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Chapter 1 
 

Introduction 
 
 
 
 
The ability to image single molecules in live cells and organisms, for understanding 

cellular processes, has opened new possibilities over traditional averaging techniques. 
Fundamental to the quality of any microscopy experiment in biology is the temporal and spatial 
resolution. Directly related to resolution are the integration time, duration and at which signal-
to-noise ratio these observations can take place. Numerous microscopy techniques have been 
developed to optimize abovementioned properties.  

In this thesis we investigate the ability of two-photon multifocal microscopy for single-
molecule microscopy in live cells and organisms. Two-photon excitation combined with 
multifocal scanning has the potential to achieve, high (temporal) resolution imaging at a low 
background. These characteristics are indeed beneficial for single-molecule experiments and 
any live cell imaging assay. However, two photon excitation generally requires high excitation 
powers, which may limit photon stability and cell integrity.  

This chapter introduces the challenges of light microscopy for in vivo imaging and 
explains the main principles behind our used imaging technique. We also compare two-photon 
multifocal scanning with the increasingly popular microscopy technique of light-sheet 
microscopy.  
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1.1 IN VIVO MICROSCOPY 
 
By looking at any tissue it becomes apparent that the propagation of light is strongly 

influenced by it. Also, the lack of contrast in the complex (extra)cellular environment requires 
highly specific markers to resolve a molecule or structure of interest. For this, a great variety of 
fluorescent, luminescent and/or scattering labels are available. Here we highlight some of the 
main physics that describes the boundaries of in vivo imaging.  

1.1.1 SCATTERING AND ABSORPTION OF LIGHT IN CELL TISSUE  
Cells, extracellular structures (collagen fibers, elastin, etc.) and fluids all combine into a 

complex optical system. Light needs to penetrate the tissue, travel towards the structure of 
interest and travel back to the objective for optical detection. During this process, light is subject 
to scattering and absorption, which hinders imaging and impairs image quality. The optical 
properties of a tissue can be described in terms of its absorption coefficient, µa (cm-1), scattering 
coefficient, µs (cm-1) and anisotropy g1.  

µs is defined as the probability that light is scattered per unit path length. Optical scattering 
can occur by particles that have a refractive index different to their surrounding medium, or due 
to a medium which has a continuous but fluctuating refractive index2. As light is scattered when 
travelling towards the focal spot, or back to the objective to be collected for detection, it loses 
its spatial coherence. In other words, a focused light beam is transformed to a diffuse bundle, 
resulting in dim and blurred images.  

Mie theory describes the scattering of light from a sphere in a homogenous medium3. 
Scattering depends on particle diameter and the refractive index and wavelength of the incident 
light. Cell tissue contains a variety of particles and differences in refractive indices, making it 
much harder to grasp theoretically. Different tissues have different scattering characteristics 
which also depends on wavelength, see Figure 1.1a4. A common approximation for µs is given 
by: 

μୱ ൌ
a

1 െ g
൬
λ

500
൰
ିୠ

 (1.1) 

where g denotes the anisotropy and a and b are experimentally determined factors which can 
vary greatly between tissue5. Anisotropy g denotes the scattering direction at upon encountering 
a particle. For g = -1 and g = 1 light is scattered completely in backwards or forward direction, 
respectively. g = 0 indicates that scattering is evenly distributed in all directions. As such, g has 
a large influence on the scattering characteristics of tissue. In most biological tissues light is 
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predominantly scattered in a forward direction (g > 0.9)1, resulting in an exponential loss of 
power with the thickness of the sample.  

 

 
Figure 1.1: The main sources of light attenuation in microscopy are absorption and scattering. (a) The scattering 
coefficient as a function of wavelength varies in different types of tissue. Scattering decreases exponentially as the 
wavelength increases. (b) The absorption coefficient of a selection of biological materials as a function of wavelength. 
Absorption by hemoglobin (Hb) is significantly reduced for NIR wavelengths. In tissue where blood is absent, 
absorption is dominated by water and lipids. Adapted from [4].  

 

Besides scattering, light can be absorbed by any molecule it encounters, resulting in a 
similar exponential decay. µa is defined as the probability of a photon being absorbed in a 
medium per unit path length. Similar to scattering, the absorption of light is wavelength 
dependent, see Figure 1.1b. Pigmented biological tissues feature much higher µa and impede 
high quality imaging.  

The combination of scattering and absorption limits the number of photons that contribute 
to the signal that is collected by the detector. The number of photons (I) of wavelength (λ) at 
depth (z) inside a medium can be modelled as: 

Iሺλሻ ൌ  eି୸ሺஜ౗ሺ஛ሻାஜ౩ሺ஛ሻሻ (1.2) 

This combination of scattering and absorption limits the imaging depth for most traditional 
microscopy techniques to ±100 µm. For studying larger organisms like mice, this often means 
that tissue needs to be removed and imaged ex vivo. High absorption can be further mitigated 
by studying organisms or tissue that lack pigment. Additionally, the µa and µs can be 
significantly reduced by optical clearing techniques, which minimize refractive index 
mismatches or break down highly opaque structures 6–8. For live imaging such harsh chemical 
preparation steps cannot be applied. However, recent developments in optical engineering like 
wavefront shaping, can be used to focus the light in highly turbid media9. Circumventing high 
absorption and scattering all together may also be an option. Small transparent model organisms, 
like round worms (Caenorhabditis elegans)10 and zebrafish embryos (Danio rerio)11, have for 
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this reason become popular in microscopy assays. The abovementioned examples form only a 
limited part of methods that are available on tackling the problems that optical microscopy has 
with opaque tissues. Dealing with absorption and scattering is therefore, arguably one of the 
most important challenges in in vivo microscopy. 

1.1.2 CONTRAST LABELING 
Because scattering and absorption impede microscopy imaging, alternative methods to 

achieve optical contrast are desirable. Self-luminescent structures, for example using 
fluorescence, relieve this constraint. Most biological structures feature a small amount of 
autofluorescence. Autofluorescence is the natural emission of light by biological structures as 
they absorb light, which increases the background signal of the image, see Figure 1.212. So in 
order to resolve a specific structure of interest it is necessary to tag it with a light-emitting 
marker. These markers must be bright enough to be resolved in optical dense tissue and above 
the autofluorescent background. Roughly, contrast markers can be subdivided into three 
categories: fluorescent proteins, organic dyes and nanoparticles.  

Fluorescent proteins (FPs) are widely used in microscopy. By cloning the genetic code of 
a FP into a gene, a specific protein is fluorescently tagged. Different color FPs are available and 
their specificity, versatility, convenience and minimal steric and biological interference has 
made FPs the most popular method for bio-imaging13. A drawback of FPs is their relatively 
small absorption cross section, which reduces the efficiency of excitation. Also, FPs have a 
limited photo-stability. When excited, they are prone to changes in conformation, oxidation, or 
react with free radicals in the environment and lose fluorescence, referred to as photobleaching. 
In long time-lapse measurements, photobleaching limits the duration of the experiment as there 
is a maximum to the number of times a fluorophore can cycle between the ground and the 
excited state and emit a photon14.  

Organic dyes offer a larger absorption cross section and quantum efficiency than FPs and 
span a wide spectral range of excitation wavelength15. This makes organic dyes versatile and 
bright markers. Multiple organic dyes can be attached to a single target, which can increase 
brightness even further. For this reason, dyes are often applied as markers for single-particle 
tracking microscopy. Microinjected liposomes for example, have been are tracked inside whole 
organisms16.  

The labelling of proteins with organic dyes cannot be done directly via genetic encoding. 
Therefore, one of the main challenges is attaching dye-labels to a specific target biomolecule. 
Several strategies are available for tagging, like enzyme-catalyzed labeling via post-
translational modifications. For example, biotin and biotin acceptor peptides have been used for 
tagging membrane surface proteins15. An increasingly popular strategy is to genetically encode 
a HaloTag, which is a peptide designed to bind to synthetic ligands. These synthetic ligands can 
be attached to an organic dye for imaging of targeted proteins17. Delivery of organic dyes inside 
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of the cells can be done via: acetomethoxymethyl (AM)-ester derivatization, microinjection, 
gene guns, cationic liposomes, cell membrane manipulation and endocytosis 18,19. Most of these 
biomolecule tagging strategies are effective on single cell experiments but not for whole 
organisms. Photobleaching is also still an issue for organic dyes similar to FPs.  

 

 
Figure 1.2: Naturally occurring proteins fluoresce when excited at appropriate wavelengths. (a) Excitation spectra 
of a selection of proteins that can be found in nearly every cell. (b) Autofluorescence of a leukocyte when excited at 
365 nm. At these wavelengths autofluorescence can impair the SNR of the contrast labels. Adapted from [12].  

 
Nanoparticles such as quantum dots (QDs) are unencumbered by photobleaching. QDs 

also feature an absorption cross section a factor 4 to 40 higher than fluorescent dyes and exhibit 
narrow excitation spectra which can extend further into the near-infrared (NIR) wavelengths20. 
These properties make QDs attractive for high-resolution single particle tracking microscopy 
and can be effectively used with NIR excitation sources21. QDs do however, blink, which entails 
temporary loss of signal for up to tens of seconds. This hampers their use for single particle 
tracking22.  

Noble metallic nanoparticles, like gold or silver nanospheres or nanorods, do not feature 
any blinking or bleaching and exhibit even brighter luminescence than QDs23. The conducting 
electrons of a metallic nanoparticle can couple with light, which greatly enhances both the 
absorption and emission of light. The oscillation frequency of this localized surface plasmon 
resonance (LSPR) is dependent on the material of the particle, its aspect ratio and the refractive 
index of the surrounding medium. Gold spherical particles have a LSPR of ±532 nm, elongated 
gold nanorods (GNRs) have a slower oscillation frequency and the absorption peak is therefore 
red-shifted, ranging to infrared wavelengths. The excitation spectrum can be tailored to the 
measurement setup. Moreover, relatively easy surface bio-functionalization makes GNRs 
compelling contrast markers for high accuracy 3D single particle tracking24. The high sensitivity 
of the LPSR to the surrounding refractive index has been exploited for highly specific detection 
of single molecules25. Similar to organic dyes, transport of QDs and GNRs to their target 
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biomolecules in live cells or organisms is one of the main challenges. Also the large size (1-50 
nm) may induce steric hinder when attached to the smaller target proteins 20.  

Comparing the three presented labeling methods, there is a trade-off between brightness, 
biocompatibility and steric hinder. The brightness of organic dyes and nanoparticles for 
example, makes them especially useful for single particle tracking in larger or more optical 
dense tissue but specific labeling in live tissue remains challenging. The simple, highly specific 
and well established labeling method for FPs make them the main method for fluorescent 
labeling of biological samples. Therefore, when developing novel microscopy modalities for in 
vivo imaging, special attention should be directed towards compatibility with FPs.  

1.1.3 PHOTOTOXICITY 
A high photon emission rate is especially necessary for resolving fast cellular processes 

with a good spatial resolution. The high excitation power that is required is potentially damaging 
for the sample26,27. Phototoxicity can lead to extreme damage like cell death, which is often 
preceded by morphological changes such as: membrane blebbing, vacuole formation, mitotic 
arrest and nuclear fragmentation26,28,29. However, adverse effects of illumination that are less 
apparently manifested may still impair the function of the biological system. Less noticeable 
effects of phototoxicity include: slowdown of cellular growth processes30, impaired neuronal 
function31, and loss of the mitochondrial membrane potential32. Awareness of the more subtle 
phototoxic effects can result in more reliable and reproducible data and is important to consider 
for any in vivo experiment.  

Phototoxicity can be caused via different pathways. The presence of reactive oxygen 
species (ROS) is the most prevalent33. A natural variety of organic molecules absorb visible 
light and subsequently get degraded when they react with oxygen. During this process ROS are 
produced including superoxide radicals, hydroxyl radicals and hydrogen peroxide34. ROS can 
oxidize DNA, causing mutations, or proteins and unsaturated fatty acids in lipids, rendering 
them non-functional. ROS have been shown to impede the function of enzymes or change the 
global state of the cell cytoplasm or mitochondria35. Similar to naturally occurring light-
absorbing proteins, the excitation of fluorophores can produce ROS36. Hence, the location of a 
fluorophore inside a cell has a large effect on the photosensitivity of that cell37. Excited 
nanoparticles can also create ROS as the energized electron can react to neighboring oxygen 
molecules38. Photobleaching and phototoxicity are closely connected to each other, although 
they are distinctly different phenomena. An absence of photobleaching is a good indicator of 
illuminating at a safe level. However, in many live samples FPs are continuously produced and 
hence make photobleaching an unreliable method for assessing phototoxicity28.  

ROS scavenging mechanisms, like antioxidants, have developed through evolution to 
remove ROS from cells. Every organism or tissue has, different resistance to phototoxic effects 
shaped by their living environment33. For example, Drosophila (fruit fly) and C. elegans 
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(ringworm) appear to be more resistant to laser illumination than zebrafish embryos39. However, 
the additional production of ROS during light exposure can rapidly overwhelm the natural 
defenses of a biological system. Once this happens the health of an organism quickly 
deteriorates, see Figure 1.3a/b.  

The phototoxicity threshold for an organism or cell can be determined by measuring 
phototoxic effects at different light doses40. The threshold can be moved to higher light 
intensities by adding ROS scavengers, like antioxidants 41, ascorbic acids42 and flavonoid rutin43 
to the imaging medium. These methods are more effective for single-cell experiments than for 
whole organisms due to the endothelial cell barrier that restricts access to the internal cells. To 
reduce phototoxic effects in larger samples, strategies like temporally pulsed illumination44,45 or 
spatially selective illumination (e.g. TIRF46, two-photon47 and light-sheet48 microscopy), have 
been explored, as well as longer excitation wavelengths and reduced peak powers.  

 

 
Figure 1.3: High intensity light irradiation can impair cellular mechanisms and lead to cell apoptosis. (a) Typical 
shape of a phototoxicity curve. When the dose exceeds a threshold, the natural oxygen scavenging defense mechanisms 
of a cell are overwhelmed and the rate at which cells perish increases drastically. (b) Experimental data on cell death as 
a function of light dose with two different illumination times. Adapted from [28].  

 
In addition of reactive pathways, absorption of light by tissue can cause local heating and 

lead to cavitation and heat-induced morphological changes. Absorption scales with laser power. 
Most microscopy schemes use low enough illumination powers that heating of the sample does 
not have a major influence on the cellular metabolism. The non-linear excitation methods that 
we describe in this thesis are more likely to cause heating due to the substantially higher laser 
power 49,50. Imaging of transparent and non-pigmented samples should generally prevent most 
heat-related phototoxic effects by reducing scattering and absorption.  

In any in vivo imaging application the right balance between sample health, signal-to-noise 
ratio and spatial and temporal resolution needs to be found, see Figure 1.4. The highest signal 
to noise results in the best quality images. However, the necessary higher illumination intensity 
impairs sample health and increases photobleaching. A related factor is the desired temporal 
resolution. Reducing the acquisition time reduces the amount of signal proportionally. The 
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spatial resolution of an image is important for resolving the smallest details. Distribution of light 
over a larger area reduces signal intensity per pixel and can be rescued by longer integration 
times. Hence, one of these parameters cannot be optimized without compromising the others. 
Novel developments in optical microscopy are bound by these constraints and the challenge is 
to find a clever method to push the physical limits set by spatial resolution, temporal resolution, 
signal-to-noise ration and minimal biological damage.   

 

 
Figure 1.4: The main condendrum for live imaging. One parameter cannot be optimized without compromising the 
others. 

1.2 MICROSCOPY TECHNIQUES  
 
Wide-field epi-illumination is arguably fluorescence microscopy in its most simplistic 

form. A collimated excitation beam homogeneously illuminates the sample at a straight angle 
(i.e. epi-fluorescence) and the whole field-of-view (FOV) is illuminated in a single instance. 
Images are acquired rapidly by a CCD or sCMOS camera. Although wide field illumination is 
straightforward and high temporal resolutions are easily realized, out-of-focus fluorescence 
contributes to a large background signal and limits observations to two dimensions.  

The background signal is greatly suppressed by implementing techniques which reduce 
the illumination volume such as total internal reflection fluorescence (TIRF) microscopy51 and 
highly inclined and laminated optical sheet (HILO) microscopy52. In practice, the reduction in 
excitation volume limits these techniques to smaller samples and imaging is also limited in two 
dimensions (2D). By introducing a rasterized illumination pattern, referred to as structured 
illumination microscopy (SIM), background can also be computationally eliminated53. SIM 
effectively separates signal inside the focal plane from outside the focal-plane and allows to 
computationally dissect a sample in three-dimensions (3D)54.  

Another way of reducing background signal and improve 3D sectioning is to focus the 
laser beam into a single point and collect signal from this focal volume that is confined in 3D. 
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In laser scanning confocal microscopy (LSCM) out-of-focus fluorescence is spatially blocked 
by a pin-hole positioned in the emission path, an image is then reconstructed for serial 
measurements in which the focus is raster scanned through the sample. The sample is thus 
optically sectioned into thin slices and signal is collected with a low-noise, high sensitivity 
photomultiplier tube or photo-avalanche diode. The focused laser beam in combination with the 
pinhole enables deeper imaging than epi-fluorescence illumination at lower illumination 
power28. The ability to image a sample in 3D with relative ease has made LSCM a standard for 
live microscopy imaging. However, the serial acquisition impedes temporal resolution and life 
cell imaging is limited to slow processes. Despite that the light is focused, in-focus and out-of-
focus fluorophores are still being bleached which limits the duration of the measurement.  

1.3 TWO‐PHOTON MICROSCOPY 
 
In this thesis we use two-photon excitation (TPE) to mitigate some of the challenges in 

vivo environments impose on light microscopy. One of the ultimate goals is to reach single 
molecule sensitivity, which is the basis for the recent super-resolution revolution, that has 
boosted the performance of modern microscopy techniques. Though the combination of TPE 
and single molecule imaging has so far been heavily limited by photobleaching, the 
development of ultra-sensitive scientific CMOS cameras, in combination with advanced 
structural illumination schemes and better control over NIR lasers warrants a fresh effort in this 
direction.  

 

 
Figure 1.5: Jablonski diagram for the excitation of a fluorophore using one photon and two photon excitation. 
Half the energy per excitation photon is necessary for 2 photon excitation, which extends the excitation wavelengths to 
NIR. Once excited, the relaxation of the fluorophore follows the same pathway.  

 
Invented in 1990, two-photon microscopy (TPM) is based on the excitation of a 

chromophore with two-photons instead of the more conventional one-photon excitation (OPE), 
see an illustration in Figure 1.5. Conventional OPE techniques use excitation light in the UV or 
visible light range to excite the chromophores of interest. For TPE, the use of two-photons 
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means that roughly half the energy per photon is required to excite a molecule, extending the 
excitation source to near-infrared (NIR) wavelengths. The absorption of two photons needs to 
occur within the relaxation time of a fluorophore (10-9 sec) which means that TPE is only 
effective at very high light intensities55. To achieve this, TPE is implemented using a focused 
beam in combination with femtosecond pulsed lasers56. Pulsed laser sources generate high peak 
intensities (kW-GW) necessary for TPE, while the average laser power remains relatively low 
(2-5 W), reducing linear absorption and thus heating and phototoxic damage to the sample. For 
a more quantitative understanding of the parameters involved for TPE, the probability (p) of 
two-photon absorption per laser pulse can be described as57: 

p ൌ
Pଶδ
τ୮f୮ଶ

ቆ
NAଶ

2hcλ
ቇ
ଶ

 (1.3) 

with P the average laser intensity (W cm-2), δ the two-photon absorption cross section of the 
chromophore (typically 10-50 cm4 s) at the excitation wavelength λ (typically 650 – 1300 nm), 
τp the pulse width (typically 80 – 200 fs), fp the repletion rate (typically 60 – 160 MHz), NA the 
numerical aperture, h Planck’s constant, and c the speed of light. The quadratic dependence of 
signal to laser power characterizes TPE as a non-linear excitation mechanism. From equation 
1.3 it is clear that not only the light intensity affects p, but also the chosen objective, as p scales 
with NA4. With a higher NA the focal volume is decreased, concentrating the light more 
efficiently. After saturation of the fluorophore is reached (p=1), the signal is limited by the 
repetition rate of the laser. However, previous reports show that photobleaching is severe at 
these excitation powers and drastically impair measurement times58.  

Most TPMs use femtosecond pulsed laser sources, benefiting from the increase in p as a 
result of shorter pulse width, combined with the relative wide availability of Ti:Sa lasers. A 
typical Ti:Sa laser can produce 100 fs pulses at a rate of around 80 MHz with a tuning range 
between 700-1000 nm. However, TPM has also been done with picosecond and continuous 
wave (CW) lasers59,60. A CW laser necessitated around 200 times the average laser power 
compared to a standard Ti:Sa laser to achieve similar signal, illustrating the advantage of using 
pulsed lasers to reduce average laser power. The real advantage of using CW lasers is to reduce 
system costs as diode CW IR lasers with sufficient power are available for <€1000, whereas a 
typical Ti:Sa laser costs €100k>.  

A major advantage of TPE is that biological tissue features less scattering and absorption 
at NIR than visible wavelengths. This so-called NIR-window, as plotted in Figure 1.1, makes 
TPM a powerful technique for deep-tissue imaging. Typically, TPM extends imaging depth in 
rodent brains from ±100 µm in confocal OPE to ±500 µm5. The deeper imaging depth has made 
TPM able to perform live imaging of transient neuronal Ca2+ fluxes in rodent brains, where one-
photon excitation (OPE) failed61. Another interesting application for TPM is fluorescent 
correlation spectroscopy (FCS). FCS is based on the autocorrelation of the diffusion of a small 
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number of molecules through the focus. Inside live cells TPE made it possible to do FCS, where 
background signal would be too high for OPE to resolve single fluorophores62.  

 

 
Figure 1.6: With one-photon excitation fluorophores outside the focal volume are excited. In contrast, the low 
probability of two-photon excitation confines fluorescence to the focal volume of the objective. Adapted from [56].  

 
The intrinsic optical sectioning of TPE means that background fluorescence is eliminated 

without the need for a pin-hole, see Figure 1.6. Background is further reduced by the 
exceptionally large anti-Stokes spectral difference between excitation and emission photons, 
facilitating spectral separation of the two.  

There are many theoretical methods on how to estimate the resolution of a microscope. A 
relatively straightforward and common approach is by calculating the full width at half 
maximum (FWHM) of the PSF according to Rayleigh’s criterion. For LSCM, the lateral (ωr,OP) 
and axial (ωz,TP) resolution based on Rayleigh’s criterion is64:  

ω୰,୓୔ ൌ  
0.51λ

NA
 (1.4) 

ω୸,୓୔ ൌ  
0.88 λ

ሺn െ √nଶ െ NAଶ
 (1.5) 

with n the refractive index of the medium. Please note that equation 1.4 and 1.5 slightly deviate 

from the standard Rayleighs’ criterion of 𝜔௥,ை௉ ൌ 0.61𝜆/𝑁𝐴 and 𝜔௭,ை௉ ൌ 2𝜆𝑛/𝑁𝐴ଶ due to the 

inclusion of the pin-hole aperture.  
For a standard TPM the resolution of the microscope is purely defined by the size of the 

point spread function65. As TPE roughly uses twice the wavelength to excite the same 
fluorophore as OPE the resolution intuitively should be worse. However, the quadratic 
dependence of signal on laser power confines the excitation to a narrower volume. An estimation 
of the resolution of TPM could be the square root of equations 1.4 and 1.5. A more common 
definition however, is by the numerical estimation for ωr,TP and ωz,TP based on fitting quadratic 
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Gaussians to the intensity distribution model of Richards and Wolf, which results in a slightly 
different values:63 

ω୰,୘୔ ൌ
0.541λ

√2NA଴.ଽଵ
 (1.5) 

ω୸,୘୔ ൌ
1

√2
൬

0.886λ

n െ √nଶ െ NAଶ
൰ (1.6) 

assuming NA > 0.7 and the detector meets the Nyquist criteria. Equations 1.5 and 1.6 do not 
take any side-lobes of the Airy rings into account, which will be negligible for a standard TPM. 
However, when the excited fluorophore approaches saturation (p = 1), the main lobe would 
flatten and the side lobes become more prominent. When this happens the optical resolution of 
a TPM starts to deviate from equation 1.5 and 1.6. For super-resolution, the localization 
accuracy can be determined by accounting for shot-noise, which reduces the uncertainty in 

positioning by √𝑁, with N photons. Therefore, brighter fluorophores and thus higher excitation 
intensities are desirable. For normal biological imaging however, the photon flux necessary to 
reach fluorophore saturation would result in high photobleaching and phototoxicity, impairing 
sample integrity. In practice, saturation effects are only relevant for highly efficient two-photon 
labels, such as QDs and metallic nanoparticles66,67.  

The difference in resolution between linear and non-linear excitation can be compared 
using equations 1.4-1.6. For example, exciting a fluorophore at 400 nm with an NA=1.1 yields 
ωr,OP = 0.19 µm and ωz,OP = 0.60 µm. For exciting the same fluorophore with TPE at 800 nm 
results in ωr,TP = 0.28 µm and ωz,TP = 0.86 µm. As such, the theoretical resolution of a TPM is 
only moderately worse compared to a confocal microscope. However, in practice the higher 
scatter coefficient of visible light inside tissue and the lower background fluorescence of TPM 
generally results in resolution similar or better than that of a LSCM, especially at larger imaging 
depths68. Therefore, the consensus is that confocal and TPM have similar image resolution 
which shifts in favor of TPM at larger imaging depths.  

Photobleaching and phototoxicity with TPE is more elusive and less well understood than 
with OPE. Fluorophores outside the focal volume are not excited, which confines the 
phototoxicity and photobleaching. Inside the focal volume however, the large flux of photons 
can promote already excited fluorophores to higher energy states, which increases their 
reactivity with surrounding molecules. This results in faster bleaching inside the focus than with 
OPE 69–72 and therefore makes TPM more beneficial for the imaging large volumes of bigger 
samples where more fluorophores are available. The two-photon photobleaching rate (τ) scales 
with laser power (P) as: 



Chapter 1: Introduction 

13 

τ ൌ A ∗ Pୡ (1.7) 

empirically, with amplitude A and exponent C. Values for C between 2.1 – 5.1 have been 
dependent on: type of fluorophore58,73, laser pulse width 74,75, laser repetition rate76 and 
surrounding temperature58. Using low NA objectives for illumination has also shown a strong 
decrease in photobleaching, suggesting that reduced peak intensities have a significant role in 
bleach rates77. The >2 exponential dependence indicates a sensitive relationship between bleach 
rate and excitation power. Thus reduction of the laser power should be paramount in any TPM 
measurement in order to keep phototoxicity minimal.   

1.3.2 MULTIFOCAL SCANNING  
Abovementioned advantages have made TPM an excellent technique for the imaging of 

large volumes in opaque larger organisms. However, the temporal resolution of faster scanning 
the laser in a serial fashion remains limited. The more so, because most commonly used 
fluorophores feature a poor two-photon absorption cross section which requires extended 
integration times78. Increasing laser power offers a limited solution due to the exponential 
dependence of bleach rate and phototoxicity (eq. 1.7). Conventional TPM does not have 
sufficient temporal resolution for imaging fast cellular processes or to capture single particles 
or molecules traveling inside living organisms.  

Higher framerates can be achieved while keeping phototoxicity low by splitting the laser 
beam into multiple beamlets. By multiplexing the excitation volume and increasing the total 
laser power proportionally, the peak power per focus remains unchanged. Collection of the 
signal from the multiple foci requires array detectors such as sCMOS or EM-CCD cameras. The 
use of wide-field detectors means that the lateral resolution differs from a conventional TPM, 
defined by equation 1.5. The lateral resolution is now simply defined by the emission light and 
thus can be expressed by the standard Rayleigh criterion of 0.61λ/NA, which would not 
discriminate between OPE and TPE.  

Two-photon multifocal microscopy (TPMM) has been done with microlens arrays (MA), 
microlens discs79, cascade beam splitters80, spatial light modulators (SLM) or diffractive optical 
elements (DOE). Setups using MAs, beam splitters or DOEs split the laser beam in multiple 
beamlets, after which they are scanned by scanning mirrors. SLMs on the other hand do not 
require any mechanical scanning; by applying a computer generated hologram, any arbitrary 
number of foci, their position and intensity can be defined accordingly81. Previous studies show 
a significant increase in imaging speed with TPMM compared to single point scanning. For 
example, using a SLM creating an 8 x 8 array of foci, fluorescence lifetime of fluorophores in 
cells was imaged 64 times faster compared to single-point imaging82. The imaging of Ca2+ 
transients in neurons can be extended from one to tens of neurons by positioning the foci to 
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different points-of-interest using a SLIM83. An example of multiplexed monitoring of neurons 
in mouse brain is depicted in Figure 1.7. 

 

 
Figure 1.7: Multiplexing the laser beam allows to measure Ca2+ transients in multiple neurons simultaneously at 
high temporal resolution. (a) Image of stained neuron cells inside a mouse brain. The red dots annotate the locations 
of the foci. (b) Three selected time traces showing different kinetics upon stimulation (red dashed line). (c) All 27 time 
traces of neuron cells which responded to a stimulus. Adopted from [83].  

1.3.3 EXPERIMENTAL SETUP 
In this thesis we use a TPMM based on a DOE for rapid scanning of the focal plane and a 

schematic of the setup is shown in Figure 2.1. Per Chapter the details of the used configuration 
of the setup are described. In short, the DOE diffracts the light into 25 x 25 beamlets oriented 
in a hexagonal structure. The zeroth-order of the diffraction pattern is blocked by a droplet of 
soldering tin deposited on a glass slide. The first-order diffraction pattern is collected by a lens 
and further transmitted to a fast-scanning mirror which spiral-scans the array of foci across the 
focal plane. For most of the experiments we scanned the array of foci in an Archimedean spiral 
based on previous work by Van den Broek, et al24, see Figure 1.8, which can be described in 
spatial coordinates x and y at time t by: 

x ൌ Aτ sinሺ2πnτሻ (1.8) 

y ൌ Aτ cosሺ2πnτሻ (1.9) 

τ ൌ  ඨ
t
T

exp ቆ
ሺt T⁄ ሻଶ

2σଶ
ቇ (1.10) 
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with A the amplitude of the spiral, n the number of spirals, T the total exposure time of the 
camera and σ the width of the Gaussian profile that results from the scanning. Archimedean 
spiral scanning results in a homogeneous distribution of the light intensity during a single 
camera exposure, see Figure 1.8. The resulting smooth Gaussian curve minimizes variations in 
illumination, which is important for a homogeneous illumination of the sample.  

 

 
Figure 1.8: Scanning a grid of foci following an Archimedean spiral generates a homogenous field for wide field 
two-photon microscopy. This is the standard method of illumination in this thesis. Adopted from [24]. 

 

1.4 LIGHT SHEET MICROSCOPY 
 
Arguably, one of the more recent and exciting microscopy techniques is light-sheet 

microscopy (LSM). Similar to TPMM, LSM improves image acquisition rates and 
photobleaching over single-point scanning microscopy. To help understand the advantages and 
disadvantages of both methods we compare LSM and TPMM. As this thesis is generally focused 
on TPM, we explicitly discuss two-photon light-sheet microscopy (TPLSM), which due to the 
non-linear excitation boasts different light-sheet characteristics as compared to single-photon 
LSM.  

In conventional LSM the illumination beam is formed as a static sheet of light, commonly 
referred to as selective plane illumination microscopy (SPIM)84. SPIM utilizes a sheet of light 
to selectively optically dissect the sample. The light sheet is created by using a cylindrical lens 
in front of the objective. A second objective is positioned orthogonally to the axis of the 
illumination objective to collect the signal originating from the light-sheet, see Figure 1.9b. By 
uncoupling the illumination and the excitation paths, SPIM can rapidly optically dissect a 
sample with a large field-of-view (FOV), and preventing out-of-focus illumination. The 
selective illumination not only limits background, it also reduces photobleaching outside the 
sample and therefore limits the overall phototoxic effects normally associated with OPE 
methods.  



1.4 Light sheet microscopy 
 

16 

 

 
Figure 1.9: Both multifocal scanning and illumination by a sheet of light allows for deep, fast and gentle optical 
dissection. (a) Standard configuration of a multifocal scanning two-photon microscope. Multiple beamlets are focused 
to increase imaging speed. Illumination and detection are done with the same objective. (b) Standard configuration of a 
light-sheet microscope. One objective weakly focusses a laser beam to generate a sheet of light. A second orthogonally 
placed objective collects the fluorescence originating from excited fluorophores. Adopted from [91].  

 
Still, the sheet of light is subject to scattering and broadening when imaging inside tissue. 

Two-photon SPIM was introduced in 2010 to improve upon SPIM85–87. The NIR light is less 
prone to scattering and allows for deeper imaging depth and less linear absorption88. Also, due 
to the non-linear excitation, scattered illumination photons are less likely to excite out-of-focus 
molecules which greatly reduces background. However, excitation efficiency decreases 
drastically in two-photon SPIM compared to single-point TPM due to the quadratic dependence 
of excitation with laser power. For more efficient two-photon LSM, the cylindrical lens is 
replaced by a traditional circular one and the illumination beam is focused near the back-focal 
plane of the objective. By doing so a Gaussian-shaped beam is created which significantly 
increases light intensity in the excitation volume. Subsequently, the FOV has to be sampled by 
scanning the illumination beam across the detection focal plane – commonly referred to as two-
photon scanned light sheet microscopy (TPSLM). Despite the necessity to scan the sample, 
TPSLM still results in higher framerates frame rates due a 100-fold increase in signal rate (signal 
count per unit of average excitation power) compared to two-photon SPIM77. The penetration 
depth of TPSLM can be further improved by a factor of 6 up to 12 when using a Bessel-shaped 
illumination beam87,89.  

1.4.2 RESOLUTION 
In TPSLM, the lateral and axial resolution are decoupled from one another. The lateral 

resolution is determined by the detection optics, similar to non-SPIM, whereas the axial 
resolution is determined by a combination of the detection optics and the thickness of the light-
sheet itself, see Figure 1.10a. With a thicker light-sheet, SPIM would approach wide-field 
illumination and lose its ability to optical dissect a sample as out-of-focus fluorescence would 
become dominant. Hence, reducing the waist of the beam profile is advantageous to increase 
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SNR and axial resolution. However, to achieve a slimmer waist, a higher focus angle (NA) is 
necessary which decreases the penetration depth of the beam. Referring to Figure 1.10a, the 
radius of a Gaussian shaped beam at its thinnest point (ω0) is described by90: 

ω଴ ൌ   
λ

π NA
 (1.11) 

The axial resolution as the FWHM of the beam profile (ωz,LS) is then defined as: 

ω୸,୐ୗ ൌ   ω଴ √ln 2 (1.12) 

The FOV of a DSLM is determined by the propagation of the illumination beam (lLS) while 

maintaining a certain thickness. Setting the thickness threshold at √2 𝜔଴ yields a lLS of77: 

l୪ୱ ൌ   
2nλ
π NAଶ (1.13) 

From these equations the sensitive relationship between the FOV and the axial resolution 
can be better appreciated. For example, exciting a sample at 800 nm using a NA = 0.1 objective 
gives ωLS = 2.12 µm and lls = 67.7 µm. Increasing the NA to 0.2 results in a higher resolution of 
ωLS = 1.06 µm at a significantly reduced lls = 16.9 µm. Interestingly, considering an illumination 
NA of 0.1, TPMM would need a NA of 0.83 (equation 1.6) for the same axial resolution as 
TPSLM. For higher axial resolution however the FOV would reduce drastically, impairing the 
imaging of larger samples, see Figure 1.10b/c. Therefore, the illumination NA has to remain 
low which results in a relative poor axial resolution. See Figure 1.10b/c for a comparison 
between both imaging modalities in terms of axial resolution and FOV.  

TPMM can use much higher NA objectives for both illumination and detection. As such, 
the excitation volume can stay more confined than TPSLM and would therefore have higher 
axial resolution and SNR. However, axial resolution inside scattering tissue is not as trivial to 
define, especially at larger depths. The higher angle at which light enters the sample could result 
in more scattering events as the path-length through tissue is longer compared to lower NA 
illumination. Imaging in larger samples like zebrafish embryos (Danio rerio), indicated that the 
lower incident angle of the illumination beam of a TPSLM retained its resolution at deeper 
imaging depths better compared to single-focus TPM77. TPMM would use similar NA as TP-
SM and therefore would likely be suffering from similar aberrations in its PSF.  

The lateral resolution is solely determined by the NA of the detection objective which is 
not constrained in NA, in contrast to the illumination objective. Hence, the lateral resolution of 
LSM should be comparable to TPMM and any other microscope which utilizes a wide-field 
detector.  
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Figure 1.10: The strong correlation between axial resolution and field-of-view limits the axial resolution in two-
photon light-sheet microscopy. (a) Schematic of some parameters which dictate the field-of-view and the axial 
resolution in a TPLSM. (b) Comparison between the axial resolution of TPLSM and TPMM. TPSLM allows to reach 
the same axial resolutions with lower NA as TPMM. (c) For a useful field-of-view the numerical aperture is generally 
NA<0.2. Hence also limiting axial resolution. The field-of-view in TPMM is dependent on the emission path optics and 
detector size, hence more elusive to define. Here we use the width of the excitation plane of our microscope in 
combination with a 25X NA=1.1 objective. 
 

1.4.3 PHOTOTOXICITY 
LSM is often referred to as a gentle way of illuminating a sample. Why LSM is considered 

more gentle than point scanning microscopes originates from the way the incident light of the 
illumination beam is being used all the way as it travels through the sample. Intuitively, the 
difference between TPMM and TPSLM in terms of average laser power can be understood as 
follows. TPMM focusses the light beam after which is disperses again and does not generate 
signal. In TPSLM the light being send into the sample can continuously excite fluorophores and 
generate signal, as long as the excitation light is intense enough. For a N times increase in 
acquisition rate, TPMM would need N2 more average power, whereas a TPSLM would need √N 
more power91. Therefore, the average excitation power to achieve the same amount of 
fluorescence in TPSLM is lower. Moreover the lower illumination NA reduces peak intensities 
which is believed to reduce higher-order bleaching effects92. A more thorough explanation on 
how TPSLM achieves higher signal-rates at similar excitation power can be found in the 
discussion of Chapter 4 of this thesis.  

1.4.4 COMPLEXITY AND SAMPLE MOUNTING 
TPMM provides potentially higher resolution, while TPSLM allows for more gentle, 

deeper and faster imaging. Arguably, the major challenge of TPSLM lies in the complexity of 
the setup and the elaborate sample mounting procedures. With only few commercial systems 
available for one-photon SPIM systems, a TPSLM has to be built in-house93. TPMM has not 
been commercialized yet, and therefore it would also be necessary to it from separate 
components.  
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The excitation path of a TPMM however, is quite similar to that of a conventional TPM. 
Multiple beamlets can be generated by placing either a micro lens array or DOE in laser beam 
after which a scanning mirror scans the beamlets across the focal plane. The transformation 
from a TP-SM to a TPMM would be roughly complete by replacing the detector (i.e. 
photomultiplier tube) by a camera. For TPSLM, the orthogonal orientation of multiple 
objectives makes it structurally more complex. Also, sample mounting is constrained as samples 
have to be placed in agarose capillaries to be properly aligned with the objectives94. Designs are 
available where conventional sample mounting is possible by making use of AFM cantilevers95, 
or highly inclined illumination 96,97, however, this does make the microscope itself more 
complex or limits the imaging to smaller samples.  

At the cost of more complexity, both microscope modalities can be improved in terms of: 
resolution, imaging depth, image speed and image quality. For example, multiple illumination 
objectives can be placed opposite of each other for a larger FOV in TPSLM77,98. In TPMM, most 
of the advances can be made by reducing the blurring effect of diffuse emission photons hitting 
wrong pixels and thereby reducing SNR. This can be done by the likes of operating the 
microscope in a de-scanned configuration80,99, pin-hole rejection100,101 or structured 
illumination102,103.  

Eventually, the choice between TPMM and TPSLM should be made based on the type of 
measurements one wants to conduct. If the advantages of TPSLM over TPMM do not add 
significant information, the extra costs and complexity would likely not justify the investment. 
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1.5 THESIS OVERVIEW 
 
In this thesis we explore the capabilities of a multifocal two-photon microscope for in vitro 

and in vivo experiments down to the smallest scale of single molecules.  
We start by exploring the spectroscopy capabilities of the setup in Chapter 2 for the 

detection of single molecules using GNRs. The automatic tuning of the laser allowed us to 
measure the two-photon absorption spectra of GNRs. The quadratic dependence of signal on 
excitation power yields narrow SPR-bands, which could be used for highly sensitive single-
molecule bio-sensing applications. We verified the ability of the setup to resolve single GNRs 
via: correlation with electron microscope images, light polarization and spectroscopy. The two-
photon absorption spectra indeed feature narrower peaks compared to linear contrast methods. 
By lowering the laser power, GNRs were imaged for extended periods of time without 
noticeable reshaping, which in general is a major issue for illumination of metallic nanoparticles 
with high intensity femto pulsed lasers. By changing the refractive index of the media we 
observed a shift in the LSPR, confirming that spectral measurements can be used for sensing 
applications. We initiated measurements for single-molecule sensing but stability issues 
hampered the detection of binding of single molecules to GNRs by two-photon spectroscopy.  

In Chapter 3 we evaluate the performance of the setup for in vivo applications and focus 
on the imaging of single particles. Multifocal scanning allowed for rapid imaging, while the 
TPE confined excitation to a thin section of the sample. These properties could be valuable for 
many studies which need high temporal resolution with high SNR. We used GNRs for 
determining the PSF of the setup. GNRs were also micro injected in zebrafish embryos and 
tracked as they travelled inside the bloodstream of the embryos. We noticed during 
measurements in zebrafish embryos that the signal originating from FP expressing endothelial 
cells was not noticeably reduced by loss in fluorescence due to photobleaching. This led to 
measuring embryos expressing different FPs and confirmed negligible photobleaching. Pollen 
embryos were imaged to measure expression of a particular growth factor (LEC1). TPMM 
revealed highly localized expression of LEC1 which was not observed by one-photon confocal 
microscopy. Finally, we introduced multi-color imaging for nanometric localization of 
liposomes in respect to the blood vessel wall in the brain of zebrafish embryos. The combination 
of low photobleaching, high contrast, high (temporal) resolution, and also in combination with 
multi-color imaging makes TPMM a very interesting method for high-speed in vivo imaging.  

Chapter 4 focusses on imaging down to the level of single FPs. The lack of 
photobleaching and low background of TPMM would make it a promising imaging method for 
single molecules in live tissue. Two-photon single molecule studies reported however 
significantly higher bleaching rates compared to single-photon excitation. We did not observe 
major photobleaching in Chapter 3, which suggests that TPMM provides sufficient fluorescent 
longevity for single molecule imaging. We validated the ability to measure single FPs in vitro 
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by observing discrete bleaching steps in the acquired time traces and the average measured 
bleaching times were sufficient for single molecule tracking.  

Still, one of the key issues with wide-field detection is blurring of the image by scattered 
emission photons. Suppressing this phenomenon would allow for higher SNR and provide an 
opportunity to lower excitation power for even longer bleaching times and less background 
signal. We subsequently used structured illumination to suppress scatted photons, which indeed 
worked to increase contrast when imaging inside zebrafish embryos. However, simulations and 
experiments indicated that structured illumination introduces additional camera read-noise 
which comes from the necessity to acquire multiple images. We consequently improved the 
structured illumination method which resulted in superior images compared to spiral 
illumination.  

Finally, we measured single eGFP molecules in vivo for extended periods of time. These 
results showed the novelty of TPMM as a live single molecule tracking technique, and how it 
provides the opportunity to study cellular processes at very long time scales. 

In Chapter 5 and 6 we highlight two studies which used our setup for measuring single 
particles in live zebrafish embryos. Zebrafish embryos are widely used model organisms due to 
their small size, transparency and easy cultivation while still being vertebrates. This makes them 
popular among toxicology and pathology studies. One study looked into the toxic effects when 
fish were exposed to, or injected with, metallic nanoparticles. We established in previous 
chapters that the TPMM is capable of imaging GNRs at high SNR. Combined with the high 
temporal resolution we could image injected GNRs as they were travelling inside embryo. We 
managed to image macrophages taking up GNRs, which strengthened the hypotheses that GNRs 
are not inert and that the immune system does respond to GNRs. The second study investigated 
the distribution of liposomes which switch their surface charge to negative as they are 
illuminated by ultraviolet (UV) light. These liposomes have the potential to improve the 
efficiency and specificity of drug carriers. Negatively charged particles were shown to stick to 
surrounding endothelial cells and were subsequently endocytosed. An UV diode was placed 
above the mounted embryo and UV illumination was timed with the two-photon imaging to 
induce charge reversal. This allowed us to monitor the transition from free flowing to immobile 
liposomes in real-time. We quantified information on the transition speed from neutral to 
cationic particles, which is normally obscured in confocal microscopy techniques.  

Overall, we enhanced the capabilities of TPM, leading to improved spectral imaging, fast 
light-sheet imaging, multi-color in vivo imaging and single particle and -molecule TPM. The 
shown biological applications demonstrate that despite physical boundaries there is ample 
opportunity to improve optical microscopy and explore new applications in biology. 
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