c, compromising the reliability of the unmixed weights wi and wj. Increas-
ing the number of channels Cmay help in such cases by leveraging subtler difference
in the fluorophore spectra. On the other hand, higher number of channels C implies
narrower spectral bands for each channel, resulting in lower signal in each channel
and, therefore, in compromised signal-to-noise ratio. Lower signal-to-noise ratio is
another factor increasing the uncertainty in the unmixed weights.

Because we have assumed a linear mixing model, where the spectrum of a
mixture of fluorophore species is a linear combination of spectra of the individual
species, linear spectral unmixing fails where this assumption is not met. This is, for
example the case of saturated pixels. If the pixel value in a channel exceeds the
dynamic range of the image, the value is clipped at maximum of the dynamic range.
This affects the ratios between intensities Ic in different channels and leads to
incorrect weights ws. The more a fluorophore species contributes to the saturated
channel, the more will its weight be underestimated.

In some cases, the mixing matrix Mcs is not known. For example, when working
with a sample exhibiting multiple spectral patterns of autofluorescence, it is not
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possible to measure spectra of each autofluorescence component separately. For
such situations, various blind spectral unmixing algorithms have been proposed,
which estimate spectral signatures of the individual fluorophore species based on the
distribution of mixed spectra present in individual pixels of the image [46, 47].

2.3 Image Formation

So far, we have not touched on the image-forming optics, which form the core of any
optical microscope. As mentioned earlier, in epifluorescence microscopy, the objec-
tive lens has the double role of delivering excitation light to the specimen and of
imaging the emitted fluorescence. Modern optical microscopes use the so-called
infinity-corrected optical system. In this system, the objective lens, called infinity-
corrected objective lens, is not used alone to produce the magnified image. Instead, it
collimates rays originating from the focal plane. The collimated, that means parallel,
rays are then focused by another lens, called tube lens, to produce a magnified image.
Optical filters and beamsplitters are typically located in the so-called infinity space
between the objective lens and the tube lens. Since the fluorescence light is colli-
mated in this space, plan parallel optical elements such as optical filters do not
disturb its wavefront. The image formed by the tube lens, called the primary image,
can be then viewed by the microscope eyepiece or captured by a spatially resolved
detector such as a digital camera, with its sensor positioned in the primary image
plane. In some setups, though, the image formed by the tube lens is relayed to the
camera sensor by a telescope (a pair of lenses) to increase or decrease the magnifi-
cation of the image or to gain space for other optical elements such as secondary
beamsplitters and filters.

Objective lenses are critical in determining the quality and resolution of micros-
copy images. Because of its central importance, the whole Sect. 3 is dedicated to this
topic.

2.4 (Widefield) Image Detection

The last component in the detection optical path is the detection device itself. As we
said above, in widefield epifluorescence microscopy, it is usually a spatially resolved
sensor, or in other words a digital camera. Such a sensor is a two-dimensional array
of small photosensitive elements, which we can call the physical pixels of the sensor,
or pixels for short in the context of this section which is dedicated to camera sensors.
In other context the term pixel can also refer to image pixels, the unit building blocks
of a digital image. While those two are clearly linked (typically the intensity values
of image pixels are proportional to the signal detected by the camera physical pixels),
there is a conceptual distinction between them.
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For fluorescence microscopy, monochrome cameras are usually preferred
because of their higher sensitivity. A typical colour camera sensor contains pixel-
level colour filters that make different physical pixels sensitive to light of different
colour. In the usual Bayer pattern, in a group of 4 (2 × 2) neighbouring physical
pixels, one is sensitive to blue light, one to red light and two are sensitive to green
light [48]. Since the spectral bands for fluorescence detection are typically defined by
the emission filters, the spectral information provided by a colour camera is redun-
dant and the pixel-level colour filters only lead to additional signal losses. Further-
more, red or blue fluorescence is detected only by a fourth of the physical pixels
(1 pixel in each group of 4), resulting in a correspondingly reduced sensitivity in that
part of the spectrum.

The first digital camera technology that become widespread in fluorescence
microscopy were charge-coupled devices (CCDs). A CCD sensor is an array of
metal-oxide-semiconductor (MOS) capacitors that are charged by photoelectric
effect when exposed to light. These capacitors form the physical pixels of the sensor
and their pitch in the array is the physical pixel size. The charges are then converted
to voltage by a charge amplifier and the voltage is then digitised. A usual CCD uses a
single charge amplifier for the whole chip, which means that the charges from all
pixels need to be transferred to a single readout point. This is achieved by applying
external voltage, which induces the charges to hop to a neighbouring pixel. Charges
from whole lines of pixels are transferred in this way to the neighbouring lines. The
line on the edge of the sensor area is transferred to a readout register in which the
charges are moved towards the charge amplifier in a direction perpendicular to the
line transfer direction. Once the charges from all pixels in the readout register have
been read one by one, all lines are again shifted by one step, and a new line enters the
readout register. This is repeated until each line has been read in the readout
register. The process can be quite time-consuming for sensors with large pixel
numbers and, unless a mechanical shutter is used, may result in image smearing
caused by exposing the camera while the lines of pixels are being shifted towards the
readout register. To avoid the need for a mechanical shutter, different CCD archi-
tectures with masked pixels have been developed. An interline CCD uses a sensor
chip with every second row of pixels covered by an opaque metal mask. The charge
accumulated in the active, non-masked, rows of pixels is transferred to the masked
rows and then shifted to the readout register and read out while the next frame is
being collected by the active rows. The disadvantage is the reduction of the sensor
fill-factor to 50%. This can be partially compensated by the use of micro-lens arrays
that focus the light to pixels in the active rows. In a frame transfer CCD, half of the
sensor chip is covered by an opaque metal mask. The lines are quickly transferred to
the masked area and then read out through the readout register while the next frame
is being collected in the non-masked part of the sensor. This design ensures full fill-
factor of the sensor at the cost of using a chip of twice the size. As such it is preferred
in low-light applications, where high sensitivity is more important than low cost.

Among the advantages of CCDs are high quantum efficiency (QE, the fraction of
incident photons contributing to charge generation), which can reach values above
90% and high uniformity of pixel noise characteristics ensured by using a single
charge amplifier for all pixels [49, 50].
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A modification of CCD sensor called electron-multiplying CCD (EM-CCD) was
developed to increase the signal at very low-light levels. An amplification register,
through which the charges pass on their way to readout, is added to the chip. High
voltage is used to shift electrons in this register resulting in impact ionisation
similarly to what happens in an avalanche photodiode. The higher the applied
voltage in the amplification register, the larger the gain in electron number. Although
the amplification is an additional source of noise, the large gain in signal it provides
leads to significant improvements in signal-to-noise ratio at low-light levels.
EM-CCDs thus became the sensors of choice for single-molecule fluorescence,
calcium imaging and other low-light applications [51–54].

An alternative digital camera technology, which has become increasingly wide-
spread in fluorescence microscopy, is complementary metal-oxide-semiconductor
(CMOS) sensors. Their principal difference from CCDs lies in the fact that in a
CMOS sensor, each pixel is equipped with its own charge amplifier. This makes
charge readout from CMOS sensors faster than from CCDs; however, it also means
that part of the sensor active area is lost to charge amplifier transistors. This problem
can be partially solved by micro-lens arrays focusing light to the active area of each
pixel. Another potential problem associated with pixel-wise readout is the
non-uniformity in amplification and in noise caused by variations between the
amplifiers at individual pixels. This used to limit the spread of CMOS sensors in
scientific applications until the arrival of so-called scientific-grade CMOS (sCMOS)
sensors, which feature low readout noise and high quantum efficiencies that do not
lag behind CCDs. Another important development in CMOS sensor technology was
the integration of field-programmable gate arrays which can be programmed to
correct for sensor-specific pixel-to-pixel variations (such as so-called hot pixels or
fixed-pattern noise) caused by non-uniform performance of the individual amplifiers
[50, 55]. All these developments have made current CMOS sensors a viable alter-
native to CCDs and EM-CCDs. Being easier and cheaper to manufacture, especially
at large formats, cameras with CMOS sensors have become the mainstream choice in
fluorescence microscopy, pushing CCDs and EM-CCDs to the position of a niche
technology reserved for highly specialised applications. sCMOS sensors are suc-
cessfully used in single-molecule fluorescence and even low-cost industrial CMOS
cameras or cell phone CMOS cameras have been shown to be capable of single-
molecule detection [56–60].

3 Objective Lenses and Image Resolution

As mentioned in Sect. 2.3, the objective lens is a key component of any optical
microscope and its performance determines the quality of the magnified image.
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3.1 Resolution of a Fluorescence Microscope

The purpose of a microscope is to observe small details of the imaged objects. The
resolution or resolving power of a microscope, that is the dimension of the smallest
detail of the object that can be resolved in the image, is therefore a key indicator of
the microscope performance. The higher the resolution, the smaller are the resolv-
able details, the better. Let us define for simplicity the resolution as the smallest
distance between two parallel straight lines that can be resolved as separate lines.
This is straightforward enough in theory, less so in an experiment at very high
resolutions, where no resolution targets with parallel straight lines of well-defined
spacing are readily available. Various approaches how to experimentally measure
the resolution in such cases have been developed [61–70], but we will not enter into
this topic here.

To characterise the resolution of a fluorescence microscope or in general any
optical microscope, we will introduce the concept of the microscope’s point spread
function (PSF) defined as the image of a point-like object. A hypothetical perfect
optical system images each point-like object as a single point, resulting in what we
can call a geometrically perfect image. This is however not the case of real optical
systems for reasons which we will discuss further.

This concept is particularly relevant in fluorescence microscopy, where each
individual fluorophore in the specimen is an independent light source of negligible
dimensions. A fluorophore can be approximated as a self-luminous point the image
of which is the PSF. The image captured by the microscope is then the sum of images
of all fluorophores within the field of view, that means a weighted (by brightness of
individual fluorophores) sum of PSFs centred each at the geometrically perfect
image of the respective fluorophore. This is mathematically described as a convo-
lution of the geometrically perfect image with the PSF.

Such convolution results in blurring of the image; the broader the PSF, the more
blurred becomes the image. Let us consider the hypothetical parallel straight lines;
the image of each individual line will not be an infinitely thin geometrical line; it will
have the width of the PSF (see Fig. 2). If we start from an infinitely thin line and keep
broadening the PSF or decreasing the distance between the lines, the images of the
lines will be increasingly overlapped as the PSF width increases with respect to the
distance between the lines, until at some point it will not be possible to tell whether
there are two closely spaced lines or just a single line.

The next question is what a microscope PSF looks like and by what factors is it
determined. To answer it, we need to consider the nature of light as electromagnetic
waves. When they propagate through apertures, waves exhibit phenomena referred
to as diffraction. Since a microscope objective lens has a finite diameter, it represents
an aperture in the optical system and the PSF can be described using the theory of
diffraction on a circular (typical cross-section of objective lenses) aperture. The
theory predicts that the PSF has the form of an Airy function, which consists of a
main central peak and decaying concentric rings. Most of the photons contributing to
the image are concentrated in the central peak of the Airy function, making it
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possible to approximate the microscope PSF by a Gaussian function. The smaller the
aperture is, the stronger is its effect on the propagation of the waves and the broader
is the central peak of the PSF. From what we said earlier, this also means the lower is
the resolution.

From the theory of diffraction of light on a circular aperture, it follows that the
radius of the PSF central peak RPSF, that is the radial distance between the maximum
of the peak and the first minimum of the Airy function is:

RPSF = 0:62
λ
NA

Where λ is the wavelength of the detected light, the florescence wavelength in this
case, and NA is the numerical aperture of the objective lens. Because of its influence
on the microscope resolution, NA is a key parameter of microscope objective lens
performance, and we will discuss it more in Sect. 3.2.

Considering the effect the PSF has on the image of the hypothetical parallel
straight lines (see Fig. 2), we can deduce that the microscope resolution d, that is the
smallest distance between two lines, at which they can be resolved as separate lines,
is proportional to RPSF:
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Fig. 2 Diffraction-limited resolution limit illustrated on simulated images of two thin parallel
fluorescent lines (a–c) and the respective intensity profiles along the direction perpendicular to the
fluorescent lines (d–f). The PSF width is RPSF = 339 nm. The first case (a and d) corresponds to the
Rayleigh criterion with distance between lines d = 339 nm, the second case (b and e) to Sparrow
criterion (d= 264 nm) and the last case (c and f) to unresolved lines at d= 200 nm. The dimensions
of the images are 1,600 × 1,600 nm. The PSF was for simplicity approximated by a Gaussian
function. Intensities in the plots of intensity profiles are shown in relative units
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d= q RPSF

The commonly used Rayleigh resolution criterion uses q = 1, which means the
lines are considered resolvable if the maximum of one PSF coincides with the first
minimum of the other PSF [71, 72]. This may be unnecessarily strict, and we may be
able to resolve the two lines as separate even if the centres of the respective PSFs are
slightly closer. Ernst Abbe in his seminal work [73] derived a formula for micro-
scope resolution, which corresponds to a slightly smaller q:

d=
λ

2 NA

Another commonly used criterion, Sparrow criterion, considers the line to be
resolvable as long as the intensity profile along a direction perpendicular to the two
fluorescent lines contains two separate maxima with a minimum in between, leading
to q of approximately 0.78 (see Fig. 2b, e). In other words, there has to be a dip, no
matter how small, in the intensity profile, in order to resolve the lines as separate
[71, 72]. This can be considered as an ultimate limit to the resolution. Once the PSFs
overlap to such an extent that the intensity profile contains just a single maximum,
there is in principle no way how to tell that the image originates from two separate
lines and not just from a single, possibly thicker, line (see Fig. 2c, f).

Considering the dip in the intensity profile brings us also to the influence of
signal-to-noise ratio on the image resolution. As the distance between the fluorescent
lines decreases, so does the difference between the maxima of the intensity profile
and the local minimum in between them. When this difference, the depth of the dip,
is smaller than the noise in the image, it may not be possible to resolve the dip in the
intensity profile and hence to resolve the two fluorescent lines. Sparrow criterion
may be therefore perceived as a limit which applies when the signal-to-noise ratio of
the image approaches infinity.

Our discussion here dealt only with resolution of two lines which are both in the
focal plane, or in other words with the lateral resolution of the microscope. Similar
considerations apply also to the resolution along the optical axis. The axial resolution
of a microscope objective lens is also determined by its NA. For practical purposes, we
can consider the diffraction-limited resolution of a high NA objective to be approxi-
mately 0.2 μm in the lateral and approximately 0.6 μm in the axial direction [71].

3.2 Resolution and Optical Aberrations

The diffraction-limited resolution introduced in the preceding section can be achieved
only with an objective lens well corrected for optical aberrations such as astigmatism,
field curvature and spherical and chromatic aberrations. From a microscope user’s
perspective, the last two aberrations are the most important to be aware of.

Chromatic aberration stems from the dependence of refractive index on wave-
length of light, known as the chromatic dispersion of a material. Chromatic
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dispersion of optical glass results in wavelength dependence of the magnification
(lateral chromatic aberration) and focal length (axial chromatic aberration) of a lens.
Designers of microscope objectives combine lenses made of glass with different
chromatic dispersion to produce a lens assembly with minimal chromatic aberration.
Increasing the number of lenses in the assembly allows them to match the magni-
fication and focal length for more individual wavelengths and maintain sufficiently
small chromatic aberration for any wavelength in between. Based on the number of
wavelengths for which the aberration is corrected, microscope objective lenses are
grouped into three categories: Achromats (2 wavelengths), Semi-apochromats or
Fluars (3 wavelengths) and Apochromats (≥ 3 wavelengths with stricter limits on the
residual aberration) [72, 74]. Besides the number of individual wavelengths for
which the chromatic aberration is cancelled out, the different classes of objectives
also differ in the spectral range over which the chromatic aberration correction
extends. Objectives with a higher class of chromatic aberration correction may be
needed when imaging multiple fluorescence channels spanning the whole visible
spectrum or even exceeding the visible range, for example to near infrared.

Typically, the residual axial chromatic aberration (see Fig. 3) of corrected objec-
tive lenses is more pronounced than the lateral one. In widefield microscopes, the
residual axial chromatic aberration can be easily compensated for by adjusting the
objective to specimen distance for each channel. This is very straightforward with a
motorised microscope, where this task can be automated and does not require the
operator’s intervention when switching fluorescence channels. It is of course essen-
tial to determine correctly the necessary focus shifts, for example by taking images
of fluorescent beads labelled by multiple fluorophores which cover all the channels
of interest (ideally in the same medium and sample carrier which are used in the
actual experiments). This simple solution is, however, not always applicable to
confocal microscopy, as we will mention in Sect. 4.4, making apochromatic objec-
tives a preferred choice for confocal imaging.

Spherical aberration is inherent to all optical elements with spherical surfaces,
which is the case of nearly all lenses. It is manifested by PSF broadening and
therefore, by image blurring and loss of contrast. The general correction strategy
relies on combining lenses with positive and negative spherical aberration to produce
an assembly with minimal overall aberration. The aberration is wavelength depen-
dent and similarly to chromatic aberration correction, in an apochromatic lens, the
aberration is corrected for more individual wavelengths than in an achromatic lens
[72, 74]. Beside the optical path within the objective lens, spherical aberration in the
image is also affected by the optical path outside of the lens, particularly the part
between the fluorophore and the objective lens. Here in general, the light propagates
through the specimen, through a coverglass and through an immersion medium,
which fills the space between the coverglass and the objective front lens. Of course,
in some case there may be no coverglass in between the specimen and the objective
lens, which case can be generalised as containing coverglass of zero thickness, or the
“covereglass” may not be made of glass but, for example, of polystyrene. Objective
lenses are designed to work with (generalised) coverglass of a particular thickness
and refractive index and with immersion medium of a particular refractive index.
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Spherical aberration correction is compromised if either the coverglass or the
immersion medium differ from the expectations. The effect increases with the
objective NA. Many higher NA (> 0.5) lenses are therefore equipped with a
correction collar that allows the user to tune the spherical aberration correction to
work optimally with coverglass of different thickness and material and/or with
different immersion media [72]. There are, for example, objectives which can be
used with water, glycerol, or microscopic oil as immersion, as well as air immersion
objectives which can accommodate a broad range of coverglass thickness from 0 to
1.2 or 1.5 mm. The quality of images produced by low NA objective lenses depends
only marginally on the coverglass thickness; therefore, such lenses are usually not
equipped with adjustable correction.

Other than the immersion medium and the coverglass, the specimen itself and its
optical properties affect the spherical aberration correction [75]. In general, the
correction performs the best if there is no refractive index difference between the
specimen and the immersion medium. For this reason, specimens for high-resolution
microscopy are often mounted in media with carefully tuned refractive index

tube lens

primary image plane
A

B

Fig. 3 A schematic illustration of axial chromatic aberration. Fluorophores located in the same
plane in the specimen but emitting in different spectral regions are not imaged by the objective lens
to the same plane. Thus, if fluorophores emitting in one spectral region, for example the green
region (a), are sharply focused in the primary image (which also means that the rays of light emitted
by them are collimated in the infinity space between the objective lens and the tube lens),
fluorophores emitting in the other spectral regions are blurred. By refocusing the objective,
fluorophores emitting in another spectral region, for example blue (b), can be brought into focus
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[76]. The effects of the specimen refractive index increase with the length of the
optical path within the specimen, or in other words, with the depth within the
specimen at which we focus. When imaging, for example, a specimen in an aqueous
medium, at shallow depths (units of μm), an oil immersion objective is likely to
slightly outperform a water immersion one because of the former’s higher NA;
however, at larger depths (10s of μm and more) a water immersion objective is
likely to largely outperform an oil immersion counterpart because of the increasing
spherical aberration in the latter case.

Since the specimen-induced aberrations are specific to the specimen, more pre-
cisely to a specific location within the specimen, no generic correction scheme can be
incorporated in the design of the objective lens. Adaptive optics offer a possible
solution as they allow to tune to correction for each individual location in the specimen
and different strategies have been developed for finding a good correction without
adding too much to the time needed for image acquisition [77–80].

3.3 Objective Lens Numerical Aperture

NA of an objective lens is defined as the product of the immersion medium refractive
index n and sinθ, where θ is the largest possible half angle of the cone of light that
can enter the objective lens:

NA= n sinϑ

The importance of the refractive index of the medium is illustrated in Fig. 4. It
shows how rays of light are bent by refraction on interfaces between media of
different refractive indices, as described by Snell’s law. In this way, the oil immer-
sion objective working with immersion medium of a higher refractive index effec-
tively collects light emitted by the fluorophore into a larger solid angle. This means
that the larger the NA, the higher is the objective’s light collection efficiency and the
brighter is the image formed by such a lens. This is a very important consideration in
fluorescence microscopy where the photon budget is limited.

As we noted in Sect. 3.1, NA also determines the resolution of the objective lens.
This, together with its impact on light collection efficiency, makes NA probably the
single most important parameter describing objective lens performance. The influ-
ence of objective NA on microscope resolution follows also from an information-
theory point of view. Higher resolution means higher information contents of the
image; since photons are the information carriers in optical microscopy, collecting a
larger portion of all photons emitted by the fluorophores in the microscope field of
view does not increase only the brightness but also the resolution of the image.

From geometrical considerations, it follows that to maximise NA, it is necessary
to minimise the distance between the fluorophore and the objective front lens, that is
the working distance of the objective. This is not always possible because of steric
constraints imposed by the specimen. In some situations, where long working
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distance of the objective lens is necessary, NA has to be compromised and together
with it the light collection efficiency and the resolution of the objective.

From the definition of NA, it is clear that since sinθ < 1, NA< n. This is true for a
single-objective lens. However, by using multiple objective lenses, each with
NA < n, it is possible to construct a microscope with overall higher NA, equal to
the sum of the NAs of the individual objectives. In this way light emitted by the
fluorophores into a larger solid angle can be collected and the resolving power of the
microscope enhanced. This approach is referred to as 4Pi-microscopy in allusion to
the full solid angle of 4 π, an ultimate goal that is in practice not achievable. High NA
objective lenses tend to be quite bulky limiting practically the number of objectives
that can be thus combined to two in most cases [71, 81, 82].

3.4 Resolution and Image Pixel Size

So far, we have only considered the details resolvable in the image generated by the
microscope optics in the primary image plane. There is, however, one more step
involved in capturing the image, which can also affect the resolution of the final
digital image. In a widefield microscope, the primary image is captured by a camera
sensor consisting of discrete physical pixels. Features in the primary image that are
detected by a single physical pixel are not resolvable in the digital image. To discuss
this topic, we will introduce the projected pixel dimension pS, which is the physical
pixel pitch pC divided byM, the microscope’s total magnification (the product of the
magnifications of the objective lens and any additional magnifying or demagnifying
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Fig. 4 A schematic illustration of the influence of the refractive index of the immersion medium on
the light collection efficiency of an objective lens as expressed by the objective’s NA. As the rays of
light pass across interfaces between different media, the product n sin θ remains constant as
predicted by Snell’s law. As a result, an oil immersion objective (a) can collect light emitted by
the fluorophore into a larger solid angle than a similar air objective (b)
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optics between the objective lens and the camera). It is, therefore, the dimension of
the area in the sample, which is captured by a single camera pixel. Let us again
consider the case of the two parallel lines, this time separated by a distance larger
than the diffraction-limited resolution. As seen in Fig. 5c and f, when pS is larger
than half of the distance between the lines, the lines appear as a single line in the
image. This is a demonstration of the Nyquist-Shannon sampling theorem. A
diffraction-limited image is therefore obtained only if pS is smaller than half of the
resolution limit d, or in other words:
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Fig. 5 The influence of the projected pixel size on image resolution illustrated on simulated images
of two thin parallel fluorescent lines (a–c) and the respective intensity profiles along the direction
perpendicular to the fluorescent lines (d–f). The simulated situation is identical to that shown in
Fig. 2 a and d (the PSF width is RPSF = 339 nm and the distance between the lines d = 339 nm);
however, this time the effect of different projected pixel size ps is simulated. Images and intensity
profiles for ps= 103 nm (a and d), 152 nm (b and e) and 167 nm (c and f) illustrate that the two lines
can be resolved only if ps is smaller than half of the distance between the lines. It should be noted
also that in the case of pixel-size limited resolution, it is the distance of features in the primary
image, rather than the distance of the actual structures in the specimen that matters. The overlap of
the PSFs results in the intensity maxima being closer to each other (approximately 318 nm) than the
distance of the underlying thin lines. The same effect can also lead to overestimation of resolution if
it is measured directly as the shortest distance between resolvable features in an image. The
dimensions of the images are 1,600 × 1,600 nm. The PSF was for simplicity approximated by a
Gaussian function. Intensities in the plots of intensity profiles are shown in relative units
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4 Confocal Microscopy

One of the weaknesses of widefield epifluorescence microscopy, which we have
discussed so far, is its susceptibility to high background originating from out-of-
focus planes, especially when imaging thicker specimens. The cause of this problem
is illustrated in Fig. 1a. Fluorescence is excited in the whole volume of the specimen
that is illuminated by excitation light, which means that fluorophores in planes below
and above the focal plane emit as bright fluorescence as fluorophores in the focal
plane. Rays of light emanating from a fluorophore in the focal plane are collimated
by an infinity corrected objective lens and then focused by a tube lens to the plane of
a camera sensor, where they generate, in the ideal case, a diffraction-limited spot, the
PSF of the microscope. Fluorophores located at different positions in the focal plane
are imaged as PSFs at different positions in the plane of the camera sensor and
together all these PSFs add up to a sharp, meaning diffraction limited, image.
However, rays coming from fluorophore in out-of-focus planes are not collimated
by the objective lens, they are either divergent or convergent in the infinity space. As
a result, the signal from such fluorophores is spread over larger areas in the plane of
the camera sensor, contributing blurry background to the image.

A commonly used solution to this problem is based on blocking the out-of-focus
light by a spatial mask with an aperture positioned in such a way to selectively
transmit the signal originating from the focal plane. This is the principle of confocal
microscopy as illustrated in Fig. 1b. In this case a mask with a small aperture is
placed in the primary image plane instead of a camera sensor. Rays originating from
a fluorophore located in a corresponding spot in the focal plane are tightly focused in
the plane of the mask and, therefore, pass through the aperture to the detector. On the
other hand, light emanating from fluorophores in out-of-focus planes is defocused in
the plane of the mask and only a small fraction of it can pass through the aperture.

We can notice that with a single aperture, only light coming from a single position
within the focal plane can make it through the aperture. Rays from other locations
within the focal plane, though focused in the plane of the mask, would not coincide
with the aperture and would, thus, be completely blocked. This means that in such a
configuration, we are not able to directly capture an image; instead, we are measur-
ing the fluorescence intensity originating from a single small detection volume in the
specimen. While this is clearly useful for various forms of fluorescence micro
spectroscopy, such as single-point FCS, it is clearly not a complete solution to the
problem of blurry background in widefield images. To get a confocal fluorescence
image, we need to scan the specimen with the confocal detection volume and
measure the fluorescence intensity for each position, that is for each pixel (or each
voxel in the case of 3-dimensional imaging). Before we proceed to scanning the
specimen, let us make a few additional observations:

1. Since fluorescence is collected only from a small effective detection volume, it
would be wasteful to excite the whole volume of the specimen and subject it
unnecessarily to photobleaching of fluorophores and photo-toxic effects. Instead,
fluorescence is excited by a focused (typically laser) beam. The highest excitation
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efficiency is achieved in the focus of the beam which is aligned to correspond to
the effective detection volume defined by the aperture; the excitation beam focus
and the aperture are therefore said to be confocal with respect to each other. The
focused excitation further confines the effective excitation volume.

2. Since we are capturing the intensity from a single-detection volume at a time,
there is no need for a spatially resolved light sensor. A single-point detector of
light is enough in this case. Photomultiplier tubes (PMTs) are commonly used in
point-scanning confocal microscopy (and other point-scanning microscopy
modalities, see Sect. 5.1). PMTs with GaAsP cathodes have become very com-
mon, replacing, the previously most widespread, multi-alkali PMTs. GaAsP
PMTs offer higher QE compared to multi-alkali PMTs (over 40% across most
of the visible spectrum). Even higher QE is offered by single-photon avalanche
photodiodes (SPADs), which however suffer from lower dynamic range and have
been preferred predominantly for low-light photon counting applications
[83]. Hybrid detectors combining technologies (and to a large extent also the
advantages) of SPADs and PMTs are replacing SPADs in many microscopy
applications. Another perspective technology of point-detectors are silicon
photomultipliers (large arrays of SPADs), attractive for their larger active areas,
higher dynamic range and low cost [84–86].

3. The size of the confocal aperture affects the efficiency of rejection of out-of-focus
light as well as the light collection efficiency. As said earlier, the image of an
in-focus fluorophore is the microscope PSF. Most of the light forming the image
is concentrated in the PSF central peak. Setting the aperture size such that it
admits the whole central peak of the PSF but not more, therefore, ensures that
nearly all signal from the in-focus fluorophores is collected without admitting
more out-of-focus light than necessary. Such aperture size is referred to as 1 Airy
unit (1 AU), a relative unit deriving its name from the Airy function describing
the PSF. Increasing the aperture size above 1 AU increases only marginally the
collection efficiency of light from in-focus fluorophores, while having a larger
impact on the out-of-focus light collection efficiency. In this way the rejection of
out-of-focus light and the optical sectioning capability (see Sect. 4.5) of the
confocal microscope are compromised with little gain in in-focus signal. On the
other hand, apertures smaller than 1 AU effectively reduce the detection volume,
thus, improving the resolution of the image in both the lateral and the axial
direction [87–89]. This resolution improvement, however, comes at the cost of
reduced signal since, even for a fluorophore located ideally in the objective lens
focus, only a portion of the signal contained in the PSF central peak can be
detected. Since the photon budget in biological fluorescence microscopy is
usually quite limited, apertures of approximately 1 AU are usually chosen as a
good compromise between requirements on resolution and sectioning on one side
and on signal on the other side.

4. A detector with a small active area or an optical fibre can also act as a confocal
aperture [90]. The disadvantage of the former solution is its limitation to a single
detector. When using a mask with an aperture or an optical fibre, the signal can be
spectrally divided by secondary dichroic mirrors or by a dispersive element
(a prism or a grating) onto multiple detectors for simultaneous detection of
distinct fluorophore species.
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5. The pixel-wise manner of image acquisition makes point-scanning microscopy
modalities the usual choice for implementing any type of micro spectroscopy
imaging. Any type of spectroscopy can be readily applied on the signal that
passes through the confocal aperture, which may not be easily doable when the
whole image is captured at once by a camera. For these reasons, for example
FLIM (see chapter “Time-Resolved and Polarized Spectroscopy”) is typically
performed in a point-scanning manner, although cameras capable of time-
resolved fluorescence detection exist and have become commercially available
and are likely to become more widespread [91, 92].

One possible approach to confocal scanning uses mechanical movement of the
specimen with respect to the microscope objective, usually using a piezo positioner.
Either the sample stage or the objective lens can be the moving part. Because of its
slower speed, this form of scanning is rarely used in biological confocal microscopy.
It is convenient, for example in correlative confocal fluorescence and atomic force
microscopy (AFM), because the physical movement of the specimen with respect to
the cantilever is required in AFM [93].

4.1 Laser Scanning Microscopy

Faster scanning is achieved by moving the excitation beam and leaving the objective
lens and the specimen stationary. Microscopes employing this form of scanning are
called laser scanning microscopes and are routinely used in biological imaging
[94]. The scanning is realised by deflecting the laser beam to different points in
the focal plane with a pair of mirrors rapidly moved by a galvanometer drive. When
driven at their resonant frequencies, such mirrors can scan several thousand lines per
second. Fluorescence emitted from the laser focus then follows the reverse path of
the excitation laser beam and is deflected by the scanning mirrors (so-called
de-scanned) to the confocal aperture. The confocality of the laser focus and the
aperture is, therefore, maintained for an arbitrary position within the scanned area.

As with any other point-scanning microscopy technique, the speed of scanning
determines the time needed to scan an image as well as the pixel exposure time.
While fast scanning with resonant scanners gives short image acquisition time (or in
other words high frame rates) which compare favourably with non-scanning imaging
modalities, the pixel exposure times are necessarily extremely short and, considering
typical fluorescence photon fluxes, repeated scanning with averaging is typically
needed to collect sufficient signal. At a first glance such fast scanning rates may not,
therefore, look particularly useful if they require repeated scanning, which reduces
the effective frame rate. Yet, it has been shown that there are advantages to very fast,
even if repeated, scanning. Most fluorophores exhibit some form of dark or dim
states, to which they enter through the excited state. Under continuous excitation,
there exists an equilibrium between the fluorophore populations in the bright and the
dark states. Fluorophores in the dark state do not contribute to the fluorescence signal
and their fraction, thus, reduces the effective fluorophore brightness. Since they enter
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the dark state through the excited state, in the absence of excitation, there is no dark
state population (all fluorophores are in the ground state ready for excitation). This
means that in a short time after the excitation has been turned on and before the
equilibrium dark state population has been established, the effective fluorophore
brightness is transiently higher. Going back to confocal scanning, the higher the
scanning speed, the more is this transient phase represented in the pixel exposure
time, giving typically a higher effective fluorophore brightness [95].

4.2 Image Sampling and Magnification in Point-Scanning
Microscopy Modalities

In Sect. 3.4 we have discussed the influence of the projected pixel size pS on the
resolution of the captured digital image and concluded that in order not to compro-
mise the optically achievable resolution d, pS needs to be equal to or smaller than half
of d. This is a general conclusion which holds for point-scanning microscopy
modalities as well. However, unlike in widefield microscopy, where pS is determined
by the interplay between the microscope magnification and camera pixel pitch (and
microscope operator thus can do little about it), in point-scanning microscopy
modalities the microscope operator has a full control over pS, which is flexibly
determined by the scanning settings. This gives the microscope operator the power
to intentionally (or unintentionally) over- or under-sample the image.
Undersampling, using too large pS, compromises the image resolution;
oversampling, on the other hand, increases unnecessarily image acquisition time
by scanning more lines and typically also compromises signal-to-noise ratio by
reducing pixel integration time (unless scanning speed is reduced correspondingly,
further increasing the acquisition time) and the effective area from which the signal
in each pixel is collected. The optimal pS is therefore only slightly smaller than d/2.

Another observation, worth making at this point, is the relative unimportance of
objective lens magnification in point-scanning microscopy modalities. The actual
magnification of the acquired image is defined by the sweep of the scanner, which
can be nearly arbitrarily reduced to increase magnification. The objective lens
magnification determines only the maximum dimensions of the scanned area, that
is the minimum magnification possible. Since resolution and light collection effi-
ciency is determined solely by the objective’s NA, lower magnification objectives
with high NA are the most flexible solution for point-scanning microscopy modal-
ities and advantageous over higher magnification objectives of the same NA.

4.3 Spinning Disk Confocal Microscopy

The speed of point-scanning confocal microscopy is necessarily limited by the pixel-
wise image acquisition, which, especially for larger fields of view, can significantly
limit the achievable temporal resolution. An obvious way to overcome this limitation
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and increase the acquisition speed lies in multiplexing the confocal image acquisi-
tion, that means in acquiring signal at multiple points simultaneously. A variety of
multiplexed confocal designs have been proposed including line-scanning confocals
[96–100], which illuminate a whole line in the focal plane and replace the confocal
aperture with a confocal slit; however, the most widespread design is a spinning disk
confocal microscope [101, 102]. The design has quite a long history starting in the
1960s [103, 104], although it was only much later that is became widespread.

A typical spinning disk confocal microscope uses a disk with pinholes arranged in
a spiral pattern rotating at a high speed. The disk has the dual purpose of defining the
positions of excitation foci and rejecting out-of-focus fluorescence. As the disk
rotates, the excitation foci move over the focal plane, until every point within the
field of view has been exposed to excitation. The in-focus fluorescence, which passes
through the disk, is focused on a camera sensor. As the camera is exposed through-
out the rotation of the disk, a complete image of fluorescence from the focal plane
builds up within the camera exposure time. Some designs feature a second disk with
micro lenses, which focuses the excitation laser beam on the pinholes in the main
disk. This ensures that the excitation light is not wasted and alleviates the require-
ments on laser power.

4.4 Chromatic Aberration in Confocal Microscopy

As we mentioned in Sect. 3.2, simple refocusing may not be a sufficient solution to
compensate for residual axial chromatic aberration of the objective lens in confocal
microscopy. Let us get back to that point and explain why it is so and at what
situation it is particularly problematic. In a widefield microscope, fluorescence is
excited uniformly in the entire depth of the specimen (provided the specimen is
sufficiently transparent). Therefore, chromatic axial aberration is relevant only for
fluorescence emission to make sure fluorescence in all channels is collected from
approximately the same focal plane within the specimen. In a confocal microscope,
on the other hand, the excitation beam is focused into the focal plane, making
excitation most efficient in that plane. It is therefore desirable that axial chromatic
aberration is corrected also for the excitation wavelength to ensure confocality of the
excitation laser beam and the aperture for all channels.

This may can be problematic when working, for example with fluorophores
excited in the UV part of the spectrum, such as many popular DNA labelling dyes
emitting in the blue to green range of the visible spectrum. At confocal microscopes,
such dyes are usually excited with a 405 nm laser line, which lies outside of the
corrected range of Achromats, Semi-apochromats, and even older Apochromats. The
axial chromatic aberration can increase quite steeply towards shorter wavelength
outside of the corrected range resulting in axial distances of several μm between the
foci of the 405 nm laser line and of those laser lines which lie within the corrected
range (see Fig. 6a for a schematic illustration).
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Alternatively, if the 405 nm line follows a different optical path with a different
collimator than the rest of the laser lines, its focus can be tuned to overlap with the
focus of the other laser lines by adjusting the dedicated collimator (see Fig. 6b). This
solution has been adopted by many commercially available laser scanning
microscopes.

4.5 Optical Sectioning and Volumetric Confocal Imaging

By rejecting out-of-focus fluorescence, a confocal image effectively contains the
signal only from a thin section of the specimen (approximately 0.5 μm with high NA
objective lenses) [105]. This property of confocal microscope is usually referred to
as optical sectioning in contrast to actual physical sectioning (cutting the specimen
into thin slices) often used to produce background-free images of thick specimens.
By focusing the microscope into different planes within the specimen, the whole
volume of the specimen can be imaged and a 3-dimensional image rendered from the
optical sections. Focusing the microscope into different planes is usually realised by
moving either the objective or the specimen stage along the optical axis. Alterna-
tively, tuneable or variable-focus lenses can be employed to modify the focal length
of the imaging optical system [106, 107]. This approach eliminates mechanical
moving parts and allows for very fast switching between different focal planes.

collimator adjustable collimator

A B dichroic mirror

Fig. 6 A schematic illustration of axial chromatic aberration in confocal microscopy (a) and an
approach to reducing it by using separate collimators for different laser lines. Axial chromatic
aberration causes the foci of different laser lines to lie at different axial positions (a). This effect can
be very significant for laser lines outside of the corrected spectral range of the objective lens.
405 nm laser line (represented in purple in the figure) is outside of the corrected range of many
objective lenses; therefore, in many confocal setups, it is delivered to the objective following a
separate optical path with a separate collimator (b). The beam entering the objective can be, thus,
made divergent or convergent, resulting is moving the focus along the optical axis (the more
divergent the beam is, the further is the focus from the objective lens and vice versa). By tuning
the collimator for the 405 nm laser line, its focus can be overlapped with the foci of the remaining
laser lines. A dichroic mirror is used to merge the optical path of the 405 nm laser line with the path
of the other laser lines. Note that the depicted dichroic mirror is not the main dichroic mirror, which
separates the excitation and emission paths and which was omitted for simplicity in the figure. The
main dichroic mirror would be located between the depicted excitation dichroic and the
objective lens
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However, by tuning the focal length of the imaging optics, the magnification, NA
and aberration corrections are also affected, restricting the usable range of this
approach.

Acquiring a 3-dimensional image of a relatively large specimen can be a time-
consuming task as it requires capturing many optical sections, each of which may
take a non-negligible time to capture, especially in the case of point-scanning
confocal microscopes. Beside the time needed, photobleaching is another concern.
Although the excitation in a confocal microscope is the most efficient in the focal
plane, the excitation efficiency does not drop sharply away from that plane and
fluorophores are excited, hence potentially bleached, across the thickness of several
optical sections above and below the focal plane. Fluorophores in the sections
imaged later in the course of the acquisition may be thus considerably bleached
out by imaging of the preceding sections. In response to these concerns, several
designs of multifocal confocal microscopes have been proposed, neither having yet
become widely used [108–110]. Another technique addressing, among other, these
concerns is lightsheet microscopy, also known as selective plane illumination
microscopy (SPIM). SPIM has become a well-established alternative to confocal
microscopy for 3-dimensional imaging and we will return to it in Sect. 5.2.

Another issue faced not only by confocal microscopy when performing
3-dimensional imaging, is the limited penetration of light into specimens that are
not transparent. As the optical path through the specimen increases, larger fractions
of both the excitation light and the fluorescence are scattered and/or absorbed by the
specimen leading to decaying signal-to-noise ratio of the image. This is especially
prominent in the case of optically dense samples such as tissue. A confocal aperture
can help to some extent by screening out scattered photons, which would otherwise
increase the background. However, when photons emitted by an in-focus
fluorophore are scattered, their paths are altered and they are likely not to reach
the confocal aperture and not to contribute to the detected signal. In this way, the
signal is gradually lost in confocal microscopy with increasing depth in the
specimen.

One way to overcome this limitation is based on making the specimen optically
transparent by tissue clearing [111]. This approach is however not compatible with
live samples. Other approaches utilise the fact that light scattering efficiency
decreases with increasing wavelength. Infrared light thus penetrates considerably
deeper into tissue or other non-transparent specimens than visible light. Near-
infrared confocal microscopy is therefore better suited for imaging such specimens
than confocal microscopy in the visible range [112–115]. The longer the excitation
and emission wavelengths are, the deeper is the penetration depth. Practical limita-
tions stem from the restricted choice of suitable fluorophores rather than from the
microscopy hardware side. A popular alternative is multi-photon fluorescence
microscopy which allows excitation of standard visible fluorophores by infrared
light as we describe in Sect. 5.

Adaptive optics can also help to compensate for the effects of light scattering by
the specimen [77–79, 116].
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5 Other Modalities with Optical Sectioning Capabilities

5.1 Multi-Photon Fluorescence Microscopy

A fluorophore can be excited by simultaneously absorbing multiple (n) photons.
Assuming all the n photons having the same wavelength and therefore the same
energy (which is in general not necessary), each photon contributes 1/n of the
excitation energy. Since photon energy is inversely proportional to the wavelength,
the wavelength of each of the n photons can be n times longer than the wavelength of
a single photon that would be needed to excite the molecule by single-photon
absorption. Therefore, Stokes shift is reversed in the case of multi-photon fluores-
cence excitation and the fluorescence has shorter wavelength than the excitation.
Visible fluorescence can be thus excited by infrared light. Since simultaneous
absorption of n photons is needed, multi-photon excitation requires much higher
excitation light intensities than single-photon excitation. The excitation efficiency in
multi-photon fluorescence scales with the nth power of the excitation intensity,
making it an example of non-linear optical phenomena (that means optical phenom-
ena where the response magnitude, such as the fluorescence intensity, depends on
the excitation intensity in a non-linear way). Obviously, the excitation intensity
needed grows with the the photon number n. Practical considerations regarding the
necessary excitation light sources limit the photon numbers n used in multi-photon
fluorescence microscopy to 3 at most, with 2-photon microscopy being by far the
most common case of multi-photon microscopy [117, 118].

To achieve excitation intensities high enough for multi-photon excitation to
occur, the excitation photon flux is typically concentrated both in time and space.
The former is realised by using pulsed lasers with very short pulses (approximately
100 fs) and high peak power. Besides tuneable Ti-sapphire lasers, which are the most
common example of such excitation sources for multi-photon microscopy, single-
wavelength fibre lasers have emerged as a cost-efficient alternative [119]. The latter
is achieved by tightly focusing the excitation laser beam to a diffraction-limited spot,
similarly to laser scanning confocal microscopy. Images are then acquired by point-
by-point scanning as discussed in Sect. 4.1. Although most multi-photon micro-
scopes rely on point-by-point scanning, 2-photon microscopy has been implemented
also in widefield [120–125] or line-scanning [126, 127] configurations.

As mentioned in Sect. 4.5, multi-photon microscopy is commonly used for
3-dimensional imaging of highly scattering specimens, because of the increased
penetration depth of infrared light. This may not seem at first a sufficient solution of
the scattering issue since the fluorescence in multi-photon microscopy is in the
visible range, hence equally susceptible to scattering as fluorescence in single-
photon confocal microscopy. To fully understand the benefits of multi-photon
microscopy, we need to realise that because of the non-linear nature of the excitation
process, excitation efficiency decays sharply with increasing distance from the focal
plane. This effectively ensures optical sectioning without the need for a confocal
aperture. Removing the confocal aperture enables the collection of a larger fraction
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of photons emitted by in-focus fluorophores. To maximise the fraction of collected
scattered fluorescence photons, the detectors in multi-photon microscopy are often
placed as close as possible to the objective lens. Since the collected fluorescence
light does not need to reach the confocal aperture, it does not have to pass through
the scanner to be de-scanned as in laser scanning confocal microscopy. Instead, all
the fluorescence collected by the objective lens is focused onto the detector active
area. This configuration known as non-descanned detection is common in multi-
photon microscopy [128, 129].

Another application that benefits from multi-photon microscopy is imaging of
UV-excitable fluorophores, which cannot be efficiently excited at a confocal micro-
scope. This is the case of many intrinsic fluorophores, making multi-photon micros-
copy a good solution for label-free fluorescence studies of cells and tissues [130–
133].

5.2 Lightsheet Microscopy

Unlike the other fluorescence microscopy modalities introduced in this chapter,
lightsheet microscopy or selective-plane illumination microscopy (SPIM) does not
use episcopic geometry. Instead, the excitation and the emission light paths are
oriented perpendicularly to each other as show schematically in Fig. 7. The concept
appeared for the first time in 1903 [134], after which it has been practically forgotten
until further developments about a century later [135, 136]. Since then, lightsheet
microscopy has become a well-established technique for rapid 3-diemnsional fluo-
rescence imaging, which had a large impact in many biological fields, in particular in
developmental biology.The broad range of specimens and topics studied by
lightsheet microscopy led to the developments of various microscope designs suited
optimally for certain ranges of applications. Reviewing all the modalities of
lightsheet microscopy is beyond the scope of this section; more can be found, for
example in recent reviews [137, 138]. In essence, in a lightsheet microscope, the
light from an excitation source (a laser in the modern implementations) is focused by
illumination optics to generate a thin sheet of light (hence the name of the technique)
which excites fluorescence in a layer of the specimen (an optical section) and the
fluorescence is imaged by an objective lens placed perpendicular to the lightsheet
and detected by a camera. In its simplest form, the illumination optics consist of a
single cylindrical lens which focuses a collimated beam of light into a sheet of light
(as opposed to the more common spherical lenses which focus a collimated beam
into a single spot). Other optical elements can be added to produce thinner
lightsheets or increase the extent of its usable area [139, 140]. By the usable area,
we understand here the portion of the lightsheet around its focus where the thickness
of the lightsheet can be considered reasonably uniform (see Fig. 7). Illumination is
often provided from two or more opposing sides of the specimen to avoid shades
resulting from limited penetration of the lightsheet into larger specimens
[141, 142]. Various designs of single-objective lightsheet microscopes in which a
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single-objective lens provides excitation and detection similarly to a standard
epifluorescence microscope, are a notable exception to this generic scheme [143–
146]. Different variants of lightsheet microscopes differ in various aspects of their
designs such as:

1. Orientation of the lightsheet (vertical, horizontal, or slanted) chosen according to
the way the respective specimens are typically mounted.

2. Thickness and the extent of the usable area of the lightsheet. In general, the higher
is the NA of the illumination optics that create it, the thinner is the lightsheet
and at the same time the smaller is its usable area. For large specimens such as
whole cleared organs, thicker lightsheets (several μm) with larger usable area are
preferable; such setups are often referred to for historical reasons as ultramicro-
scopes [147]. Imaging of small specimens such as live cells, benefits from
thinner, sub-μm optical sections [148]. To increase the illumination NA, thus
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Fig. 7 A schematic illustration of a generic lightsheet microscope. The illumination optics produce
a sheet of excitation light which excites fluorescence in a section of the specimen. The fluorescence
is imaged by an objective lens placed perpendicularly to the lightsheet. See Sect. 5.2 for more
details
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reducing the lightsheet thickness, objective lenses are usually added to the
illumination path as the last optical element before the specimen. Thin lightsheets
with increased usable areas can be produced from beams other than Gaussian
beams, which are the most common beams produced by lasers. Notable examples
are Bessel beam lightsheets [149] and lattice lightsheets produced by interference
of multiple Bessel beams [148]. Such lightsheets improve the sectioning capa-
bility without compromising the field of view.

3. The mode in which the lightsheet is generated. The original lightsheet micro-
scopes used a static lightsheet which illuminates simultaneously the whole optical
section. Later an alternative scheme has been introduced in which the lightsheet is
created by rapidly scanning a beam along a line [126, 149, 150]. This approach
prevents striping artefacts which can occur when different parts of a static
lightsheet interfere with each other after being perturbed by the specimen.

3-dimensional imaging with a lightsheet microscope is usually realised by
mechanically moving either the specimen or the lightsheet with respect to the
other. Different optical sections are therefore acquired sequentially like in a confocal
microscope; however, non-illuminated sections are not subject to bleaching.
Methods to increase the throughput of lightsheet imaging by parallel multi-plane
imaging have been proposed [151–153].

5.3 Total Internal Reflection Fluorescence Microscopy

This technique uses the phenomenon of total internal reflection which can occurs at
the interface of two media with different refractive indices. When light propagating
from the medium of higher refractive index hits such an interface under a sufficiently
large angle, the angle of refraction predicted by Snell’s law is larger than a right
angle and, in that case, there is no refracted beam propagating into the medium of
lower refractive index. The beams are only reflected into the medium of higher
refractive index, hence total internal reflection. However, wave optics predict that
some energy of the impingent wave enters the medium of lower refractive index in
the form of an exponentially decaying wave, called the evanescent wave (see
Fig. 8a). The penetration depth can be tuned by the angle of incidence to be a
fraction of the incident light wavelength. Since evanescent wave can excite
fluorophores present only within a very thin layer of the lower refractive index
medium close to the interface, total internal reflection fluorescence (TIRF) can be
used for selective imaging of such fluorophores.

In practice, the higher refractive index medium is usually a microscope coverslip
and the lower refractive index medium is an aqueous medium of the specimen. High
NA oil immersion objectives are used to support illumination under sufficiently large
angles. TIRF clearly outperforms confocal microscopy or lightsheet microscopy in
terms of thinness of the optical section; however, the said section is limited to the
vicinity of the coverslip surface. This makes TIRF the technique of choice for single-
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molecule imaging and cell membrane studies [44, 154–159]. When the incidence
angle of the excitation beam is slightly larger than the critical angle needed for total
internal reflection, refracted beams propagate into the specimen under a very large
angle, that means in a direction nearly parallel to the interface. In this way, fluores-
cence can be excited in a section reaching deeper than the evanescent field penetra-
tion (see Fig. 8b). This approach is referred to as highly inclined and laminated
optical sheet (HILO) and is useful when the structures of interest lie slightly further
from the coverslip surface [160, 161]. A related approach called super-critical angle
fluorescence (SAF) uses the fact that a part of the light emitted by fluorophores very
close to optical interfaces propagates at directions nearly parallel with the interface.
By collecting only light propagating under such angles, fluorophores located in a
thin layer close to the interface are selectively imaged [162–165].

5.4 Structured Illumination

Structured illumination represents a widefield solution facilitating the discrimination
of in-focus fluorescence from the out-of-focus background. It uses spatially modu-
lated excitation illumination, with the spatially modulated pattern being focused in
the objective focal plane. Hence the in-focus fluorescence is also spatially modulated
and the modulation decreases with the distance from the focal plane. Since the
fluorescence image is spatially modulated, multiple images with different positions
of the modulated pattern need to be acquired to reconstruct a non-modulated image
of the in-focus fluorescence. The sparser is the illumination pattern, the more
efficient is the background removal, but at the same time, a higher number of
modulated images is needed to reconstruct a non-modulated image. In the case of
a pattern consisting of alternating bright and dark stripes of equal width, the minimal
number of modulated images needed is three [166]. A related approach called
aperture correlation microscopy uses a similar image reconstruction strategy and a
spinning disk with slit apertures to produce the modulated excitation [167].

A B
water
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Fig. 8 A schematic illustration of TIRF (a) and HILO (b) microscopy. See the text of Sect. 5.3 for
more details. dp denotes the penetration depth of the evanescent field (a)
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Note that structured illumination is also used to increase the resolution of
microscopy images, as we will discuss in Sect. 6.3. In that case the requirements
on excitation pattern spatial modulation frequency and the number of images
acquired are in general higher than if only optical section is aimed at.

5.5 Computational Approaches

The easiest, though of course not necessarily the most powerful, way to remove out-
of-focus background from a widefield fluorescence image is by simply subtracting
an estimate of the background from the image [168, 169]. A common way to do this
known as unsharpen mask estimates the background as a blurred version of the
image itself. The image can be blurred, for example by replacing each pixel value
with the median or a (weighted) average of pixels in its neighbourhood; the larger the
neighbourhood considered, the more smoothed-out is the resulting image. The
blurred image is then subtracted from the original one; diffuse background that has
been little affected by the blurring is thus removed and only sharper features are
preserved. An improved version of this approach, called nearest neighbours, utilises
additional information present in a 3-dimensional image (a stack of images acquired
for different axial positions of the focal plane) by subtracting from each image in the
stack the blurred versions of its nearest neighbours, the images acquired at the
adjacent planes below and above the image in question [168, 170]. These approaches
and other ways of background subtraction such as the rolling ball algorithm, are very
simple computationally and can deliver impressive-looking results; however, it
should be remembered that they reduce the information content of the images rather
than adding to it, potentially producing serious artefacts, and cannot be therefore
considered in any way equivalent to hardware sectioning approaches [168].

Image deconvolution represents a more sophisticated, albeit more computation-
ally intensive, approach to (not only) out-of-focus background removal from
widefield images [168, 171, 172]. As the name suggests, deconvolution attempts
to estimate what the image would look like if it has not been subject to convolution
with the microscope PSF (see Sect. 3.1). Because of the axial extent of the PSF
(which is considerably larger than its lateral extent) fluorophores in out-of-focus
planes contribute to the image, producing blurry background. Using the knowledge
of the PSF (which can be either predicted theoretically or characterised experimen-
tally by imaging, for example small florescent beads), deconvolution can remove the
contribution of the out-of-focus fluorophores. Similarly, deconvolution can also
improve the contrast of small details in the image by reducing the blurring effects
of the PSF in the lateral direction. As an example of such features, we can consider
the two closely spaced lines in Fig. 2b, e which suffer from poor contrast because of
the large overlap of the PSFs. In this way, deconvolution can effectively improve the
image resolution and in this capacity, it is often applied even on images acquired
with confocal microscopy and other microscopy modalities with optical sectioning
capabilities [76, 171].
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6 Resolution Beyond the Diffraction Limit

The resolution limit introduced in Sect. 3.1 applies to standard widefield optical
microscopy without any a-priory assumptions about the specimen and, as Ernst
Abbe himself noted in his seminal work on the topic, the limit does not necessarily
apply under different experimental conditions [71, 73]. Since Abbe’s times, various
approaches to resolving structures finer than the diffraction limit have been explored.
New technologies that became available in the second half of the twentieth century,
particularly lasers and computers, enabled practical applications of such approaches,
generally termed super-resolution microscopy, towards the end of the twentieth
century [71]. This led to several ground-breaking papers published around the turn
of the century, which greatly boosted the practical interest in super-resolution
microscopy [173–181]. Since then, numerous new approaches have been proposed
and many super-resolution techniques have become widely used and available in
standard commercial microscopes. The field has become so broad, that this section
can give only a very limited view of it; more information can be found in numerous
reviews [182–187].

Super-resolution microscopy techniques circumvent the diffraction resolution
limit by using usually one (or more) of these ingredients, which were not present
in Abbe’s theory: non-linear effects such as stimulated emission [173] or fluores-
cence saturation [188–190], assumptions of sparse fluorophore distribution [191–
195], near-field optics [196–199] and quantum statistics of photons [199–203]. The
above-mentioned fluorescence saturation is in general a problematic phenomenon in
fluorescence microscopy. Because of the finite time spent by a fluorophore in the
excited state before emitting a photon, the photon emission rate from a fluorophore is
limited, regardless of the excitation intensity. At low excitation intensities, the
fluorescence intensity grows approximately proportionally with increasing excita-
tion intensity; however, at higher excitation intensities, the fluorescence intensity
increase rate is lower than that of the excitation intensity, until it eventually
completely saturates. Usually, excitation intensities in fluorescence microscopy are
chosen to be safely below the saturation threshold since higher excitation intensities
increase the risk of photodamage to the specimen without adequate increase in
fluorescence signal. The use of fluorescence saturation for resolution enhancement
demonstrates how otherwise problematic phenomena can be harnessed to enhance
the capabilities of fluorescence microscopy.

The subsequent Sects. 6.1–6.5 introduce briefly the main branches of super-
resolution microscopy with one notable exception, stimulated emission depletion
microscopy (STED) and related techniques [173, 205–208]. Omission of this wide-
spread and powerful super-resolution approach is explained by it being the topic of
chapter “STED and RESOLFT Fluorescence Nanoscopy”. Just very briefly, STED is
a point-scanning super-resolution approach that can be implemented as a modifica-
tion of a laser scanning confocal microscope. Excitation is provided by a diffraction-
limited laser focus just like in a regular LSM; the difference lies in applying a second
laser beam of longer wavelength, which induces stimulate emission of the
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fluorophores. The second beam is specially shaped to have zero intensity in its centre
(so-called doughnut beam profile); hence, fluorophores in the centre of the excitation
volume do not undergo stimulated emission and remain in the excited state. The
collected fluorescence, therefore, originates from a reduced, sub-diffraction, volume.
Note that saturation of the stimulated emission is essential for reaching
sub-diffraction resolution.

6.1 Near-Field Fluorescence Microscopy

The diffraction limit of resolution holds for far-field optical microscopy, assuming
the aperture of the objective lens as well as the distance between the objective lens
and the focal plane are many times larger than the wavelength of light. This
assumption held for all the microscopy modalities described so far in this chapter.
However, it is not the case for near-field fluorescence microscopy, using a
sub-wavelength aperture to deliver excitation light to and/or collect the fluorescence
of fluorophores at sub-wavelength distances from the aperture. The resolution is
limited only by the aperture size in such a scenario. The aperture can be experimen-
tally realised, for example by the end of a tapered optical fibre. Because of the
requirement of the sub-diffraction distance between the aperture and the
fluorophores, the technique is limited to imaging surface structures, such as cell
membranes [196–198]. The image is then captured by scanning the aperture along
the surface of interest, collecting fluorescence from a tiny, sub-wavelength surface
area at a time. This approach, called near-field scanning optical microscopy (NSOM)
can be, therefore, regarded as a form of scanning-probe microscopy, together with,
for example AFM.

Evanescent fields employed in TIRF and SAF microscopies are another example
of near-field optical phenomena employed in fluorescence microscopy and provid-
ing sub-wavelength optical sectioning, which can be seen as a form of axial super-
resolution.

6.2 Single Molecule Localisation Microscopy (SMLM)
and Fluorescence Fluctuation-Based Techniques

SMLM is a conceptually remarkably simple, yet very powerful, super-resolution
strategy that does not require any specialised microscopy setup. A widefield micro-
scope with a sensitive camera capable of single-molecule detection is all that is
needed [60, 209, 210]; confocal or lightsheet implementations are also possible
[211–213]. To explain its principle, let us first consider an image of a single
fluorophore, which is, as we said in Sect. 3.1, the PSF centred at the geometrically
perfect image of the fluorophore. By finding the centre of the respective PSF, we can
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pinpoint the location of the fluorophore with, in principle, unlimited precision. In
practice, the localisation precision is limited only by the signal-to-noise ratio of the
image, not by the PSF width, and can reach nm order [214, 215], or even better if
performed at cryogenic temperatures [216]. In this way, sparsely distributed
fluorophores, separated ideally by distances much larger than the PSF width, can
be imaged with deeply sub-diffraction resolution. However, such sparse fluorophore
distributions are in general not sufficient for imaging arbitrary continuous structures.
Nyquist-Shannon sampling theorem dictates that to resolve details as small as d, the
structure needs to be labelled by fluorophores spaced not more than d/2 apart, unless
of course a-priory assumptions about the structures can supplement the missing
information. At such high fluorophore densities, it is, however, impossible to resolve
PSFs corresponding to individual fluorophores and find their centres. The trick
employed in SMLM to overcome this problem is illustrated in Fig. 9. If only a
sparse subset of fluorophores is fluorescent at a time, positions of those fluorophores
can be precisely localised. By acquiring a stack of many such images (frames), each
providing a different random subset of fluorophore positions, we eventually accu-
mulate enough fluorophore positions to resolve arbitrary structures with
sub-diffraction resolution limited by the localisation precision of individual
fluorophores.

This generic principle has various practical implementations differing in the ways
how to ensure that only a sparse subset of fluorophores contributes to each frame.
There exist two generic strategies, each with many variants varying in experimental
details:

1. Employing transitions of fluorophores between a dark (non-fluorescent) and a
bright (fluorescent) state. The fluorophores in this case are static, attached to the
structure of interest being imaged. The original implementation of
photoactivation localisation microscopy (PALM) used, for example, photo-
activatable fluorescent protein molecules that reside initially mostly in a dark
state from which they can be activated to a fluorescent state by UV light. With
properly tuned intensity of the UV illumination, only a parse subset of fluorescent
protein molecules is activated; the activated molecules are then imaged and, while
doing so, irreversibly photobleached, allowing another sparse subset to be acti-
vated and imaged [176, 217]. Later, many new photoactivable fluorescent pro-
teins have been introduced as well as photo-convertible fluorescent proteins
(which change colour of their fluorescent emission upon, usually UV, illumina-
tion) and photo-switchable proteins, which can undergo repeated cycles of
switching between bright and dark states [218–220]. Stochastic optical recon-
struction microscopy (STORM), another example of this generic strategy, uses
stochastic transitions between bright and dark states (referred to as blinking),
exhibited by many organic fluorophores [175, 178, 221]. High excitation inten-
sities and specific chemical environments are usually needed to induce suitable
blinking dynamics [222, 223].

2. Employing transient binding of fluorophores to the structures of interest. The
structure of interest is in this case not labelled by static fluorophores; rather,
majority of fluorophores diffuse in the surrounding medium and only a small
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fraction of them binds to the structure of interest at a time. Non-bound
fluorophores in the medium typically diffuse over long enough distances within
the camera exposure time to make their images practically completely smeared
out, thus preventing them from being localised. In each frame, a sparse pattern of
fluorophores is visible, marking the positions of a sparse subset of possible
binding sites. By accumulating the frames, increased number of binding sites is
revealed, until the whole structure can be resolved [181, 224–226]. This approach
is usually referred to as Points accumulation for imaging in nanoscale topography
(PAINT). If the fluorescent molecules perform diffusive movement along the
structure of interest, tracking their movement reveals simultaneously their
dynamics as well as super-resolved details of the underlying structure (provided
enough trajectories have been accumulated to cover the whole structure with
sufficient density). This is the principle of a technique called single-particle
tracking PALM (sptPALM) [227–230].

Note that the results of SMLM are not images, but rather sets of fluorophore
coordinates (and other characteristics such as the amplitude and width of the
respective PSF from which the fluorophore was localised). An image is generated
from such data usually by convolution of the fluorophore localisations with a
suitable narrow PSF, the width of which can be chosen to match the expected
localisation precision [191, 231].

Figure 9 explicitly illustrates SMLM principle for localising fluorophores within
the focal plane, thus achieving lateral super-resolution. However, SMLM can be
extended to 3 dimensions by including axial localisation of the fluorophores with

Fig. 9 An illustration of the principle of single molecule localisation microscopy (SMLM). The
underlying structure consists of 2 thin fluorescently labelled parallel lines separated by the distance
of 150 nm (a). When only a sparse subset of fluorophores emits light, the positions of those
fluorophores can be localised with sub-diffraction accuracy as the centres of the respective PSFs
(b). The last panel (c) shows an average of 100 such images, each containing the contribution from a
random sparse subset of fluorophores. The average image has diffraction-limited resolution
(RPSF= 339 nm) and the two lines are unresolved; however, the overlayed fluorophore localisations
from all of the 100 individual images (displayed as red crosses) clearly resolve the two lines. More
localisations would be needed to unambiguously identify the structure as two parallel continuous
lines unless the information contained in the image is supplemented by a-priori assumptions such as
an expectation that the underlying structure consists of parallel continuous lines. The dimensions of
the images are 1,600 × 1,600 nm. The PSF was for simplicity approximated by a Gaussian function
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sub-wavelength precision. Fluorophores in the focal plane can be recognised
according to the width of the corresponding PSFs being the narrowest (diffraction
limited). The further a fluorophore is from the focal plane, the broader is the
respective PSF, until it eventually becomes smeared out to such an extent that
localisation of the fluorophore becomes impossible [232]. However, for a well-
corrected objective lens, the broadening of the PSF is symmetrical both below and
above the focal plane; thus, analysing the PSF width identifies only the absolute axial
distance, but not the direction of the fluorophore’s position from the focal plane. This
limitation can be overcome by modifying the PSF to have distinct shapes for
fluorophores located above and below the focal plane, respectively. This is practi-
cally realised by introducing, for example astigmatic lenses or phase masks into the
emission light path before the camera [233–236]. For astigmatic lenses, the acces-
sible axial range is below 1 μm; for some phase masks, it can exceed 10 μm
[233]. Other schemes for 3-deimensional SMLM involve simultaneous acquisition
of images in multiple focal planes or interferometric approaches [237–240].

To achieve high degrees of sparsity, favourable for precise localisation of indi-
vidual fluorophores, fluorophores either need to spend most of the time in the dark
states or most of the binding sites need to be vacant at all times (in the cases when
strategy 2 is used). This leads to the need of collecting high numbers of frames (often
on the order of thousands) to accumulate enough localisations, translating to long
acquisition times. Movement of any structures of interest within the prolonged
acquisition time compromises the resolution, potentially negating the resolution
enhancement, beside possibly producing a distorted image. This can be particularly
problematic in live-cell SMLM [241]. Localisation algorithms able to process
overlapping PSFs relax the requirements on fluorophore sparsity, and thus the time
needed for SMLM data acquisition [242–244].

A further reduction in the image acquisition time, often by more than an order of
magnitude, is achieved by related super-resolution techniques employing stochastic
fluorophore blinking to enhance image resolution without depending on localising
individual fluorophores [60, 194, 245–251]. These techniques are similar to SMLM
in many aspects, such as the experimental implementation and structure of the raw
image data, which also consist of time series of frames, each containing contribu-
tions from a subset of fluorophores. However, in contrast to SMLM, these tech-
niques yield directly a super-resolved image rather than a list of fluorophore
positions. For example, super-resolution optical fluctuation imaging (SOFI) uses
temporal cumulants of fluorescence fluctuations to generate the super-resolved
image. While these techniques still require fluorophore intensities to fluctuate, this
does not have to be on/off blinking as required in SMLM; transitions between a
brighter and a darker state are sufficient. Since individual fluorophores are not
localised, the techniques can deal with higher fluorophore densities; however,
SMLM in general reaches higher resolution enhancement.
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6.3 Structured Illumination Microscopy (SIM)

SIM represents a very generic framework for super-resolution imaging. To under-
stand its principle, it is very helpful to introduce the concept of spatial frequency and
Fourier transform of images. Spatial-domain representation of images is what we
usually imagine under the term “microscopy image”, a representation of light
intensity distribution as a function of spatial coordinates in 2 or 3 dimensions. The
spatial-domain representation can be translated to frequency domain by Fourier
transform. Frequency domain representation of an image is easily understood for
an image of periodically repeating structures, which are described in frequency
domain by the number of repetitions per a unit of distance. It can be shown
mathematically that any arbitrary, non-periodic, structure can be described as a
series of harmonic functions of different spatial frequencies. Frequencies
approaching infinity are needed to describe sharp edges; hence the image is blurred
by placing an upper limit on the spatial frequency bandwidth. The performance of an
imaging system is described in frequency domain by its optical transfer function
(OTF), which is a Fourier transform of its PSF. In a simplified approximation, the
objective lens aperture can be described as a low-pass filter with cut-off frequency of
fd = 1/d, where d is the spatial-domain resolution limit. Increasing image resolution
is thus equivalent to increasing its high-frequency content.

In the traditional implementation of SIM [174], the specimen is excited by a
periodic pattern of bright and dark stripes (generated for example by placing a
diffraction grating into the excitation light path) at spatial frequency fx, resulting in
spatial modulation of fluorophore excitation efficiency. The fluorescence image is
then determined by the distribution of fluorophores in the specimen as well as by the
periodic excitation light modulation. This can be described in the frequency domain
as interference of the spatial frequency fx of the periodic excitation pattern with
spatial frequencies describing fluorescent structures in the specimen, analogously to
describing interference of electromagnetic or acoustic waves. Interference of two
waves produces waves with frequencies equal to the sum and the difference between
the frequencies of the individual waves. Let us consider a spatial frequency fs
associated with sub-diffraction structural details of the specimen. Such frequency
is not present in a diffraction-limited image as it is outside of the bandwidth
supported by the objective lens ( fs > fd). However, if the differential frequency
fs-fx lies within the supported bandwidth, such structural details can be
reconstructed from an image acquired with spatially modulated excitation. Since
the excitation in epifluorescence microscopy is delivered by the same objective lens,
the modulation frequency of the excitation light needs to be within the objective’s
bandwidth ( fx ≤ fd), leading to the following observation about fs:

f sf x ≤ f d

f s ≤ 2 f d
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In other words, the maximum resolution enhancement of the traditional SIM
implementation does not exceed factor of 2.

Multiple images for different positions and orientations of the excitation intensity
are needed to generate a single super-resolved SIM image. The pattern needs to be
shifted in space to ensure that every point in the field of view has been exposed to
(sufficiently high) excitation intensity and rotated to ensure resolution is enhanced
for arbitrarily oriented structures. The traditional SIM implementation uses at least
9 images (3 shifts for 3 rotations) to produce a super-resolved image; SIM recon-
struction algorithms that can work with as few as 7 or 6 images have been also
proposed [252, 253]. The modest numbers of images required compared to SMLM
make SIM better suited for observing dynamical processes in living specimens. For
the best SIM results, it is advisable to acquire images at multiple focal planes and use
the 3-dimensional information in SIM reconstruction. Multifocal and lightsheet
implementations of SIM for 3-dimensional imaging have been also described
[254–256].

The traditional SIM reconstruction algorithm assumes the knowledge of the
excitation patterns. This makes it sensitive to specimen-induced optical aberrations
that tend to distort the excitation patterns. This issue is alleviated by blind recon-
struction algorithms for SIM, which do not require any knowledge of the excitation
patterns, making them applicable to the case of random excitation patterns as well
[257–263].

Resolution enhancement exceeding factor of 2 can be achieved in SIM by
harnessing non-linear optical effects [264, 265] such as fluorescence saturation
[190]. Although the illumination pattern does not contain spatial frequencies exceed-
ing fd, the non-linear relationship between excitation and emission intensities results
in higher frequency components being modulated on the fluorescence emission
distribution. However, the high excitation intensities needed to produce significant
florescence saturation can be harmful to living specimens.

The 2-times limit on resolution enhancement can be also circumvented if the
illumination pattern does not have to be transmitted by the microscope objective
[266–268]. Strategies employing photonic chips, surface plasmons or hyperbolic
metamaterials to generate patterned illumination increase considerably the resolution
enhancement without the need for a highly specialised microscopy setup [269–274];
their main limitation is the shallow penetration depth resulting from the use of near-
field optical phenomena in generating the patterned excitation intensity distribution.

6.4 Confocal Microscopy and Related Approaches

As mentioned in Sect. 4, reducing the size of the confocal aperture below 1 AU
improves the resolution of confocal microscopy achieving sub-diffraction resolu-
tion. The resolution enhancement, however, comes at the cost of reduced signal.
Consequently, this approach is not widely used in biological fluorescence micros-
copy which often struggles against limited photon budget. Resolution improvement
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without the sacrifice of signal can be achieved in laser scanning microscopy by
replacing the confocal aperture and a point detector with a spatially resolved
detector, such as a camera or a detector array [87, 89, 202, 275–281]. The whole
camera or detector array captures all signal available, while a single camera pixel or a
single detector in the array acts as a small pinhole (smaller than 1 AU). The
distribution of the signal across individual pixels or individual detectors, thus,
provides information allowing computational reconstruction of a super-resolved
image, for example by an algorithm termed pixel reassignment. The resolution
enhancement is similar to standard SIM, that means approaching factor of 2. The
principle of pixel reassignment can be also realised in a hardware version, termed
photon reassignment then, employing an additional beam scanning step that sweeps
the emission beam across the camera with a twice as large sweep (to match the
resolution doubling) as the sweep of the scanner used to scan the laser focus across
the specimen [88, 282–284]. This approach is usually termed re-scan confocal
microscopy. In multifocal or spinning disk versions, an additional 2x magnifying
microlens array is added to the emission path [285–287].

While approaches derived from confocal microscopy evolved from a different
starting point than SIM, they are closely related. Both use sparse distributions of
excitation intensity and generate a single super-resolved image from signal captured
with series of different excitation intensity distributions (which together make sure
that every point within the field of view has been exposed to excitation). Considering
this similarity, all these techniques can be viewed as variants of a generalised SIM
approach [71, 187, 192, 286–291].

6.5 Computational Approaches

Computational super-resolution methods, that can be applied as a post-processing
step to an image acquired with any standard microscopy modality, are very attractive
for their flexibility, absence of special experimental requirements and, consequently,
affordability. Since a super-resolved image has higher information contents than a
diffraction-limited image, the additional information needs to be derived from
a-priori knowledge or assumptions. For example, image deconvolution uses the
knowledge of microscope PSF (either determined experimentally or predicted the-
oretically based on the parameters of the microscope) to increase the image resolu-
tion by factors potentially exceeding 2, although in practice, the resolution
enhancement is usually much more modest because of limited signal to noise ratio
[205, 288, 289, 292]. Deconvolution delivers the best results if applied to a
3-dimensional image stack, in which case it can benefit from the knowledge of the
PSF in all three dimensions. Therefore, 3-dimensional stacks are usually acquired for
deconvolution processing even if just a single plane is of interest; the additional
planes can be viewed as an additional source of information used in generating a
super-resolved image of the plane of interest.

182 R. Macháň



Techniques based on deep learning represent an attractive alternative to tradi-
tional deconvolution algorithms, which they can outperform in terms of computa-
tional speed as well as resolution enhancement [293]. They can be trained on sets of
image pairs consisting each of a synthetic ground-truth image and the same image
degraded by simulated microscope imaging (considering PSF and noise). The
training process thus supplies a-priori knowledge about the microscope PSF as
well as about the types of structures expected in the specimen (through the types
of structures present in the synthetic training images). Although assumptions about
PSF are used in the training process, the technique is much less sensitive to the actual
PSF than traditional deconvolution algorithms, making it applicable even in cases
where the details of the microscope PSF are not known [293].

Some computational techniques perform optimally only on images with a suffi-
cient degree of sparsity in fluorescence intensity distribution (which is, however,
hugely lower than the high degrees of sparsity required by SMLM) [193, 195]. This
is a reasonable assumption in fluorescence microscopy where most images exhibit
such levels of sparsity (featuring, for example small fluorescent puncta or filamen-
tous fluorescent structures). Examples of such techniques include super-resolution
radial fluctuations (SRRF) employing local gradient fields convergence (termed
radiality) [294, 295] or mean-shift super-resolution (MSSR) employing mean-shift
theory [296] to enhance image resolution. While both techniques are able to increase
the resolution of individual images, their resolution enhancement is significantly
increased if time series of images are available. The fluorescence intensity fluctua-
tions captured in the time series provide additional information that can be converted
to resolution enhancement. This links these powerful techniques to fluctuation-based
approaches such as SOFI introduced in Sect. 6.2; however, their reduced dependence
on intensity fluctuations makes them significantly more flexible and usable under a
broader range of conditions [193, 294].

Sparsity in fluorescence images, beneficial for the performance of many compu-
tational super-resolution approaches, can be enhanced by a sparse distribution of
excitation light [192, 288]. If sparse excitation distributions are used instead of
homogeneous excitation, multiple images with different excitation distributions
need to be captured sequentially to ensure that every point within the field of view
has been exposed to excitation. Super-resolution techniques employing such a mode
of excitation can be viewed as examples of generalised SIM (together with confocal
approaches, see Sects. 6.3 and 6.4).

7 Concluding Remarks and Outlook

Because of its ubiquitous use in, not only, biological and biomedical sciences,
fluorescence microscopy has developed into such a broad field that this chapter
could provide only a very basic introduction which necessarily missed many impor-
tant aspects of the topic and many noteworthy developments. Many of the more
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specialised topics can be found in other chapters of this volume, to which this
chapter can serve as an introduction.

A very important topic that has been mostly avoided in this chapter is processing
and analysis of microscopy images. An introduction to this topic can be found, for
example in references [169, 297, 298]. Segmentation, identification of the objects of
interest, represents a critical step in many image analysis workflows such as object
counting, object tracking, object morphometry or object-based colocalisation anal-
ysis. This step is often relatively simple in fluorescence microscopy compared to
other techniques such as brightfield or scanning electron microscopy. Since the
objects of interest typically appear bright against dark background, a single global
threshold is often enough to distinguish pixels belonging to the objects of interest
from background pixels and simple global thresholding algorithm can be applied
successfully in such cases [299, 300]. More challenging scenarios involving uneven
background and/or uneven intensity distribution in the objects of interest require
more complex segmentation approaches such as locally determined thresholds or
increasingly popular deep-learning approaches [301, 302].

Deep learning is also very powerful in enhancing image quality, outperforming
traditional deconvolution algorithms in terms of speed as well as image improve-
ment [293, 303]. This is an example of a trend where the advances in computational
power and image processing algorithms relax the requirements on the microscope
hardware, sample preparation and on acquisition time, allowing obtaining images of
comparable quality with simpler microscope setups and/or in a shorter time. The
lower cost of increasing computational capacity compared to upgrading highly
specialised microscopy hardware is another aspect of this trend, which has the
potential of making high-performance fluorescence microscopy more affordable
and widespread. All of this is particularly pronounced in the case of lens-free
microscopy, which uses remarkably simple and cost-effective setups combined
with computational image reconstruction. While lens-free microscopy has been
mostly limited to transmitted light imaging, there have been also lens-free
implementations of fluorescence microscopy [27–32].

Another obvious trend in fluorescence microscopy has been the increasing
throughput of, especially 3-dimensional, imaging, driven by advances in lightsheet
microscopy and digital camera technology. Increasingly larger specimen volumes
can be imaged in shorter time and at higher resolution. At the same time, fluores-
cence microscopy tends to be gentler and less invasive to allow observation of living
specimens for longer periods and under less artificial conditions as demonstrated, for
example, by fluorescence micro-endoscopy or miniature head-mounted microscopes
for brain imaging in freely moving rodents [304, 305]. The increasing size of the
3-dimensional datasets and the growing rate at which they are produced place high
demands not only on the computational power needed for their real-time processing
but also on data storage capacity required to keep them. To tackle the latter
challenge, solutions have been proposed to reduce the size of the dataset while
keeping all relevant information contents [306–308]. Such solutions may prove
critical to sustaining the current trends in fluorescence microscopy in the long
run [309].
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