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16.1 Introduction

As the field of oncology is expanding, new processes are revealed, and many more
questions arise. Investigation at subcellular resolution is not possible in the clinical
setting, and therefore a preclinical platform is needed. This is offered by the use of
immortalized cell lines where cellular and molecular dynamics can be investigated.
However, it is often criticized that such cell lines resemble the clinical malignant
tissue only to a limited extend. To address this issue, the use of small animals has
been increasingly employed in oncology studies. This includes the use of wild but
also transgenic species, modified to investigate the effect of different factors in
oncological development or processes. Sample analysis can be done using
molecular techniques, such as western blots, HPLC, mass spectroscopy, or through
visualization using microscopy.

Imaging of tissue or cells with subcellular resolution is important for delineating
molecular processes. Techniques that offer this kind of information include optical
microscopy techniques (wide-field fluorescence, confocal laser scanning micro-
scopy—CLSM, super-resolution microscopy—SRM, and two-photon laser scan-
ning microscopy—TPM), and electron microscopy techniques (TEM, AFM, SEM,
etc.). In this chapter, we will review only advanced optical fluorescence techniques
since they are minimally invasive or non-invasive and require minimal sample
preparation. Moreover, as it will be shown below, some of these techniques can be
also applied in vivo offering a unique tool for investigating tumour dynamics and
processes.

A plethora of techniques that offer resolution around 1 pm or better and are
fluorescence-based is available. Each of them offers unique advantages. We will
review the potential of each technique and highlight their strengths. These tech-
niques include confocal laser scanning microscopy (CLSM), light-sheet microscopy
(LSM), two-photon microscopy (TPM), and super-resolution microscopy
(SRM) techniques.
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16.2 Fluorescence and Labelling

Fluorescence-based microscopy techniques use the phenomenon of fluorescence as
contrast mechanism. Fluorescence occurs when an excited molecule transitions
from the first excited electronic state to the ground electronic state by emitting a
photon. There are also other de-excitation mechanisms which are radiationless;
therefore, they do not contribute to fluorescence. In fluorescence-based microscopy
techniques, molecules with high fluorescence rates are used. In such techniques
usually, excitation is accomplished with a laser line. A typical Jablonski diagram of
de-excitation transitions of the microscopy techniques described in this chapter is
depicted in Fig. 16.1. Traditional bright-field microscopy, as the one used for
histopathologic examination of tissue slides, relies on the phenomenon of absorp-
tion or scattering for contrast. This limits the number of contrast agents, as
absorption spectra are generally broad and overlap, and additionally out of focus
signal significantly blurs the image. In fluorescence, emission spectra are generally
narrower, since only two electronic states are involved in the process. As a result, it
is easier to control excitation and detection, by using a specific excitation wave-
length for each fluorophore and selecting only a small wavelength bandwidth for
detection. In this way, three or more fluorophores can be combined in a single
sample and the excitation of each fluorophore can be controlled independently.
Conventional wide-field fluorescence microscopy is not reviewed in this chapter as
it offers lower axial resolution compared to the other techniques.

In microscopy, fluorescence is used to increase contrast. In order to achieve this
contrast, the structure under investigation, e.g. a protein, DNA, has to be labelled
with a fluorescent marker. To achieve this, several methods for labelling have been
developed.
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Fig. 16.1 Jablonski diagram of the molecular transitions of fluorophores in different microscopy
techniques
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16.2.1 Chemical Labelling

In this case, a molecule, a peptide, or a chemical agent in general that is shown to
preferentially bind to a specific structure is used for direct labelling. When the
chemical agent is not fluorescent itself, it is conjugated to a fluorescent dye.
Examples of such agents include DAPI and Hoechst, commonly used for nuclear
staining. Other examples are specific mitochondrial dyes (such as Mitotracker,
TMR, or JC-1, the latter with fluorescence colour depending on mitochondrial
membrane potential), actin dyes (such as phalloidin or SiR-actin), or membrane
dyes (such as Dil, WGA, and MemBrite). This kind of labelling is relatively easy
and usually requires a single step of incubation, after which the labelled structure
becomes visible on a dark background.

16.2.2 Immunofluorescence

Immunofluorescence staining involves the use of antibodies that target specific
proteins in the cell. The primary antibody can be linked to a fluorescent probe
directly. More commonly, a secondary antibody carrying the probe (usually organic
dyes) is used to target the unlabelled primary antibody. In the case of using secondary
antibodies, more than one secondary antibody can bind to the primary antibody,
therefore increasing the fluorophore density, and thereafter signal. The advantage of
antibody labelling is that any structure in the cell can be specifically labelled. The
disadvantage, however, is that it can only be performed on fixed samples. Antibody
labelling, in general, is a multistep process that requires fixation, permeabilization,
and staining of the sample, and several washing cycles in between. In intact tissues
and living animals, the antibodies cannot penetrate deep enough. They can certainly
not enter intact cells, allowing only labelling of external targets.

To address issues concerning the size of conventional antibodies especially in
applications of super-resolution microscopy, new generation of markers has been
developed. These include affibody proteins [1], which are small synthesized pep-
tides designed to target a specific protein, and antibody fragments [2], which are
engineered to retain the targeting properties of the full antibody but be smaller in
size. One could also consider chromobodies as an example of this type of staining,
since the cell is transfected with the heavy chain fragment of a lama antibody to a
specific protein. Such staining agents can either be conjugated to a fluorophore or
be followed by an additional step of secondary labelling, similar to classical
immunostaining.

16.2.3 Fluorescent Proteins
In this case, the DNA of the host is modified to express a fluorescent protein

(FP) such as green fluorescent protein (GFP), and yellow fluorescent protein
(YFP) in the target structure. This can be achieved temporarily by transfecting the
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cell with a plasmid that contains the FP’s DNA. Transfection efficiency can vary
due to competing mechanisms in the cell and as a result transfection efficiency can
vary significantly from cell to cell. To address this issue, the DNA of the host can
be modified permanently to express the FPs. The later method is more challenging
to achieve but offers more reliable results. It can be performed on cell lines or even
small animals such as mice, rats, and zebrafish. FPs are not as bright as organic
dyes; however, they are expressed specifically on the desired target (e.g. a protein
like LaminA, Actin). Furthermore, since they are expressed naturally by cells, FPs
are optimal for live-cell imaging.

In more advanced applications where signal intensity is important for applica-
tions, such as live-cell imaging or single-molecule microscopy, the so-called SNAP
[3], Halo-, and CLIP-tag methods can be used [4]. These are self-labelling enzymes
which can be fused to a target protein and can covalently bond to a labelled ligand.
The advantage of this method is that organic dyes can be used for ligand labelling,
which are brighter than FPs.

16.2.4 Photo-Switching Dyes

Photo-switching dyes are used in super-resolution techniques. SRM techniques rely
on their ability to drive the dye in states that are fluorescent—the ON state—and
states that are non-fluorescent—the OFF state—in a controlled manner [5]
(Fig. 16.1). This includes dyes that can reversibly photoswitch between an OFF and
ON state (such as cis-trans isomerization of FPs, or dyes in the presence of strong
reducing solutions [6]), dyes that irreversibly photoswitch from an OFF state to an
ON state, and dyes that are irreversibly photoconverted from one fluorescence state
to another red-shifted fluorescence state. Their emission state can be controlled, and
the emission from a single molecule can be recorded independently of neighbouring
molecules. This method provides a detailed and high-resolution “map” of each
fluorophore. Such dyes are commonly used in PALM/STORM-related techniques.

16.3 Fluorescence Microscopy Techniques

In this chapter, we will discuss the most frequently used microscopy techniques in
oncological research. We refer to Fig. 16.2 for a detailed schedule of the individual
setups.

16.3.1 Confocal Microscopy
Confocal laser scanning microscopy (CLSM) was conceptualized in the late 60s;

however, it became widely applicable in the late 80s and early 90s. Developments in
laser technology and electronics allowed the construction of electronic microscopes.
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Fig. 16.2 Schematic overview of different fluorescence microscopy techniques. a Confocal
microscopy, the sample is scanned with a laser source and fluorescence is detected by a photon
detector PMT. Out of focus light is rejected by the pinhole (P). b Two-photon microscopy, a
pulsed near-infrared laser source is scanning the sample and a PMT is detecting the signal.
¢ Light-sheet microscopy, a sheet of light excites the sample from the side and a perpendicularly
positioned objective lens is collecting fluorescence to form the image on the CCD or sCMOS
camera. d STED, it is a confocal-based method where additionally a depletion beam is scanning
the sample along with the excitation beam. e SMLM, activation and excitation beams are used at
different frequencies and intensities to drive molecules stochastically in and out of the fluorescence
state. f SIM, a diffracting element is used to create a striped illumination pattern at the focal point.
This pattern is rotated, and subsequent images are post-processed

Combined with the use of a high intensity collimated light source—the laser—and
multiple electronic systems that could be synchronized and controlled by a computer,
this allowed the production of high-resolution tomographic images. Nowadays,
confocal microscopy is a standard technique for light microscopy facilities [7].
Contrast is based on fluorescence and any conventional dye (using the labelling
techniques described above) can be used for imaging. A pinhole is used to reject the
out of focus light and restrict the axial dimensions of the section being imaged. Such
detection requires high levels of signal, since signal mainly form the focal spot that is
mainly collected; therefore, in practice modern bright dyes that are less sensitive to
photobleaching are favoured. Typically, resolution in confocal microscopy is around
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250 nm in XY and 700 nm in axial dimension. Confocal microscopy can be used for
imaging of any type of cell process in culture, in both fixed and living cells. It can also
be used as an alternative to histopathology, where biopsies can be imaged immedi-
ately after removal in order to define tumour margins and type [8]. The advantage is
the 3D sectioning and higher resolution compared to conventional wide-field
microscopy. Contrast and resolution of confocal images can be further improved by
post-processing based on deconvolution algorithms. This technique is very efficient
in reducing noise and enhancing contrast of subtle structures, therefore increasing
resolution, especially in “noisy” images [7].

16.3.1.1 Limitations

Confocal microscopy uses visible light for excitation. Visible light has low pene-
tration depth; therefore, thicker tissues cannot be visualized. Penetration depends on
the sample absorption and scattering properties, and typically is in the 50-100 pm
range. At deeper layers, out of focus fluorescence cannot be rejected anymore, due
to scattering, and images become blurry. Another limitation is the number of
fluorescent probes that can be used. Commonly, three different probes can be used
without complications, using sequential imaging. Use of more probes is possible,
though the risk of fluorescence cross-talk from one channel to the other increases.
Because it is a scanning technique, it is slower compared to conventional wide-field
fluorescence. To increase scanning speed resonant scanners can be used, which can
acquire images at video rate (30 frames per second-fps) with good signal-to-noise
ratio (SNR). Another application which can increase acquisition speed is the
spinning disc confocal. In this case, instead of scanning the laser beam over the
sample, two discs, one containing microlenses and the other individual pinholes, are
rotated in tandem to scan the sample, and the image is projected on a camera such
as a CCD or sCMOS. Spinning disc offers high-speed scanning, but resolution is
inferior to classical CLSM due to pinhole cross-talk.

16.3.2 Light-Sheet Microscopy—LSM

Light-sheet microscopy (LSM) or selective plane illumination, a technique recently
introduced [9, 10], has received a lot of attention. Light sheet, instead of using the
same path for excitation and detection as in CLSM and TPM, uses a thin sheet of
light to excite a layer of the sample. Another objective placed perpendicular to the
excitation light sheet is used to collect the generated signal. By doing so, the entire
illuminated (and excited) section of the sample can be used to collect signal from.
Since there are full field excitation and image formation, LSM is very fast. Its
resolution is mainly dependent on the thickness of the light sheet, typically being in
the 1-2 pm range. The extension of the light sheet over which it can maintain a
relative homogeneous thickness defines the maximum field of view, typically
around 0.5-1 mm. LSM typically offers less resolution compared to CLSM and
TPM, but it is much faster (several frames per second) and allows imaging of large
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fields of view. However, samples need to be transparent, for example, embryos
(such as drosophila, zebrafish), and small organoids, and cleared organs [11].

Recently, super-resolution variations of LSM, such as lattice light sheet, have
been reported, which offer reduced field of view and penetration depth but are
significantly fast [12]. Also, a non-invasive in vivo application was presented,
which gives promise for further development of the intravital application of the
technique [13]. This opens up the potential for intravital imaging also in oncology
with very high-resolution and video-rate acquisition.

16.3.2.1 Limitations

Because of its orthogonal excitation detection geometry, LSM poses limitations on
the objectives that can be used and on the sample positioning in the microscope. In
routine applications, resolution is inferior to that of CLSM or TPM; therefore, if the
structure of interest is below the 1 um range, super-resolution techniques will have
to be preferred instead. Additionally, penetration depth can be a concern; therefore,
if the tissue is not transparent, either naturally (embryos) or by clearing, penetration
is limited in the 50-100 pm range depending on the sample.

16.3.3 Two-Photon Microscopy

Two-photon microscopy (TPM) (also referred to as two-photon excitation,
two-photon laser scanning, multiphoton, or non-linear microscopy) was invented in
the early 90s [14]. Its development was facilitated by the presence of very fast
laser-pulsed systems (80 MHz) able to deliver very short pulses in the range of
hundreds of femtoseconds with high enough intensity. Because light scattering and
absorption in biological samples for the near-infrared laser sources (usually 740—
860 nm) used in two-photon microscopy is much lower than that for the visible
spectrum, near-infrared light can penetrate deeper. This property allows high-
resolution imaging deep in tissue sections, organs, and organisms in vitro and
in vivo. The actual penetration depth depends on the optical properties of the tissue
and can range from 200 pm [15] in skin up to 1 mm in brain [16]. Additionally, due
to the fact that excitation takes place only in the focal plane, a pinhole is not needed.
Therefore, detectors can be placed closer to the sample and as a result detection can
be more efficient. Like confocal microscopy, it is a scanning technique and again
similar to confocal can produce 3D images. Resolution in TPM on very thin
samples, such as cells or surface of tissues, is worse than confocal due to the longer
excitation wavelength used. However, at deeper layers, confocal resolution worsens
significantly due to scattering, while in TPM resolution is less affected (since
fluorescence originates from the focal spot), so as a result resolution of TPM
becomes better compared to confocal at deeper layers. Since in TPM excitation only
takes place in the focus of the objective, photobleaching and photodamage are
overall less compared to that in confocal microscopy. However, photobleaching
rate can be significantly higher in the focus, compared to confocal, due to non-linear
processes [17].
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Typically, in TPM, objectives with lower numerical aperture (0.8—1 NA) and
low magnification (20X) are used. Such objectives offer bigger field of view (500-
700 pm), have longer working distances (2-8 mm), and are water immersion. This
facilitates the application of tissue imaging where deeper penetration is needed,
water immersion is more compatible with tissues, especially when doing intravital
imaging, and capturing as more as possible of bigger morphological structures is
required. Resolution for such objectives is around 500 nm in the lateral plane, and
1.5 um in the axial direction.

Another advantage of TPM is that it can effectively excite and detect endoge-
nous fluorophores as well as image collagen in the extracellular matrix based on the
second harmonic signal (SHG). There are several natural fluorophores in tissue such
as keratin, melanin, NDH, FAD, collagen, and elastin. These can be used to
visualize tissue, which is usually termed as autofluorescence. In TPM, many probes
and/or autofluorescent structures can be excited with a single wavelength (for
example, 800 nm). This in contrast to the sequential imaging needed in CLSM.
This is especially relevant in intravital imaging or in imaging in living cells. When
considering intravital applications the advantage is that instead of UV light that
would be required for one-photon excitation, such as in confocal microscopy, a
near-infrared source is used which is not damaging DNA. Additionally, the SHG of
collagen is commonly used as a label-free method to image the extracellular matrix
(collagen). Another tissue element that can emit SHG is striated muscle; however, it
is not usually relevant in oncology.

Several reviews already exist on this topic [18-23]. In this section, we will
review the most important applications.

16.3.3.1 Limitations

TPM can efficiently excite autofluorescent molecules of the samples but when
exogenous labelling is used, autofluorescence can be a problem as it adds an
unwanted fluorescence background. Protocols to decrease autofluorescence back-
ground have been proposed [24], but they do not apply for every tissue and are not
applicable in vivo. Due to the NIR wavelength used for excitation, resolution is
lower compared to CLSM.

16.3.4 Super-Resolution Microscopy Techniques

Key contributors to the development of super-resolution techniques have been
awarded the Nobel prize in chemistry in 2014. The most common techniques are
simulated emission depletion (STED), photo-activatable localization microscopy
(PALM), stochastic optical reconstruction microscopy (STORM), and structured
illumination microscopy (SIM).
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STED

STED is a confocal-based technique that additionally employs a depletion beam
(usually in the red-infrared spectrum) to eliminate fluorescence emitted around the
central point of excitation. This reduces the excitation region leading to improved
resolution [25]. Resolution can be tuned by adjusting the depletion beam intensity
according to the fluorophore, and the sample’s properties. In biological specimens,
resolution can be down to 70 nm in XY- and Z-directions. Since it is
confocal-based method, it can offer sectioning capabilities and 3D imaging up to
50 pm in the sample, especially with refractive index correction objectives. Also,
compared to other super-resolution techniques, it is fast (20 images per second in
resonant scanner mode) and no post-processing is needed. Consequently, it can be
used to study dynamic processes in living cells. Resolution in STED depends on the
intensity of the depletion beam. Therefore, resolution can be tuned according to the
desired resolution or the (bleaching) properties of the fluorophore.

16.3.4.1 Limitations

In STED, two laser beams are applied, one in the visible spectrum for excitation and
another in the red-infrared spectrum for depletion. Usually, high levels of light are
used for the depletion. This can lead to fast photobleaching of the sample.
Therefore, dyes that are very photostable and bright are needed. Furthermore, an
absolute prerequisite is that the probe does not absorb at the depletion wavelength.
Imaging deeper sections of the sample are possible; however, penetration depth is
similar to that of confocal and limited to 50-100 um depending on the sample
properties.

16.3.5 Single-Molecule Localization Microscopy—SMLM

Single-molecule localization microscopy (SMLM) techniques, such as PALM [26]
and STORM [27], rely on determining the exact localization of a fluorophore in the
sample. This is achieved by means of stochastic excitation of a subset of fluor-
ophores. Comparing with conventional fluorescence microscopy, fluorescence still
takes place, but a “dark state” (a state from which the fluorophore cannot fluoresce)
is also involved in the fluorophore transitions. In a typical SMLM experiment, all
fluorophores are in a “dark state” and then with low-intensity light a subgroup is
activated and transitions to the “bright state” in which the molecule can transition
between the singlet electronic states and emit fluorescence as depicted in Fig. 16.1.
After the fluorophore has emitted sufficient photons for accurate localization tran-
sition to the “dark state” or can be permanently turned off by photobleaching. It is a
repetitive process, until all fluorophores have been sufficiently interrogated. The
resulting image is a map of the localization of the fluorophores. Resolution depends
on the density of the fluorophores and on the number of photons collected.
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The density should be chosen in agreement with the size of the structure to be
imaged. A pitfall in this case is that when the density is too high, the simultaneous
activation of fluorophores within the same diffraction-limited volume can take
place, resulting in artefacts. Also, dyes have limitations on the number of photons
that they can emit before entering a non-fluorescent state. The typical resolution that
can be achieved is in the range of 20-50 nm. Several variations of these techniques
have been developed to improve speed, specificity, photon collection efficiency,
and resolution

16.3.5.1 Limitations

SMLM techniques are rather slow; acquisition of a single final image is in the order
of seconds in modern setups. This severely hampers the imaging of fast processes in
living cells. Furthermore, only images up to a depth of 1 pm can be made (using
special cylindrical lenses), excluding visualization of processes and morphology
deeper in cells. Finally, only certain types of dyes in combination with dedicated
mounting methods can be used.

16.3.6 Structured Illlumination Microscopy—SIM

In structured illumination microscopy (SIM) [28, 29], the sample is illuminated
with a pattern of alternating bright and dark stripes. This pattern is usually created
by using a diffractive mask, or by using a spatial light modulator (SLM). This
pattern is then rotated, and the acquired images are post-processed. This method of
illumination creates the so-called Moiré fringes, highlighting sub-diffraction fea-
tures. With post-processing of the images, the high spatial frequency components of
the image (higher order details) are extracted, and consequently resolution is
improved up to twofold (~ 120 nm). Further improvement in resolution can be
achieved by modifications to this technique, i.e. Saturated SIM (SSIM) [30, 31].
Resolution improvement is limited compared to other super-resolution techniques,
but advantages of SIM are that there are no specific requirements for the dye
selection, so any conventional dye is adequate. Additionally, since excitation light
is usually low in intensity, photodamage and photobleaching are reduced. SIM is
most commonly applied to wide-field microscopes, but application to scanning
microscopes is also possible. It can also be used for in vivo studies; however,
images will require post-processing to extract super-resolution.

16.3.6.1 Limitations

Image acquisition involves the acquisition of several sequential images of the same
region. When imaging dynamic processes, this can be an issue if the acquisition
time is larger than the period of the process investigated. Moreover, images need to
be processed in order to construct the final image, which increases the total imaging
time and the processing needs of this technique. Resolution improvement is limited
to up to twofold which is not as high as the other SRM techniques offer (STED:
70 nm, SMLM: 20 nm).
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16.4 Applications
16.4.1 Confocal Microscopy

CLSM is one of the most common microscopy techniques used in life science,
found in most research institutes. It has been used in numerous studies studying the
molecular basics of cancer. The major advantages are that it can provide
high-resolution tomographic images of cells and subcellular compartments. For
example, it has been used for investigating tumour initialization and analysing stem
cell dynamics where it was shown that evolution of malignant mutations is not
deterministic and that also the environment can affect their evolution [32]. Confocal
microscopy was also used to investigate the kinetics of tumour cells and the effect
on DNA damage. It was shown that tumour cells can reshape in order to migrate
through very small openings, and even though nuclear envelope can rapture during
this process and sustain DNA damage, they have repair mechanisms [33]. Another
example includes the use of confocal microscopy to investigate the cell renewal of
cancer stem cells on organoids developed from patient cells and implanted on mice
[34]. The parameters leading to tumour regression were also visualized with CLSM.

Similar to the CLSM method based on fluorescence, a sister technique based on
reflection (Reflectance CLSM) from tissue has been developed. This method has
found applications that are closer to the clinical setting as no staining is required,
since signal originates from the reflectance signal of the tissue itself. It has been
particularly useful in clinical applications of imaging skin lesions [35, 36]. Another
example is the use of these techniques for imaging breast needle core biopsies [37]
which could provide an alternative to the classical histopathologic investigation of
biopsies (Fig. 16.3).

16.4.2 Light-Sheet Microscopy—LSM

LSM microscopy with tissue clearing techniques was used to image whole solid
tumours with high resolution [38]. The phenotype and heterogeneity of solid tumours
were visualized in terms of vascularization and vessel thickness. Moreover, cancer
pattern heterogeneities regarding E-cadherin, N-cadherin, vimentin, and CD34 were
also visualized. What was also important was that the tissue used was paraffin
embedded and deparaffinized for imaging and afterwards reparaffinized for storage
and future re-evaluation. This approach has the potential of more accurate identifi-
cation of phenotypic patterns which can be discerned better in the 3D image com-
pared to the 2D images of histopathology [39] (Fig. 16.4). Targeting at the diagnostic
advantages that LSM can have over conventional histopathology, it was used to
image thick histological sections (0.4 cm) of tissue. The advantages were that thick
tissue slices could be imaged very fast, and structures of interest were not distorted
due to pum slicing, as it could happen with conventional histopathology [40].
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c Ra bow tracing d LGRS ISH/LGRS-tr(RFP) e KRT20/LGR5-tr(RFP)

Day 3

Day 28

Fig. 16.3 Confocal images of cancer stem cell (LGR5-CreER) tracing in organoids. Cells have
been modified to express different fluorescent proteins—nGFP (green), EYFP (yellow), CFP
(cyan), and RFP (red). The results of treatment with tamoxifen after 3 days (upper row) and after
28 days (bottom row) are visualized. A number of clones have decreased after 28 days. Scale bars
first, second, and fourth column: 50 pm, third column: 100 um. Adapted from [34]

Pseudo (vessel thickness)

Fig. 16.4 LSM images of cleared human tumour sample. CD34 immunolabelling reveals the
vasculature. In the zoom inset vessels are colour coded for different thicknesses (x, y, z indicators
80 pum). On the right, the entire reconstructed tumour sample with vessel thickness colour coding
(X, y, z indicators, 100 pm). Adapted from [39]

16.4.3 Two-Photon Microscopy

16.4.3.1 Ex Vivo

Two-photon has been used to elucidate tumour molecular processes in various
organs. It has often been used to compare histopathological results of standard H&E
staining with those of TPM. Usually, TPM imaging is based on endogenous signal
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of the tissue. Spectral properties that differentiate in malignant tissue are used for
tumour identification and delineation. Examples include imaging of colorectal
cancer tissue [41] where identification was based on nuclear size and collagen
intensity, healthy bladder mucosa, and carcinoma in situ [42], where morphological
and spectral emission differences between healthy and malignant lesions were
identified, and in breast cancer [43]. Common findings in these cases were that
nuclear morphology is irregular in malignant tissue, extracellular matrix organi-
zation is disrupted by tumour cells, and often spectral shifting is observed.

16.4.3.2 Metabolic Imaging

One of the advantages of endogenous fluorophore imaging is the ability to monitor
the metabolic state of cells. This has been successfully used to monitor differences
in metabolic activity of various grade cancer cells. The technique is based on
measuring the autofluorescence levels of coenzymes that play key roles in the
respiratory chain of cells, such as nicotinamide adenine dinucleotide (NADH) and
flavin adenine dinucleotide (FAD) [44—46]. Cells produce energy in the form of
ATP mainly through oxidation—reduction (redox) reactions, where NADH and
FAD are involved. NADH and of FAD are autofluorescent, also under two-photon
excitation at 740 nm and 820 nm, respectively [47]. Since they have distinct
spectral emissions profiles, they can be separated, and their contribution measured.
The ratio of their fluorescence intensities can be used to calculate the redox state of
a cell. Increased ratio of FAD over NADH is associated with oxidative activity,
whereas decrease of this ratio is correlated with glycolytic activity. These properties
have been used to evaluate redox level in epithelial precancer cells [44] and breast
cancer [48].

Other studies have focused on the fluorescence decay characteristics of NADH
and FAD. More specifically, the reduced form of NADH fluoresces with a char-
acteristic fluorescence lifetime depending on whether it is bound to a protein or free.
The free form of NADH has a short fluorescence lifetime (0.4—0.8 ns) and is often
associated with glycolytic activity. The bound form has a longer fluorescence
lifetime (2—4 ns) and is associated with oxidative phosphorylation. The oxidized
NAD™ is not fluorescent. FAD is autofluorescent in a different emission range and
when bound to a protein has a short fluorescence lifetime (0.8 ns), whereas when
free has a long fluorescence lifetime (2.0 ns).

Changes in the mean lifetime of NADH have been observed in cancerous and
precancerous cells [44] (Fig. 16.5), the proliferative state of the cell [49], the dif-
ferentiation pathway of stem cells [50], or the cell response to toxic agents [S1].
These reports suggest that the mean NADH lifetime is associated with the metabolic
state of tissue. Since in cancer metabolism shifts towards anaerobic glycolysis (the
Warburg effect), it is expected that this shift would be reflected in NADH lifetime.
This technique has been used to identify precancerous epithelia [44], changes in
bladder carcinoma in situ [42], and malignant skin lesions [52].
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Fig. 16.5 a Redox ratio (FAD/NADH), b mean NAD lifetime, and ¢ mean FAD lifetime of
normal low-grade and high-grade precancer endothelial cells. Z-axis indicates depth inside the
tissue. Adapted from [44]

16.4.3.3 Multiphoton Imaging of Skin
Skin, as it is the outermost human organ, is easily accessible for non-invasive
imaging with TPM. For this reason, TPM has been particularly applied in imaging
skin lesions in model organisms, such as mice [53] and ex vivo human biopsies
[54], and later in human skin in vivo [15, 55].

In vivo application poses several limitations, most significantly the restricted use
of light intensity in the order of 20-40 mW and absence of compatible in vivo
labels. Skin imaging is therefore based completely on endogenous fluorophores.
Luckily enough, there are several endogenous fluorophores present in skin [56, 57].
Most abundant are keratin, melanin, NADH, FAD, and lipofuscin in the epidermis,
collagen, and elastin in the dermis. Detection of the endogenous signal is adequate
to visualize cells and subcellular components, such as mitochondria. Usually, cell
nuclei are identified as dark regions, since they don’t exhibit autofluorescence,
inside a bright autofluorescent cytoplasm. In the dermis, SHG from collagen and
fluorescence from elastin offer a detailed view of the extracellular matrix mor-
phology. Melanin is brightly fluorescent and can also be visualized in melanocytic
skin lesions. Stratum corneum contains significant amounts of keratin and also
lipofuscin. Changes in the morphology of skin lesions compared to normal skin, but
also spectral and fluorescence decay properties of individual fluorophores, are used
to identify and diagnose skin lesions. Advances in speed have allowed mesoscopic
imaging of skin lesions [58] (Fig. 16.6).

TPM has been applied in imaging skin tumours, such as squamous cell carci-
noma [59], basal cell carcinoma [60-62], and melanoma [63]. It was also shown
that imaging of mitochondrial dynamics could be used for diagnosis of early-stage
malignancies in vivo, based on the differences in mitochondria organization pat-
terns [52] (Fig. 16.7).
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Fig. 16.6 TPM images of human skin. Colour coding green: autofluorescence from cells, blue:
collagen. Left: Images of skin at different depths. Close to the surface keratin is well visible
(green), and some cellular components are less visible (green punctuate) while deeper dermal
papillae (blue) become visible. Scale bar is 200 pm. Right: A wide-area field of view
(3.1 x 2.5 mm?) of dermo-epidermal junction, the region where skin folds are deep enough to the
level of papillary dermis. Scale bar is 0.25 mm. Adapted from [58]

QO

Healthy 1

Parabasal

Basal cell carcinoma

Invasive melanoma A

Fig. 16.7 Morphological and functional differences are detected in in vivo endogenous TPEF
images of normal and cancerous human epithelia. Adapted from [52]
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16.4.3.4 Intravital Imaging with Two-Photon Microscopy

The ability for deep penetration and relatively reduced photodamage/
photobleaching has made TPM the technique of choice for intravital imaging of
small rodents such as mice and rats. Its potential applications in intravital imaging
have been recognized since early times [64]. It can be used in a non-invasive way
when imaging external organs such as skin, but for imaging non-superficial organs
a certain degree of invasiveness is required. A general protocol requires that the
animal must be anaesthetized, where subsequently a minimal surgical intervention
to expose the organ of interest follows. Such organs can be the bladder [65], the
carotid [66], the gastrointestinal tract [67], and others [68]. A more elaborate
method to monitor a region of interest for longer periods is to attach a glass window
on the region of interest. Especially in the field of brain imaging, a cranial window
is permanently attached to the scalp of mice and multiple imaging session can be
performed over the course of several months [69], and even in freely moving
animals [70] (Fig. 16.8).

One consideration when imaging intravitally is motion artefacts and speed.
Traditional scanning methods with frame rates above 1 frame per second (fps) are
too slow for acquiring static images. One has to consider the normal breathing
patterns of the animal, as well as the cardiovascular pulsing. To overcome this
problem without significant improvement in speed, the solution of triggered
imaging has been suggested, where a monitor observes both heart rate and
breathing rate and at appropriate time the trigger to image is sent [71]. Although this
technique is practical, it is not real time and is not fast enough. Another method to
overcome this problem is to increase the scanning speed. In this regime, there are
two solutions: (a) use of a resonant scanner and (b) use of multi-spot beam [72, 73].
Resonant scanners are very fast galvo-scanners operating at a fixed speed which can
acquire images with video rate [74] and higher. This has allowed intravital imaging

Exposed LP

Glass chamber Exposed PP

Oxygen . Heated
supply Silicone pad stage

Fig. 16.8 TPM intravital imaging of gastrointestinal tract. The organ is exposed and mounted on
an optical window, while the animal is anaesthetized. This can also be done with windows for
tumour imaging. Adapted from [67]
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with very good results. One consideration is that noise levels are high; therefore,
this has to be compensated by using high concentration of dyes, and/or increasing
excitation intensity. The use of hybrid detectors certainly reduces noise levels and is
favoured when available. The other possibility of going faster is to use the
multi-spot beam. In this case, the single laser beam is divided into many beams,
typically 8—64 beams, which scan the sample simultaneously, therefore reducing
scanning time 8—64-fold. In multi-spot TPM, instead of a point detector such as a
PMT, a camera is used to collect the spatially separated signal. Cameras have a
higher detection efficiency (or quantum efficiency—QE) compared to PMTs
(Camera QE: ~90%, PMTs QE: ~40%). However, going deeper usually is
accompanied by higher degrees of scattering and as a result signal from adjacent
beams are detected. This introduces artefacts and limits the achievable resolution
deeper in tissues.

Tumour growth is dynamic and takes place at variable rates and with different
mechanisms [75, 76]. To elucidate the dynamics of these processes, an in vivo
model is crucial. Several applications using in vivo environments by either using
engineered tissue or small animal have been reported. To image the dynamic
growth of cancer and invasion, Koehl et al. developed a modified skin-fold chamber
model for orthotopic implantation in mice and subsequent injection of a solid
cancer cell pellet [77]. They were able to monitor a slow and linear pre-angiogenic
tumour growth phase at the beginning which was followed by rapid growth
afterwards. They used an additional laser line at 1100 nm for imaging a
near-infrared dextran variant which was helpful in separating its signal from EGFP
to DsRed2. They were able to image vessels, cellular morphology, and nuclear
states. Dondossola et al. using TPM and an imaging window investigated the
osteolytic progression of cancer tumours on mice models and reported on the
reduction of osteoclast kinetics and osteolysis, with no effect on tumour growth
after bisphosphonate treatment [78]. Studies on cancer tissue such as on breast
cancer [79, 80], cancer cells in vivo [81, 82], murine cutaneous squamous cell
carcinoma [83], glioblastoma [84], tumour microcirculation [85], and melanoma
cells [86] have been reported on intravital imaging. Several pathways for cell
migration and therapy have been investigated with intravital TPM [87, 88].

16.4.3.5 Second Harmonic Generation Imaging of Collagen

SHG is an efficient label-free method for imaging collagen [89]. Apart as a contrast
for visualizing the extension of extracellular matrix in connective tissue, the evo-
lution and morphological alterations of collagen matrix have been shown to cor-
relate with tumour growth and metastasis [18, 90]. Such changes involve collagen
synthesis, increases in organization, and compaction of collagen fibres and change
in their diameter. Such changes have been observed in different malignancies, and
several quantification tools [91] have been proposed which could be useful for
future diagnostic purposes and possibly automatic classification.
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16.4.3.6 Higher Order Fluorescence and Harmonics

In the field of non-linear microscopy, the applications of three-photon excitation
and third harmonic generation have been explored [92]. The advantage of
three-photon excitation is that a more red-shifted laser line is required (~ 1200 nm),
which allows deeper penetration inside tissues, while the emission profile of
fluorophores does not change. However, higher intensities are required, and pho-
tobleaching rate can become significant. Third harmonic generation offers contrast
on refractive index changes. Therefore, it provides contrast on interfaces in tissue
with change in refractive index, such as the presence of membranes, blood cells, fat,
and tissue layers. Together, this technique combined with TPM and SHG provides a
full arsenal of tools for imaging tissue with as many details as possible [93, 94]. In
practice, this allows for label-free imaging of tumour cells, red blood cells, mac-
rophages, adipocytes, connective tissue, and the surrounding microvasculature of
tissue and tumour microenvironment. Three-photon imaging has allowed imaging
even through intact skull [95], and short femtosecond pulsed lasers optimized for
exciting GFPs and RFPs have been demonstrated for deep tissue imaging [96]
(Fig. 16.9).

Fig. 16.9 Large field of view image (1.5 x 1.5 mm?) of label-free multi-harmonic image of
in vivo rat mammary tumour microenvironment. Colour coding, Green: SHG (collagen fibres),
Magenta: THG (from interfaces- membranes); Yellow: two-photon excited fluorescence (mainly
FAD in cells); Cyan: three-photon excited fluorescence (mainly NADH in cells). Connective tissue
appears green, macrophages appear cyan with a magenta boundary and can also be identified by
their morphology, tumour cells appear yellow with magenta boundary and within tumour regions
magenta punctuate originating from tumour-associated vesicles are visible. Scale bar: 100 pm.
Adapted from [94]
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Another application to increase penetration depth and speed is wide-field two-
[97, 98] and three-photon excitation [99]. Wide-field illumination ensures increased
speed (frame rates of 100 Hz), since the sample is not scanned but illuminated in a
similar manner as in wide-field microscopy. The apparent advantage in speed,
however, is offset but reduced axial resolution, but in application such as optoge-
netics where speed is more important, compromise in resolution is welcome. The
combination with three-photon excitation can increase penetration depth to 700 pm
[99] without photodamage.

16.4.3.7 Endomicroscopy

So far, the potential and requirements of TPM have been described in detail. The
potential of in vivo use has been demonstrated in small animals and in human skin
imaging. If the technique were to be translated to the clinical setting, a miniatur-
ization process is necessary. For this reason, efforts to convert this method to
endomicroscopy have been made. The main difficulty has been the miniaturization
of the lens and scanning head. In modern applications, this was achieved by the use
of the gradient-index (GRIN) lens [57], where gradients in refractive index are used
to focus light. Although this offers a compact solution for TPM, it poses a problem
because chromatic aberration is significant between excitation and emission light.
More recently, custom-made miniature lenses that can integrate diffractive elements
[100, 101] (Fig. 16.10) have been proposed to compensate for aberrations. Scan-
ning is performed in the miniaturized probe tip by using a piezoelectric ceramic
tube [102, 103].

Miniature
imaging probe

—2.2 mm OD

Fig. 16.10 Tip of a fibre-optic scanning two-photon endo-microscope. a The tip includes a
piezoelectric element (PZT) for circular scanning, a miniature objective and is around 2 mm wide.
b Anaesthetized mouse during endomicroscopic imaging. ¢ TPM image of kidney, red
autofluorescence, green collagen—SHG. d Same as in ¢ but larger field of view, 450 um. Scale
bars, 50 pm. Adapted from [100]
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16.4.4 Super-Resolution Microscopy

Several applications investigating oncological molecular process in this new range
of resolution have been reported [104]. Resolution is very much improved in
STED, but this is accompanied with reduced field of view and penetration depth.
Therefore, STED is optimal when imaging molecular processes in subcellular level
on cell cultures of primary or immortalized cell lines. In cancer research, some
examples include imaging of ovarian cancer cells [105], rectal cancer [106]
(Fig. 16.11), metastasizing cells [107], or the visualization of vimentin collapse
[108] which is correlated with reduced cancer cell stiffness.

SMLM techniques have also been used in oncology studies. They constitute an
obvious super-resolution alternative to confocal microscopy as they share similar
limitations of sample thickness but offer one order of magnitude improved reso-
lution. CLSM resolution is ~200 nm while with SMLM it can be 20 nm. SMLM
was effectively used to re-image archived formalin-fixed paraffin-embedded sam-
ples of breast cancer tissue. This technique was used to investigate ultrastructural
features of mitochondria and nuclei, not visible with conventional techniques [109]
(Fig. 16.12). This method holds potential for investigating already archived tissue
samples that could be used for investigating new parameters in diagnostic
procedures.

SIM has also been used in oncology research. As with previous techniques, it
has also been used in imaging biopsy tissue section of benign and malignant tissue.
In a study on prostate cancer tissue slides, it was shown that application of fast

Fig. 16.11 Imaging of deparaffinized tissue slices of breast cancer tissue with conventional
wide-field microscopy a and b, confocal c—d, e, f Magnified insets from ¢ and f. g and h further
magnification of (e), (f) Adapted from [106]
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Fig. 16.12 SMLM images of HER2-positive cancer cells. The protrusions of the extracellular
membrane are better visible in the SMLM images. From left to right increasing magnification
insets (scale bars from left to right 10, 4, 1 to 1 pum). Last image in right is the conventional
confocal microscopy image. Adapted from [109]

staining with acridine orange can produce images with similar contrast to that of
Haematoxylin and Eosin (H&E). Such images feature super-resolution and addi-
tionally mosaics of the entire tissue section is possible with video-rate acquisition
[110] (Fig. 16.13).

16.4.5 Multimodal Techniques

All these fluorescence-based techniques can offer new insight to different processes
in the oncology field, but they can also be combined with another
fluorescence-based technique to improve resolution or penetration or be combined
with methods based on different contrast mechanisms.

In the field of skin imaging, confocal microscopy was combined with optical
coherence tomography [111] (OCT), in a hand-held implementation [112], to detect
margins of basal cell carcinoma in vivo, with the possibility of translating this
technique in the clinic for diagnostic purposes. Two-photon microscopy was
combined with coherent anti-Stokes Raman spectroscopy (CARS) a
scattering-based method that can offer good visualization of lipids, for imaging
tumour microenvironment and tracking of tumour cells and margins [113].

TPM was further combined with SIM. This combination offers the advantage of
deeper penetration of the TPM beam and improved resolution offered by SIM. This
multimodal technique was further combined with multifocal excitation in order to
increase the speed of acquisition. This resulted in fast imaging with super-resolution
of thick scattering samples such as C. Elegans embryos, Drosophila Melanogaster
larval salivary glands, mouse liver tissue, and fast process in live zebrafish embryos
[114-116].
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Fig. 16.13 SIM images of prostate cancer tissue section. a Wide-field and b the same section
with SIM. Increase contrast is achieved with acridine orange staining. Magnified insets of b in d—g
¢ and d areas of normal skeletal muscle and fibrous stroma. f and g depict areas of malignant
glands. d and f SIM images. e and g H&E staining. Adapted from [110]

TPM microscopy has been also combined with optoacoustic imaging [117].
Two-photon images can be overlaid with optoacoustic images, resulting from the
ultrasound signal due to the absorption of light at the focus of the objective, and
offer contrast on vasculature and melanoma cells in vivo [118]. Such hybrid
applications combine the advantages of TPM in deep penetration and high reso-
lution with increased detection efficiency at deeper layers of tissue (Table 16.1).
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Table 16.1 Characteristics of imaging techniques

In | Penetration depth  Resolution radial  Label-free Acquisition

vivo (XY)/axial (Z) speed

TPM Yes 200 pm 500/1500 nm Yes Video rate

CLSM/reflectance | Yes ' 50 pm/100 pm 250/750 nm— No/Yes Video rate

CLSM 500/1500 nm

LSM Yes 50 pm/1-4 mm (in  1/1 um No Video rate

cleared samples)

STED Yes 50 um 70/120 nm No Video rate

SMLM No | 1-2 um 20/100 nm No Seconds to
minutes per
frame

SIM Yes 100 pm 120/400 nm No Video rate

16.5 Conclusion

Developments in advanced optical microscopy are fast. A whole plethora of
techniques, all with their specific advantages, disadvantages, strongholds, and
applications, is already available. Undoubtedly, new developments will come up,
such as the combination of expansion and super-resolution microscopy. What we
hope to have clarified is the enormous potential of advanced optical microscopy,
both in fundamental research and in a more (pre)clinical setting. In that respect,
especially interesting is the translation of these techniques to the clinic, e.g. by
using micro-endoscopy or microscopy-at-the bedside. It definitely is worthwhile to
look beyond gold standards and broadly applied techniques towards new
developments.
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