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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 



Chapter 1: Introduction 

11 

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: 
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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.  
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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 



Chapter 1: Introduction 

21 

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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Chapter 2 
 
Multiplexed two-photon 
excitation spectroscopy of single 
gold nanorods 
 
 
 

Plasmonic metallic nanoparticles are commonly used in (bio-)sensing applications 
because their localized surface plasmon resonance (SPR) is highly sensitive to changes in the 
environment. Although optical detection of scattered light from single particles provides a 
straightforward means of detection, the two-photon luminescence (TPL) of single gold nanorods 
(GNRs) has the potential to increase the sensitivity due to the large anti-Stokes shift and the 
non-linear excitation mechanism. However, two-photon microscopy and spectroscopy are 
restricted in bandwidth and have been limited by the thermal stability of GNRs. Here we used 
a scanning multifocal microscope to simultaneously measure the two-photon excitation spectra 
of hundreds of individual GNRs with sub-nanometer accuracy. By keeping the excitation power 
under the melting threshold, we show that GNRs were stable in intensity and spectrum for more 
than 30 min, demonstrating absence of thermal reshaping. Spectra featured a signal-to-noise 
ratio > 10 and a reduced plasmon peak width of typically 30 nm. Changes in the refractive index 
of the medium of less than 0.04, corresponding to a change in surface plasmon resonance of 8 
nm, could be readily measured and over longer periods. We used this enhanced spectral 
sensitivity to measure the presence of neutravidin, demonstrating the potential of TPL 
spectroscopy of single GNRs for enhanced plasmonic sensing. 
 
 
 
 
 
 
 
Vlieg, R. C., Pham, C., van Noort, J. Multiplexed two-photon excitation spectroscopy of single 
gold nanorods. In preparation.  
  



2.1 Introduction 
 

30 

2.1 INTRODUCTION 
 
The unique optical properties gold nanorods (GNRs) have raised interest of multiple fields 

of research and industry. A weak plasmon-induced optical luminescence signal of bulk gold was 
first reported by Mooradian1. Mohamed et al. later observed that the luminescence of gold could 
be enhanced by >106 when exciting rod-shaped gold nanoparticles in resonance with their 
surface plasmon wavelength, typically in the near-infrared (NIR) part of the spectrum, 
increasing the quantum yield to ~10-4 2. This field enhancement yields a signal intensity similar 
to that of quantum dots3, being bright enough for straight-forward detection of individual 
particles. GNRs however, do not blink and gold provides excellent biocompatibility, making 
them more appealing for biological applications. In combination with the reduced absorbance 
and scattering of NIR light in vivo, GNRs form attractive labels for in vivo imaging3,4, but GNRs 
are also used in cancer therapy, fluorescence enhancement and bio-sensing5–12.  

The longitudinal SPR wavelength of a GNR is almost independent of the rod diameter for 
diameters < 50 nm, but scales linearly with its aspect ratio13, yielding resonances between 600 
and 1000 nm for aspect ratios between 2 and 5. Because the electric field of the GNR is confined 
to several 10’s of nanometers from the tips of the GNR14, it creates a very local excitation 
volume, down to several zeptoliter, which can be readily exploited for single-molecule bio-
sensors, even in high concentration solutions 8,15–17.  The distinctive merits of single-molecule 
detection, i.e. avoiding population and temporal averaging, provide an attractive new range of 
applications of GNRs, but have to date mainly been demonstrated as proof-of-principle studies, 
lacking sufficient throughput and bandwidth for widespread exploitation. 

Metallic nanoparticles can be used for (bio-)sensing in two manners, as reviewed by 
Taylor, et al.18. First, the intensity of fluorescently labeled analytes is highly enhanced when 
entering the proximity of the nanoparticle by increases of both the excitation rate and the 
quantum yield of the fluorophore. This fluorescence enhancement requires sufficient spectral 
overlap between the plasmon and the spectrum of the label. Various examples of single-
molecule detection have been reported15,19. When labeling of analytes is not desired, GNRs can 
also be used as label-free detectors. In this mode, a change in the dielectric properties of the 
surroundings, as analytes enter the proximity of a GNR20–22, induces a shift in the plasmon 
resonance. This plasmon shift can amount up to several nanometers, but is highly dependent on 
the nanoparticle geometry, binding position and size of the analyte. 

Fluorescence enhancement and SPR shifts can readily be measured in bulk23. However, 
bulk analysis yields the average properties of a potentially complex solution and the kinetics 
can only be extracted indirectly. In the case of GNRs, the measured signal is further convoluted 
by the poly-dispersity of the particles. Though GNRs can be synthesized with fairly small poly-
dispersity13, the strong geometry-dependence of the SPR compared to its linewidth typically 
broadens the bulk spectrum as compared to single GNRs. Optimal sensitivity therefore requires 
analysis of individual GNRs, rather than bulk-averaged signals. 

Microscopic techniques provide access to spectroscopic properties of individual GNRs, 
sparsely distributed on a transparent substrate. Optical signals from GNRs can be divided into 



Chapter 2: Gold nanorod spectroscopy 

31 

scattering, one-photon luminescence, photo-thermal scattering, and two-photon luminescence. 
GNRs have a high-scattering cross-section and detection can straightforwardly be multiplexed 
by wide-field imaging using dark-field excitation19. Scattering from other sources than GNRs 
may be difficult to discriminate in complex environments, limiting the sensing applications to 
relatively clean samples. Confocal imaging provides better rejection of undesired scattering, at 
the cost of lower throughput. Because the illumination beam focusses on a single GNR at a time, 
spectrometric analysis can easily be introduced in the emission path of the microscope, resolving 
both the transversal SPR at ~500 nm and the longitudinal SPR at NIR wavelengths24,25. As 
particles get smaller, the absorption cross-section becomes dominant over the scattering cross-
section. One-photon luminescence is based on detecting the photons that are emitted after 
radiative relaxation of optically excited GNRs25,26. The associated Stokes shift of the emitted 
light allows for spectral filtering of luminescence from scattering. Next to radiative relaxation 
there is non-radiative relaxation which results in heating of the GNR. This is exploited in photo-
thermal imaging, in which the increased scattering induced by the elevated refraction index of 
the medium surrounding the GNR, is detected through second non-resonant laser beam15. In this 
chapter we will focus however on two-photon luminescence of single GNRs, which will be 
further discussed below. Next to detailed insight into their geometry and fundamental photo-
physical properties, spectroscopic analysis of single GNRs also is key to design sensors with 
desired sensitivity and kinetic response18. 

The potential of spectroscopy two-photon luminescence (TPL) of GNRs for sensing 
applications has yet to be explored. TPL results from successive absorption of two photons, and 
subsequent rapid radiative decay, which is strongly enhanced in nano particles relative to bulk 
gold. The quadratic dependence of the TPL signal on excitation power produces sharper 
plasmon resonance peaks compared to single-photon microscopy. Wang et al. for example 
measured TPL intensity of single GNRs with a fixed excitation wavelength of 820 nm, which 
indeed resulted in a narrower linewidth of the SPR compared to the bulk absorption spectrum3. 
Zijlstra et al. and Molinaro et al. also showed TPL excitation spectra of a single GNR27,28. 
However, these spectral measurements were rather limited in both sample size and spectral 
resolution, due to manual laser tuning and the confocal nature of typical two-photon setups. 

Another major obstruction for using TPL of GNRs in sensing applications is their limited 
thermal stability29–34. As exploited by photo-thermal imaging, on-resonance excitation leads to 
heating of GNRs, which can result in temperature increases of 10s to 100s of degrees29. 
Thermally induced diffusion of surface atoms, which happens at temperatures far below the 
bulk meting temperature of gold, reduces the aspect ratio of GNRs and therefore drastically 
changes the longitudinal plasmon resonance34. The high-intensity pulsed laser excitation 
required for TPL results in reshaping at powers of several mJ/cm2. Next-to stability of the optical 
signal, elevated temperatures are also detrimental for the stability of the biomolecules, so 
reduction of photothermal effects in TPL is crucial for biological applications.  

Here we present wide-field two-photon spectroscopy of single GNRs, using an automated 
tunable Ti:Sa laser in combination with a multifocal microscope. Scanning an area of 60 by 60 
μm with 625 focused laser beams at framerate of several frames per second yielded rapid, high 
signal-to-noise, multiplexed optical detection of hundreds of GNRs. By tuning the excitation 
wavelength, we measured individual TPL excitation spectra and showed that these were stable 
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for 10s of minutes. Finally, we resolved changes in the refractive index of the surrounding 
medium similar to those expected from single-molecules to illustrate the potential of TPL of 
GNRs for bio-sensing applications.  

2.2 MATERIALS AND METHODS  
 
Microscopy setup. A tunable near-IR Ti:Sa laser (Coherent, Chameleon Ultra) was 

coupled into a home-build two-photon multifocal microscope, depicted in Figure 2.1a. A 
diffractive optical element (DOE, custom made by Holo-eye) diffracted the laser beam into an 
array of 25x25 foci. A fast-scanning mirror (Newport, FSM-300-1) driven by an Archimedean 
spiral rapidly scanned the beams yielding a fairly homogeneous wide-field illumination, as 
characterized before4. The laser beams were focused using a 60X NA 1.49 TIRF objective 
(Nikon, CFI Apochromat TIRF 60XC Oil), illuminating area of 60x60 μm2, shown in Figure 
2.1b. A single period of the spiral scan took 100 ms and was synchronized with the image 
integration time. Based on the scan pattern and point spread function, we estimate the duty cycle 
for illumination of a single location in the sample to be around 2%. The wavelength for 
excitation was automatically tuned over the range of 720 - 950 nm. Polarization of the excitation 
light was controlled by inserting a half wave plate (Thorlabs, AHWP05M-980) mounted 
stepper-motor stage. For circularly polarized light the quarter wave plate was removed and only 
a quarter wave plate (Thorlabs, AQWP05M-980) was included. TPL was collected by the same 
objective, filtered with a dichroic mirror (Semrock, 700dcxr) and a 720 nm short pass filter 
(Semrock, FF01-720-SP) and focused on a 512x512 pixel EM-CCD camera (Photometrics, 
QuantEM 512SC). Using self-written LabVIEW (National Instruments) software, the laser, 
scanning mirror, stepper motor and camera were controlled in synchrony, to record time traces 
in which either polarization or wavelength were scanned, see Figure 2.1c. For measurements in 
which the refractive index of the medium was varied and for neutravidin-sensing, we used a 
25X NA 1.1 water dipping objective (Nikon, CFI75 Apochromat 25XC W) and a back-
illuminated 2048x2048 sCMOS camera (Photometrics, PRIME BSI), resulting in a 145x145 
μm2 field of view.  
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Figure 2.1: Multifocal two-photon laser scanning microscopy setup for high-throughput microscopy and 
spectroscopy. (a) Schematic overview of the setup. The laser beam is diffracted in an array of 25x25 foci by a diffractive 
optical element (DOE). (b) A wide-field excitation pattern is generated by spiral scanning the DOE pattern within the 
exposure time of the camera. (c) A stack of 2D images of GNRs dispersed on a glass slide. The polarization (θ) and 
wavelength (λ) are changed per slice, resulting in spectral characterization of the GNRs. Scale bar = 30 μm.  

 
Sample preparation. Glass coverslips were rinsed with ethanol and dried in a stream of 

nitrogen. 10 µm microliter of GNRs (Nanopartz, A12-10-808) diluted in 100 µl of distilled 
water and were spin-coated in three steps: 200 rpm for 5 seconds, 600 rpm for 15 seconds and 
1000 rpm for 60 seconds. After deposition, the samples were treated in an UV-cleaner (model 
No. 42A-220, Jelight company) for 30 minutes.  

 
Data analysis. High intensity peaks in the images were attributed to single (clusters of) 

GNRs. Regions of interest of 5x5 pixels around each peak were summed and background 
subtracted, yielding TPL signal I. TPL intensity as a function of the excitation wavelength λ was 
fitted to a squared Lorentzian: 

𝐼ሺλሻ ൌ
I଴

ቆ1 ൅ 4൫√2 െ 1൯ ൬
λ െ λୗ୔ୖ

ω ൰
ଶ

ቇ
ଶ ൅ C 

(2.1) 
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where λSPR is the SPR, ω the Full Width at Half Maximum of the SPR, I0 the maximum intensity, 
and C an offset corresponding to residual background signal.  

TPL signal as a function of the polarization angle of the excitation light θ was fitted to:  

Iሺθሻ ൌ I଴ cosସሺθ ൅ θ଴ሻ ൅ C (2.2) 

with θ0 being the orientation of the GNR relative to the polarization angle of the laser. 
 
Scanning Electron Microscopy. For scanning electron microscopy (SEM) 

measurements, GNRs were spin-coated on an indium tin oxide (ITO) coated cover glass (SPI 
Supplies, 06480-AB), following the same cleaning and deposition procedure as for regular 
slides. Using a diamond tipped pen, a cross was scratched in the glass surface to provide a 
reference point for correlating the two microscopy modalities. The sample was first imaged in 
the two-photon microscope, after which it was placed in the SEM (FEI, Nova NanoSEM).  

 
Sucrose solutions. Sucrose solutions in HPLC grade water were used to control the 

refractive index of the medium. The refractive index of each sucrose solution was measured 
using a refractometer (Carl-Zeiss). To facilitate exchange of solutions, measurements were 
performed in flow cells made from two glass coverslips that sandwiched a piece of double sided 
tape with cut out flow channels into which fluids were pipetted.  

 
Neutravidin detection. Neutravidin sensing measurements were performed in similar 

flow cells as the sucrose experiments. One-step passivation of the glass coverslip was 
performed, following the protocol of Gidi et al. with a few modifications35. Glass coverslips 
were cleaned with an UVO cleaner for 10 minutes. After UVO treatment, coverslips were put 
in a petri dish containing desiccant (i.e. calcium chloride) and pre-heated in an oven at 90 0C for 
5-10 minutes to further ensure water-free conditions. To graft the silane PEG azide (SPA) on 
the coverslip’s surface, 1 ml of 0.1% SPA in anhydrous DMSO solution was evenly spread on 
the coverslip’s surface and heated at 90 oC for 30 minutes. Coverslips were rinsed with 1 ml 
HPLC grade water and dried under a continuous stream of N2 to remove excess SPA. After 
which the flow cells were assembled.  

Four oligo sequences were purchased (Intergrated DNA Technologies, USA), of which 
the specific sequences can be found in Table 2.1. All oligo’s were prepared in Tris buffer (pH 
=7.2).  

 
Oligo sequence # Sequence & base pair (bp) length  

OS1 /5DBCOTEG/AAATTATAACTATTCCTA (18 bp) 

OS2 TAGGAATAGTTATAAAAA/3DTPA/ (18 bp) 

OS3 GGTGGTGGTGGTTGTGGTGGTGGTGGAAAAAAAAA/3DTPA/ (35 bp) 

OS4 ACCACCACCACCAAA/3Bio/ (15 bp) 
Table 2.1: The sequences of the oligo’s used for the neutravidin sensing experiments. 
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GNRs (Nanopartz, A12-10-808) were conjugated with OS2 and OS3, following a conjugation 
protocol from J. Li, et al.36. In short, GNRs were mixed with 0.02% sodium dodecyl sulfonate 
(SDS), 1x tris-borate-EDTA (TBE) and 500 mM NaCl (pH=3.5). Oligo OS2 and OS3 were 
added with a 1:1000 GNRs-oligo ratio and the whole mixture was incubated for 30 minutes 
mounted on a rotator at room temperature. SDS screens the positive charge of the CTAB and 
assist in the functionalization of the GNRs with the thiolated oligo’s. The GNR-oligo pellets 
were separated from the supernatant by centrifuging at 8000 rpm for 30 minutes. The GNR-
oligo was reconstituted in the Tris buffer and stored at 4 oC for future use.  

50 µl of oligo OS1 [3.33 µM] was incubated in the channels of the flow cells for 1 hour at 
the room temperature to allow the copper free Click Chemistry of DBCO and azide. The DBCO 
at 5’ end of the oligo covalently binds to the azide of the SPA grafted on the coverslip’s surface. 
Next, the flow cells were incubated with 50 µl of the GNR-oligo OS2, OS3 solution for further 
15-30 minutes to allow the annealing of oligo OS1 and OS2. After that, the flow cells were 
rinsed with 200 µl Tris buffer. The flow cells were either subsequently used or stored at 4 oC 
for future experiments.  

Neutravidin was mixed with oligo OS4 at a ratio of 1:4 in Tris buffer (pH=7.2). Oligo OS4 
was annealed with oligo OS 3 on the GNRs and the biotin at 3’ end of the oligo was conjugated 
with the neutravidin (a final concertation of 25 nM). The samples were ready for the 
measurement. 

The average of the selected time traces was normalized (Inorm) and weighted according to: 

I୬୭୰୫ሺtሻ ൌ
∑ ሺI୬ሺtሻ ∗ s୬ሻ୬

∑ |s୬|୬
  (2.3) 

where In(t) is the signal intensity at time t for trace n and sn the sensitivity of trace n at the 
excitation wavelength as measured from the excitation spectra prior to the time trace 
measurement.  
 

The standard deviation of the normalized intensity SDnorm was defined according to: 

SD୬୭୰୫ሺtሻ ൌ
∑ ൫ሺI୬ሺtሻଶ െ Iሺ̅tሻଶሻ ∗ s୬൯୬

∑ s୬ଶ୬
  (2.4) 

where the signal per trace In at time t is subtracted by the average signal of all selected traces 𝐼 ̅
at time t. 
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2.3 RESULTS  
 
To identify and characterize the TPL signal of single GNRs, we first compared TPL 

imaging with scanning electron microscopy (SEM) images. SEM readily showed the location, 
geometry and orientation of single GNRs. Figures 2.2a and 2.2b show that the positions of the 
GNRs as identified by SEM and TPL imaging are highly correlated. The orientation of 
individual rods was confirmed by TLS imaging as a function of the polarization angle of the 
excitation beams. The corresponding polarization spectra, an example is shown in Figure 2.2c, 
follow eq. 2.2 and readily resolve the orientation of each rod with a standard error of fit of less 
than 1 degree. Differences between the orientation as obtained by TPL and from the SEM 
images were within 10 degrees and may originate from optical aberrations in the excitation 
and/or imaging path. Nevertheless, the good agreement between the SEM and TPL imaging 
confirms that indeed single GNRs can be identified using TPL, and that successive wide-field 
two-photon imaging can accurately resolve the orientation of these.  

 

 
Figure 2.2: Correlated light and electron microscopy (CLEM) of single gold nanorods. (a) Scanning electron 
microscopy image of single GNRs dispersed on an ITO-coated glass substrate. (b) Two-photon image of the same GNRs 
as in (a). (c) Orientation of the rods in two-photon microscopy is measured by rotating the polarization of the linear 
excitation light. (d) GNR close-ups from the electron microscopy image. The orientation of the GNRs is determined by 
fitting an ellipsoid.  

 
Similar to obtaining polarization spectra, we measured excitation TPL spectra of single 

GNRs in wide-field by scanning the excitation wavelength from 730 to 900 nm in successive 
images. Figure 2.3a shows the TPL image of a typical field of view of GNRs deposited on a 
glass coverslip and immersed in water. The background-corrected signal intensity of the GNRs 
varied between 9 and 140 kHz. Intensity can however not be used to identify single GNRs as 
differences in intensity can arise from different sizes of the GNRs or from diverse aspect ratios 
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which lead to different excitation efficiency when exciting at a fixed wavelength. Moreover, 
clusters of multiple GNRs may result in a single diffraction limited spot that cannot be 
differentiated from a single GNR based on size. The excitation spectra however, were more 
informative. The TPL excitation spectra of six GNRs are plotted in Figure 2.3b. Spectra were 
fitted to a squared Lorentzian (eq. 2.1) which is characteristic for two-photon excitation. The 
spectrum of area 4 however, showed two distinctive peaks and better matched product of two 
squared Lorentzians, suggesting two GNRs in a single spot. Figure 2.3c and d show the results 
of fitting TPE spectra of hundreds of GNRs measured in three field-of-views. All fits to eq. 2.1 
with an r-squared value larger than 0.6 were included in the analysis. The distribution of SPRs 
in this population of GNRs varied in the range of 730-850 nm, largely resembling the bulk 
absorption spectrum, though SPR dropped more rapidly after 825 nm in single GNR 
measurements. This probably reflects the reduced intensity of our laser at larger wavelength. 
The power spectrum of the laser is plotted for reference in supplementary figure S2.1. Figure 
2.4b shows the width of the TPE spectra of 478 single GNRs, yielded a Full-Width-at-Half-
Maximum of 31 ± 1 nm (mean ± sd). The very narrow distribution not only reflects the very 
homogeneous optical properties of the batch of GNRs, it also demonstrates the accuracy of TPL 
excitation spectroscopy using scanning multifocal microscopy. 

For bio-sensing applications, it is important that the SPR of single GNRs is stable over 
time. Absorption of intense femtosecond pulses can lead to heat-induced reshaping of the GNR, 
resulting in a blue-shift of the spectrum. We mapped the stability of GNRs during continuous 
spectral measurements by sweeping the excitation wavelength between the range of 730 and 
850 nm every 25 seconds. Figure 2.4a shows the changes in excitation spectrum of a GNR with 
a laser power of 4.1 mW. We observed reshaping of the GNR from 780.7 nm to 755.0 nm at a 
rate of 2.3 nm per sweep. At a power of 1.6 mW (2.56 µW/focus) however, the spectrum was 
quite stable, as shown in Figure 2.4b. At the start of the measurement we fitted the SPR at 766.4 
nm. The last spectrum, after 216 measurements, yielded an SPR at 766.8 nm, indicating the 
absence of reshaping. We estimate this laser power to be equivalent to approximately 31 fJ per 
pulse. Indeed, this laser power is below the reported damage threshold of 60fJ1, demonstrating 
that at sufficiently low excitation power two-photon excitation does not affect the stability of a 
GNR. 

 



2.3 Results 
 

38 

 
Figure 2.3: Multiplexed two-photon spectroscopy reveals excitation spectra of individual GNRs. (a) The spectra 
are acquired in parallel within the field of view of the camera. (b) Spectra of single rods are fitted to a squared Lorentzian 
(eq. 2.1). The spectrum of GNR 4 is fitted to two squared Lorentzians. (c) The distribution of SPRs measured in multiple 
field-of-views compared to the bulk spectrum. (d) The FWHM of the two-photon spectra shows an average width of 31 
nm. Parameters are acquired from fitting eq. 2.1 to the raw data. Scale bar = 10 µm.  

 
The trends observed in these two GNRs were representative of most GNRs. Figure 2.4c 

shows the spectral drift of 4 other GNRs as well as the average trend for 49 GNRs. Differences 
in reshaping rate probably reflect differences in GNR size, as larger GNRs will heat faster due 
to a larger absorption cross-section. The SPR stabilized around 725 nm. This probably reflects 
the reduced laser power at smaller wavelengths. At 1.6 mW, all spectra remained largely stable, 
as shown in Figure 2.4d. Only in the first wavelength-sweep, did we observe a small shift for 
some GNRs, which we tentatively attribute to laser induced changes in the immediate 
surrounding of the GNRs, rather than reshaping of the GNR itself. In any case, the spectrum of 
individual GNRs was stable for tens of minutes, opening the way for GNR based label-free 
sensing applications using TPL.  
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Figure 2.4: Gold nanorods remain stable during nearly 30 minutes of two-photon excitation. (a) Spectrogram of 
one GNR as the excitation wavelength is continuously swept back and forth during the measurement. The bottom graph 
shows the spectrum at the start of the measurement (red) and at the end (blue). (b) Spectrograph and corresponding 
graph of a single GNR when laser power is reduced by 40% to ±31 fJ. The SPR remains within 1 nm of the SPR 
measured at the start of the measurement. (c) The SPRs of multiple rods with the laser power at ±75 fJ per pulse. Single 
rods are depicted in red and the average in black. (d) SPRs of multiple rods with lower excitation power.  

 
To demonstrate the sensitivity of TPL spectroscopy on single GNRs, we measured their 

spectral response when changing the refractive index of the medium from that of water 
(n=1.333) to two different sucrose solutions. The bulk spectrum, as plotted in Figure 2.5a, red-
shifted by 12 and 14 nm when the refractive index increased from 1.333 to 1.376 and 
subsequently to 1.432. This spectral shift corresponds to a sensitivity of 255 nm/refractive index 
unit (RUI) for this batch of GNRs. The TPL spectra of single GNRs showed a similar trend as 
plotted in Figure 2.5b and c. By only comparing the shift, we obtained a narrow distribution of 
changes in SPR for a large population of GNRs. A shift 8 ± 3 nm was observed when going 
from n = 1.333 to n = 1.376, 12 ± 7 nm when changing from n = 1.376 to n = 1.432, and 21 ± 8 
nm when the medium was changed from n = 1.333 to n = 1.432. The change in SPR was 
reversible as changing the medium back from n = 1.432 to n = 1.333 reduced the SPR by -26 ± 
9 nm. Despite that the SPR varied over more than 80 nm between GNRs, the shift of individual 
GNRs was very reproducible. In Figure 2.5e the SPRs for a number of GNRs are plotted as a 
function of the refractive index of the medium. The majority of the GNRs showed a linear 
increase in their SPR, though some deviated slightly from the linear trend. The slope is 
independent from the location of the SPR. The average change in SPR was proportional with 
Δn, as shown in figure 2.5d and yielded a slope 237 ± 9 nm per refractive index unit, in fair 
agreement with the bulk value. 
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Figure 2.5: The LSPR shift of individual gold nanorods is resolved by two-photon spectroscopy. (a) UV-VIS 
spectra of bulk solutions of GNRs in: water, 30% sucrose and 70% sucrose solutions, respectively. (b,c) The spectrum 
of a GNR in water and the two different solutions of sucrose. Both rods show a red-shift when the refractive index is 
increased. (d) The ΔഥSPR of single GNRs when changing the refractive index of the medium. (e) The SPRs of individual 
GNRs as it shifts with different refractive indexes. (f) The ΔഥSPR as it is plotted against the change in refractive index. 
The data is fitted to a linear function.  

 
Next we ventured towards single-molecule sensing experiments. Prior to the 

measurement, GNRs were functionalized with two types of oligo’s. One oligo sequence (OS) 
for immobilization of the GNR on the glass and another for specific and long-lasting binding to 
analytes featuring a third complementary OS, see Figure 2.6a. After GNRs were immobilized 
on the glass surface, the excitation spectrum was measured by sweeping the laser from 730 nm 
to 900 nm while taking consecutive images. SPR peaks of the rods were fitted to a 2D Gaussian, 
and the corresponding amplitudes were used to produce an excitation spectrum for every rod in 
the FOV. The laser power was increased to 3.0 mW to improve SNR at a trade-off of rod 
stability. We found that most of the rods were stable and were suitable for sensing experiments. 
Once the excitation spectra were acquired, the wavelength was fixed at 800 nm and the 
luminescence of each GNR was measured continuously. A solution containing 25 nM 
neutravidin-oligo complex was flushed in the flow cell after 120 seconds of imaging. The 
complementary sequences of OS3 and OS4 allowed for specific binding of the neutravidin to 
the GNRs. After 380 seconds, a second excitation spectrum was taken to assess SPR shifts. The 
excitation spectra were fitted to a Lorentzian squared (eq. 2.1). All spectra with a FWHM larger 
than 35 nm were discarded from further processing to exclude GNR clusters from the data. After 
selection, the measurement yielded 82 traces. A control measurement, where only buffer was 
flushed in the flowcells, yielded 73 traces.  

Figure 2.6b shows the TPL spectra of a rod before and after neutravidin was added to the 
medium. The SPR was red-shifted by 15 ± 1 nm, indicating an increase of the local refractive 
index. The initial sensitivity of the GNR is around 25 photons/sec/nm based on the derivative 
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of the fitted Lorentzian squared. Note that the sensitivity increases to 50 photons/sec/nm when 
the SPR red-shifts, as the rod is excited at a steeper part of its SPR spectrum. In Figure 2.6c, the 
signal intensity remained relatively stable during the first 120 seconds of the measurement. 
Upon flushing-in oligo-neutravidin solution, the signal intensity increased, which we attribute 
to a red-shift of the SPR. Discrete steps of approximately 212 photons/sec can be discerned in 
the time trace. Based on the sensitivity corresponds to a 15 nm red shift of the SPR. For such a 
large change, it is more plausible that multiple neutravidin molecules bind to the GNR. The 
signal intensity decreased after 320 seconds, suggesting that the rod reshaped when excited at a 
higher absorption cross section. However, the spectrum that was measured afterwards showed 
a red-shifted peak, relative to the original spectrum, suggesting that desorption mag also have 
happened.  

A similar response was seen for the rod in Figure 2.6d and e. Initial signal intensity of the 
time trace is 1019 ± 227 photons/sec. It decreased instantly to 357 ± 164 photons/sec after 
addition of neutravidin, suggesting multiple binding events. The decrease in signal intensity is 
conform with the location of the SPR peak relative to the excitation wavelength. More examples 
of spectra and time traces resembling the ones shown here are plotted in Figure S2.2.  

We flushed-in buffer absent of oligo-neutravidin to verify that the SPR perturbations are 
not caused by proteins and measurement artefacts like instabilities or buffer impurities. The 
spectra of one GNR from this control measurement, plotted in Figure 2.6f, show that the SPR 
shifted marginally, by 0.4 ± 0.5 nm, upon flushing in buffer. The time trace of the corresponding 
GNR, shown in Figure 2.6g, continues as a constant signal intensity. The spectra and time traces 
plotted in Figure S2.3 illustrate similar behavior of other GNRs measured in this control 
experiment.  
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Figure 2.6: Specific binding of DNA oligo-neutravidin complexes induce a shift in the LSPR. (a) Schematic of the 
experiment. Inside a flow cell, GNRs are immobilized on a glass surface by binding of two complementary oligo strands 
(pink). A second oligo pair (green) mediates binding of neutravidin to the GNR. (b,d) Excitation spectra of two GNRs 
before (black) and after (red) addition of neutravidin to the medium. In both instances the LSPR is red-shifted, indicating 
an increase of the refractive index of the medium surrounding the rod. The data is fitted to a squared Lorentzian (solid 
lines) according to eq. 2.1. The derivative of the fitted curve (dotted line) indicates the expected signal change upon a 
shift in the LSPR. Both rods were excited at 800 nm (vertical red line). (c,e) Time traces of the GNRs corresponding to 
the spectra in the column of b. After 120 seconds of imaging (dotted black line), 25 nM neutravidin was flushed in the 
flowcell, resulting in signal intensity changes. (f,g) The excitation spectra and time trace of a GNR where buffer, instead 
of neutravidin, was flushed in after 120 seconds of imaging. No LSPR shift was observed and the time trace did not 
feature significant changes in signal intensity. (h) Normalized and weighted average signal intensity, according to eq. 
2.3, of the ensemble of GNRs when flushing in neutravidin (red) or only buffer (black) at 120 seconds (dotted black 
line). The red trace is offset for clarity, and started at zero. (i) The SPR shift of the ensemble of GNRs. When neutravidin 
was added the LSPR features an average red shift of 5 ± 1 nm.  

 
To quantify the response of all rods we averaged and weighted the time signals according 

to eq. 2.3 and plotted the results in Figure 2.6h. The average signal intensity changed 12 ± 4 % 
with the addition of neutravidin. Flushing-in buffer absent of neutravidin resulted in a shift of 4 
± 2 %. The larger average intensity change when adding neutravidin indicates a specific 
response. The standard deviation (SD), defined in eq. 2.4, of both averages also increases after 
120 seconds. This could be caused by mechanical instabilities, impurities in the solution or 
reshaping of the GNRs, which would also explain the relative wide distribution of the SPR shift 
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in Figure 2.5i. By fitting a Gaussian function to the distribution of SPR shifts, we find that the 
SPR shifts during the control measurement on average 0.1 ± 0.8 nm, with a FWHM = 16 ± 3 
nm. Note that the SPR is both red- and blue –shifted without a specific direction, as is also seen 
in the averaged time trace and depends on the initial position of the SPR relative to the excitation 
wavelength. The average SPR of the GNRs with oligo-neutravidin was a red-shifted by 5 ± 1 
nm, which matches the trend we saw in the average time trace in Figure 2.6h, and confirms a 
specific interaction of oligo-neutravidin with the GNR.  

 

2.4 DISCUSSION AND CONCLUSION 
 
We measured the TPE spectra of single GNRs in parallel by scanning the excitation 

wavelength of a multi focal two-photon microscope. The narrow peaks of the plasmon 
resonances follow a squared Lorentzian dependence, which confirms two photon excitation. 
Irradiation of rods with an energy estimated at 31 fJ per pulse allowed for stable spectra 
measurements for nearly 30 minutes. Whereas increasing excitation power to above the 
threshold level resulted in reshaping accompanied by a blue-shift of the plasmon resonance. We 
demonstrated that by changing the refractive index of the medium the TPE spectra shifted 
accordingly. We observed specific interactions of oligo-functionalized GNRs with 
complementary oligo-neutravidin molecules in solution.  

To identify TPL from single GNRs we correlated SEM with two-photon images. Besides 
SEM, single GNRs were also identified by making use of light polarization and the excitation 
spectra. Considering the spectra measurements, as shown in Figure 2.3b, clusters of GNRs 
resulted in a broader SPR because the spectrum is the product of multiple individual rods 
combined. Previous studies also concluded that the spectrum of a cluster of rods is a 
combination of multiple single GNRs37–39. Discriminating single GNRs from clusters by using 
light polarization was used as an alternative method. The cos4(ϕ) dependence on polarization 
seen in Figure 2.1 for a single rod agrees with earlier findings H. Wang et al. and K. Imura et 
al., which furthermore confirms that the collected signal originates from a two-photon excitation 
process 3,40.  

The plasmon resonance for single GNRs was determined with sub-nanometer accuracy. 
The average FWHM we found is ±35% smaller compared to reported one-photon spectra which 
lies approximately between 45 and 60 nm6,17,41,42. Moreover, the width of 24 nm for the 
narrowest peaks is nearly a factor of two smaller than any reported one-photon spectra we could 
find. Narrow peaks are preferred for sensing applications as narrower peaks translate to a larger 
derivative around the SPR and therefore higher sensitivity. We attribute differences in FWHM 
to inhomogeneity’s in the ensemble of GNRs as the width of the plasmon resonance depends on 
the volume of the rod43.  

TPE spectra from previous studies, although limited in their bandwidth, do provide details 
about FHWM. Zijlstra et al. measured a reduction in FHWM of approximately 60% when 
comparing scattering- or one-photon luminescence- to TPE spectra27. C. Molinaro et al. showed 
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that their measured TPE spectra overlaps with the model of absorption calculated using Gans-
Mie theory, which describes the scattering and absorbing of small ellipsoid shaped 
nanocrystals28. Considering the differences in SPR width between one- and two-photon 

excitation, the Gans-Mie model results in reduced peak widths of a factor 2ඥ√2 െ 2 ൎ 1.29. 
Both the findings from Zijlstra and Molinaro fit with our own data, where the narrowest peaks 
are as narrow as 20 nm, and the broadest around 40 nm.  

The location of the SPRs correspond to the absorption spectrum of the bulk solution. A 
sharp cut-off below 740 nm can be explained by the lower limit of the excitation wavelength at 
730 nm, which impairs imaging of the plasmon peak. For wavelengths larger than 850 nm we 
also do not observe any SPR maxima’s. We suspect this to originate from limitations in the 
DOE pattern by loss of focus caused by chromatic aberrations and lower laser power at these 
wavelengths (see Figure S2.1). Still, the resulting bandwidth of 120 nm in which we can image 
GNRs, is sufficient to measure the larger part of the distribution of rods considering the bulk 
spectrum.  

The EM-CCD camera readout for single rods ranged between 15e3 and 20e3 kcounts/sec. 
Considering the EM-gain of 40 and the quantum efficiency of the camera, the readout signal 
translates to a photon count of approximately 340 to 450 photons/sec. The luminescence of 
GNRs is known to reach intensities of thousands of photons per second. However, reshaping of 
rods due to high laser intensities limits the excitation power and thereby lowering the photon 
emission from the rods. Nevertheless, SNR is excellent as the non-linear TPE results in an 
almost negligible background, dominated by readout noise of the camera.  

By lowering excitation power under the damage threshold we measured stable TPE 
spectra. The majority of GNRs blue-shifted their SPR by a few nanometers upon initial 
irradiation. For these small shifts in wavelength, reshaping does not seem as the underlying 
mechanism as a change in aspect ratio would induce shifts of an order of magnitude larger6. 
Moreover, Zijlstra et al. showed that for rods with a plasmon resonance between 750 and 800 
nm, which roughly corresponds to our distribution of measured rods, reshaping does not occur 
until 150 fJ of laser power is absorbed by a GNR. Reshaping below the melting temperature of 
gold was observed by A. Taylor et al.34. They showed that their observations fitted well with a 
surface diffusion model from Mullins. Diffusion around the tips of the rod changes the aspect 
ratio causing a shift in the plasmon resonance. However, for rods with an aspect ratio between 
3.8 and 4.1 – similar to the rods we use – Taylor measured a thermal threshold of approximately 
60 and 40 fJ respectively. From these results, we expect that we do not see reshaping but rather 
that upon initial exposure to the laser beam, sedimented particles and remaining CTAB coating 
(n=1.435)44 residing around the rods are ablated from the surface. Increasing the excitation 
power to above the damage threshold resulted in a linear decrease of the average SPR shift per 
wavelength sweep between a SPR of 800 and 740 nm. From the results of O. Ekici et al., we 
expect that the GNRs almost instantaneously reach thermal equilibrium when illuminated in-
resonance, as there is enough time for the energy to disperse in the 12.5 ns between each 
femtosecond pulse of the 80 MHz pulsed laser45. Therefore, illuminating the rods in-resonance 
for longer periods of time result in a linear response of the SPR shift. As the SPR is linearly 
dependent on the aspect ratio of the GNR, the linear decrease indicates an also linear decrease 
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in the aspect ratio of the rod. In the oligo-neutravidin measurements we increased laser power 
to slightly above the damage threshold of the GNRs, which may have resulted in a fraction of 
unstable rods. The difference in robustness of the GNRs to the laser illumination could arise 
from the uneven spatial distribution of laser intensity across the FOV or a slightly tilted 
excitation plane, which would reduce the absorption of a rod.  

Our reference measurement for the sensitivity of the GNRs in bulk (Figure 2.5a) yielded 
in a sensitivity of 255 nm/RUI. This result is higher than the sensitivity of 237 ± 9 nm/RUI we 
measured for single GNRs in the two-photon microscope. However, differences in SPR shift 
between individual rods and the bulk solution are to be expected, as sensitivity to refractive 
index changes is highly dependent on aspect ratio and the rod-to-substrate interface15,46. A lower 
sensitivity for individual rods when compared to bulk was also found by others, and also 
attributed to the physical hindrance of the substrate with the GNRs. E. Martinsson et al. studied 
the influence of a negatively charged glass substrate on the SPR of several differently shaped 
metallic nanoparticles. They measured a reduction in sensitivity of 34% when comparing GNRs 
in bulk and distributed on glass47. Fortunately, we can use the multiplexed capabilities of the 
setup to select the most sensitive rods from the ensemble.  

Additionally, our reported bulk sensitivity of 237 ± 9 nm/RUI for individual rods on a 
substrate, resembles the findings of other studies. M. Piliarik et al. measured a bulk sensitivity 
of 140 nm/RUI of GNRs with a dimension of 35 nm x 75 nm (AR = 2.14); Zijlstra et al. a bulk 
sensitivity of 202 ± 15 nm/RUI with an average GNR size of 37 nm x 9 nm (AR = 4.1); and 
Martinsson et al. found 255 nm/RUI for rods with an average size of 67 nm x 19 nm (AR = 3.5) 
15,47,48. Differences between sensitivities are attributed to the differences in the shapes of the 
GNRs. The AR, absolute length and diameter of a nanorod dictates the sensitivity of a GNR for 
changes in the bulk refractive index, where larger rods with a larger AR have higher sensitivity 
49,50.  

Spectral studies on gold nanoparticles have been limited to scattering and photothermal 
microscopy. In terms of in vivo environments, these type of experiments are better suited for 
single cells or organoids. By utilizing the deep-tissue imaging capabilities of two-photon 
microscopy, one could envision doing spectral studies in larger animals like zebra fish embryos 
and mice. Besides deeper penetration depth, the low background and sensitivity of TPE would 
also be of considerable benefits. Sensitivity of the measurements can also be increased by 
making use of bipyramid-shaped nanoparticles instead of rods. Although thermally more 
unstable compared to rods, the more confined electrical field around the sharper tips of 
bipyramids, do result in a higher sensitivity to refractive index changes5. For addressing the 
thermal stability of gold nanoparticles, Y, Chen et al. found that by coating GNRs with a silica 
layer they were considerable more stable to pulsed laser light as when coated with CTAB or 
PEG 51.  

In our bio-sensing experiments we saw a relatively large shift of the SPR when oligo-
neutravidin was added to the buffer solution, which we tentatively attributed to multiple binding 
events of neutravidin. To estimate how many neutravidin molecules can bind at the sensitive 
ends of the rods we take an average size of the rod of 40 x 40 x 10 nm3. Approximately 1/4 of 
the area would be blocked by the substrate. Thus a rod should have around 235 nm2 exposed 
area. The surface area of neutravidin is approximately 22.4 nm2 and thus around 10 neutravidin 
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molecules could bind to a rod52. Based on streptavidin (53 kDa) experiments by Zijlstra et al., 
who use similar GNRs as us, we expect a SPR shift a little over 0.5 nm per neutravidin (60 kDa) 
binding event53. Note though that we used a DNA linker to mediate neutravidin-GNR 
interactions. This yields a larger distance to the GNR and hence a lower sensitivity. Ignoring 
this difference, a maximum number of ten neutravidin molecules per rod would therefore result 
in a SPR shift of 5 nm. However, some of our reported spectra feature a spectral shift of up to 
20 nm, which could indicate that we measure a larger SPR shift per molecule, or that unspecific 
binding of impurities in the medium induces an additional red-shift. The average plasmon shift 
of 4 ± 1 nm of the ensemble of GNRs better matches the shift we expect. We did not observe 
steps in the time traces, see Figures 2.6e and S2.2d for examples. However, considering a GNR 
with a sensitivity of 100 photons/sec/nm, a single binding event would change the signal by 50 
photons/sec, making it unlikely that the discrete steps we observed were caused by single 
molecule binding events. The noise on a signal with an intensity of 1019 ± 227 photons/sec, as 
potted in Figure 2.6e, suggests that detection of single neutravidin molecules would be 
hampered by a SNR<1. The standard deviation of the signal however, does not correspond with 
the expected shot-noise of 32 photons/sec. The background noise of the camera appeared to be 
99 ± 5 photons/sec (data not shown), which is excessive compared to the dark- and readout- 
noise of an air-cooled sCMOS camera. Other explanations might be mechanical instabilities of 
the microscope or temporal fluctuations in the spiral-scanning pattern. Based on the expected 
SPR shift and the theoretical shot-noise limit, we expect that the setup should be capable of 
imaging single binding events once GNRs can be imaged at shot-noise limited conditions. 
Another strategy to improve sensitivity would entail decreasing the linker-size between target 
molecule and the rod. For example, by using smaller molecules instead of oligo’s, neutravidin 
could move closer to the surface of the rod and experience a stronger field intensity and cause 
a larger shift in the plasmon resonance54.  

In conclusion, we measured the TPL response on the excitation wavelength of hundreds 
of GNRs measured in multiplex. The narrow spectra demonstrate the possible application of 
two-photon microscopy with GNRs to increase the sensitivity of applications based on 
plasmonic nanoparticles. When ultra-high sensitivity is needed, one can decrease the peak width 
by almost 60% when moving from one- to two-photon excitation mechanism. Furthermore, 
combining high sensitivity with multi focal microscopy enables the measurement of GNRs in 
wide-field – allowing for acquiring statistical significant data within minutes. We demonstrated 
the ability of the setup to measure the change of the TPL spectra when changing the refractive 
index of the medium and take the first steps in single molecule bio-sensing. Given the TPL 
response on the refractive index and the ability to measure GNRs without reshaping, we lay a 
framework for TPL plasmonic single-molecule sensors.  
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2.5 SUPPLEMENTARY FIGURES 
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Figure S2.1: Spectrum of the maximum average laser power. Power is measured by directly placing a power meter 
on top of the objective.  
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Figure S2.2: Example traces of SPR response when introducing oligo-neutravidin complexes to the surrounding 
medium of GNRs. (a,c,e) Excitation spectra of single gold nanorods before and after flushing in neutravidin. In all 
three traces there is a red-shift visible of the LSPR. (b,d,f) Time traces of the GNRs with their respective spectra on the 
left. Neutravidin was flushed in after 120 seconds of measuring (dotted black line), after which signal intensity starts 
fluctuating according to the position of the LSPR with the excitation wavelength.  
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Figure S2.3: Example traces of the LSPR response of GNRs when flushing medium without oligo-neutravidin 
complexes in the flowcells. (a,c,e) Excitation spectra of single gold nanorods before and after the measurement. No 
clear LSPR shift is observed. (b,d,f) Time traces of the GNRs with their respective spectra on the left. Buffer was flushed 
in at 120 seconds of measuring (dotted black line), after which no significant change in signal intensity is observed.  
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Chapter 3 
 

Two-photon multifocal 
microscopy for in vivo single 
particle tracking 

 
Microscopic tracking of single particles by fluorescence microscopy is a powerful 

technique to study life processes at the molecular scale. Whereas single-particle, and even 
single-molecule, tracking in individual cultured cells has been used widely and yielded 
spectacular results, nanometric imaging and tracking in larger multicellular samples remains 
challenging, due to the increased scattering of light, increased out-of-focus fluorescence and 
reduced resolution in the third dimension. Using two-photon – rather than one photon – 
excitation relieves these constraints but requires a higher excitation power, which is commonly 
achieved using confocal microscopy. However, such a serial acquisition scheme severely limits 
the frame rate and generally can not resolve the fast dynamics of nanometric particles. 
Moreover, the high power that is required to obtain sufficient contrast severely reduces the 
photostability of commonly used fluorescent labels. Here we explore the possibilities of 
scanning two-photon multifocal microscopy for in vivo single particle tracking. We show that 
the combination of a modern scientific CMOS camera, which features a higher sensitivity and 
very low dark signal, with a reduced power per focus and a reduced duty cycle for excitation 
yields extraordinary low bleaching rates, framerates larger than 10 Hz and a field of view of 
100’s of microns while maintaining the advantages of two photon excitation. We demonstrate 
the use of this novel microscopy modality in zebra fish embryos and rapeseed pollen, and show 
that it allows for multicolor imaging, using spectral selection in either excitation or emission. 
Furthermore, we show that single gold nanorods in the veins of zebra fish embryos can be 
tracked with nanometric accuracy, resolving temporal fluctuations in bloodstream velocity. The 
unprecedented photostability in combination with the reduced background suggests that it 
should be possible to resolve single fluorescent proteins in vivo with two-photon multifocal 
microscopy. 

 
Vlieg, R. C., Siemons, C., Arias-Alpizar, G., Papadopoulou, P., Boutilier, K., van Noort, 

J., Two-photon multifocal microscopy for in vivo single particle tracking. In preparation.  



3.1 Introduction 
 

56 

3.1 INTRODUCTION 
 
Single particle tracking (SPT) can uniquely reveal molecular dynamics in cells1. The 

brightness and longevity of the used chromophore is an important metric for a SPT 
measurement. Cellular proteins can be fluorescently labeled via genetic incorporation for highly 
specific tagging with minimal steric hinder2. Inside larger organisms however, scattering and 
absorption of the weak signal obstructs the detection of single fluorophores. Also, once a 
fluorophore is bleached the tagged structure can no longer be detected. Markers such as quantum 
dots3, gold nanorods4 (GNRs) or liposomes5 tackle the limited signal and photostability of 
fluorescent proteins while bio-functionalization allows for specific labeling 6. A protein can be 
tracked for much longer as signal originates from a multitude of fluorophores or luminescence. 
In larger organisms however, out-of-focus fluorescence and scattering lowers signal-to-noise 
ratio (SNR) which impedes detection and tracking of particles. Spinning-disc microscopy is able 
to detect particles at larger depths by rejecting photons outside the focal plane. Still, excitation 
of out-of-focus fluorophores is wasteful and the sample is more prone to photobleaching or 
phototoxicity.  

Two-photon microscopy (TPM) tackles out-of-focus fluorescence by confining excitation 
to the focus of the objective7,8. With signal solely originating from the focus, depletion of out-
of-focus fluorophores is eliminated while background is greatly reduced without the need for a 
pin-hole aperture. Moreover, the near-infrared excitation wavelength is less prone to absorption 
and scattering in tissue compared to visible wavelengths9. This further reduces photo-toxicity, 
autofluorescence and increases the depth at which particles can be detected10. These advantages 
make TPM a promising technique for deep and long time-lapse imaging. However, single-beam 
scanning and the relative weak two-photon absorption cross section of fluorophores impedes 
imaging acquisition times – making TPM unsuitable for SPT11. 

Two-photon multifocal microscopy (TPMM) improves acquisition speeds by multiplexing 
the excitation beam. Distributing a high laser power (2-3 Watt) over multiple beamlets increases 
scanned volume proportional to the number of foci. Multiplexing of the excitation beam can be 
achieved via passive components such as: beam-splitters12,13, micro-mirrors14, diffractive optical 
elements4,15 (DOEs) and spatial light modulators16–20 (SLMs). Kilohertz acquisition speeds are 
possible by under-sampling of the field-of-view (FOV) via random-access scanning using 
SLMs20–23. These high frame rates have been used for fast imaging of calcium waves in brain 
cells. However, the reliance on structural information from a prior scanned image makes it 
unsuited for capturing the unpredictable behavior of single particles. Recently, SPT was realized 
by two-photon tomography, which illuminates a sample using lines instead of traditional 
excitation points. Scanning lines of excitation across the focal plane at multiple angles allows 
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to rapidly reconstruct the full FOV via back-projection algorithms. Although relatively 
complex, this method was able to track fluorescent beads in vitro in a volume of 250 µm 
diameter and 250 µm depth at 10 Hz24. Another approach is target-locking a single particle 
based on its estimated position from the ratio of four tetrahedral positioned foci25. Via 
spatiotemporal splitting of the laser beam, temporal resolutions down to 50 µs inside opaque 
spheroids haven been realized. Although achieving impressive depth and (temporal) resolution, 
the method is limited to tracking a single particle per measurement. Arguably, most 
straightforward technique for SPT is to rapidly sample a full FOV by scanning a fixed beamlet-
pattern. The excitation beam is split by a single element, while fast scanning (galvanometric) 
mirrors sample the focal plane. Signal from the multiple foci are captured via camera detectors 
for inherent wide-field detection. Via this method, nanometric wide-field tracking of single 
GNRs inside cells has been achieved by spiral scanning a 10 x 10 array of beamlets4.  

The abovementioned designs focus on maximizing framerates for highest temporal 
resolution and requires relative high excitation powers. However, while signal increases 
quadratic to laser power, bleaching increases with a power larger than 226,27. Therefore, longer 
time-lapse measurements would favor minimum excitation power and consequently low count-
rate per fluorophore. To compensate for a low-count rate, without impeding acquisition speeds, 
a larger number of foci is favorable to minimize the area a single beamlet has to sample.  

Here we investigate the merits of TPMM with a relative large number of foci for high 
acquisition speeds combined with low photo-damage. We adopt the straightforward approach 
of spiral-scanning an array of 25 x 25 beamlets using a high-efficient DOE to create a 
homogeneous virtual-light sheet. The accessible design retains a single high-NA objective for 
high resolution and easy mounting of samples. Rapid refresh rates allow to gently optically 
dissect samples while single particles in zebrafish embryos (Danio rerio) and rapeseed embryos 
(Brassica napus) can be readily observed. The combination of low photobleaching, high 
framerates and low background make TPMM a very compelling imaging technique and our 
findings here show promise that it could even be used for single molecule tracking studies. 

 

3.2 MATERIALS AND METHODS  
 
Microscopy setup. A tunable near-IR Ti:Sa laser (Coherent, Chameleon Ultra) was 

coupled into a home-build two-photon multifocal microscope. A diffractive optical element 
(DOE, custom made by Holo-eye) diffracted the laser beam into an array of 25x25 foci. A fast-
scanning mirror (Newport, FSM-300-1) driven by an Archimedean spiral rapidly scanned the 
beams yielding a fairly homogeneous wide-field illumination, as characterized before4. The 
laser beams were focused using a 25X NA 1.1 water dipping objective (Nikon, CFI75 
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Apochromat 25XC), illuminating an area of 180 μm x 180 μm. Except when stated otherwise, 
a single period of the spiral scan took 100 ms and was synchronized with the camera. TPL was 
collected by the same objective, filtered with a dichroic mirror (Semrock, 700dcxr) and two 
short pass filters (Semrock, FF01-720-SP & FF01-750-SP) and focused on a 2048 x 2028 pixel 
back-illuminated sCMOS camera (Photometrics, Prime BSI). Additional band pass filters, 
mounted in a motorized fast-change filter wheel (Thorlabs, FW103H/M), could be positioned 
in front of the camera. The excitation wavelength, scanning mirror, stepper motor and camera 
were controlled by self-written LabVIEW (National Instruments) software.  

 
Gold nanorod sample. GNRs with a central plasmon resonance of 808 nm (Nanopartz, 

A12-10-808) were embedded in a plastisol environment and sandwiched between two glass 
coverslips according to previously established protocol28. This yielded a transparent sample with 
a random distribution of GNRs in three dimensions. Excitation wavelength was set at 800 nm 
to efficiently excite GNRs at their plasmon resonance. Diffraction limited spots were sorted 
based on maximum intensity and a 3D Gaussian (eq. 3.1) was fitted onto a volume of 11 x 11 x 
21 pixels per spot.  

Iሺx, y, zሻ ൌ A exp൭െቆ
ሺx െ x଴ሻଶ 

2w୶
ଶ  ൅

ሺy െ y଴ሻଶ 
2w୷

ଶ ൅
ሺz െ z଴ሻଶ 

2w୸
ଶ ቇ൱ ൅ C (3.1) 

With the amplitude A, offset C, x0 y0 and z0 are the centroids of the Gaussian in x,y and z 
coordinates. The width of the Gaussian is defined by wx, wy and wz. The sub-pixel coordinates 
(x0,y0,z0) were used to align the measured spots onto a 6 times interpolated grid, yielding a 
smoothed average PSF in both longitudinal and axial plane, as shown in Figure 3.1b.  

The theoretical localization uncertainty σ between consecutive z-stacks was calculated 
using the model of Thompson et al29:  

σ ൌ ඨ
sଶ

N୮
൅

aଶ

12N୮
൅

8πsଶbଶ

aଶN୮
ଶ  (3.2) 

where s is the width of the PSF, Np the number of detected photons, a the pixel size and b the 
number of background photons. Note that eq. 3.2 does not account for three-dimensional data. 
Previous research has shown that the model matches experimental results within 1 nm error30.  

 
Zebrafish embryos. Zebrafish (Danio rerio, strain AB/TL) were maintained and handled 

according to the guidelines from the Zebrafish Model Organism Database (http://zfin.org) and 
in compliance with the directives of the local animal welfare committee of Leiden University. 
Fertilization was performed by natural spawning at the beginning of the light period, and eggs 
were raised at 28.5 °C in egg water (60 µg/ mL Instant Ocean sea salts). Previously established 
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Tg(kdrl:mCherry)31, Tg(kdrl:eGFP)32 and Tg(kdrl:mTurquoise)33 zebrafish lines were used to 
label the vascular system. Rhodamine B labeled liposomes consisting of DSPC + LU3 were 
synthesized in-house by the SBC group of the Leiden Institute of Chemistry. A detailed 
description on the transfection and culturing of carcinoma cells can be found in previous 
published work5. In short, PC-3 M-Pro4 cells were labeled with mCherry and transfected with 
miR-221-5p 48 hours before inoculation.  

The liposomes or gold nanorods [10 nM] were injected into 84 or 56 hours post 
fertilization (hpf) zebrafish embryos using a modified microangraphy protocol. Before injection, 
embryos were anesthetized in 0.01% tricaine and embedded in 0.4% agarose containing tricaine. 
To improve reproducibility of microangiography experiments, 1 nL volumes were calibrated 
and injected into the sinus venous/duct of Cuvier. After the injection needle penetrated the skin, 
it was gently pulled back, thereby creating a small pyramidal space in which the liposomes and 
gold nanorods were injected. Successfully injected embryos showed backward translocation of 
venous erythrocytes and absence of damage to the yolk ball. Using the same method, around 
400 PC-3 M-Pro4 carcinoma cells were injected and imaged one-day post injection.  

Zebrafish embryos were mounted onto the sample holder of the microscope. If micro-
injections were unnecessary, zebrafish were embedded directly into the agarose-tricaine mixture 
and mounted onto the microscope sample holder.  
 

Rapeseed pollen. The LEC1:LEC1-eGFP reporter line was generated according to 
previous established methods 34,35. In short, a 3110 base pair (bp) DNA fragment starting 1292 
bp upstream of the transcription start site was amplified by PCR and recombined into pGKGWG 
using the Gateway cloning system (Invitogen). This construct was consequently transformed to 
a Agrobactrium tumefaciens strain C58C1 carrying the PMP90 Ti plasmid and then to B. napus.  

Microspores from Brassica napus cv DH12075 were isolated according to a previously 
established protocol for B. napus36. Flower buds for culture were selected on length (2.6 to 4.0 
mm) and their microspores were isolated and cultured in NLN-13 medium. To induce 
embryogenesis, microspores were cultured in the dark at 33 oC for 20 hours, and afterwards at 
25 oC. Non-induced microspore cultures were cultured at 25 oC. Once isolated, microspores 
were inoculated in medium containing trichostatin-a (TSA) in DMSO (Sigma-Aldrich), or 
solely DMSO for the control microspores, and cultured for another 20 hours at 33 oC or 25 oC. 
Afterwards, cultures were centrifuged at 200g for 3 minutes and re-suspended in fresh NLN-13 
medium absent or TSA at 25 oC.  

The SNR of regions of interests (ROIs) in the pollen images was defined as: 

SNR ൌ
Iୱ୧୥୬ୟ୪ െ Iୠୟୡ୩୥୰୭୳୬ୢ

μୠୟୡ୩୥୰୭୳୬ୢ
 (3.3) 
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where Isignal is the average signal intensity, Ibackground the average background intensity, and 
µbackground the standard deviation of the background intensity.  

 
Bleaching. The signal intensity I as a function of time for the bleaching measurements in 

zebrafish and pollen embryos was fitted to: 

I ൌ A e
ି୲ தൗ ൅ C (3.4) 

with amplitude A, offset C, time t and decay time τ.  
 

Theoretical count rate. We estimated the TPE intensity from a single fluorophore based 
on the probability of TPE per pulse (p)7: 
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where p0 is the average laser intensity per focus, δ the two-photon absorption cross section of 
the fluorophore at wavelength λ, τp the duration of a single pulse, fp is the repetition rate of the 
laser, NA the numerical aperture of the objective, h is Planck’s constant, and c is the speed of 
light.  

From eq. 3.5 we find the expected count rate (Isignal) by taking the collection efficiency of 
the setup (η) into account, the duty cycle (DC) of a single spiral scan, and the quantum efficiency 
of the fluorophore (Q).  

Iୱ୧୥୬ୟ୪ ൌ p ∗ f୮ ∗ η ∗ DC ∗ Q  (3.6) 

η was estimated on the collection efficiency of the objective (0.20, NA=1.1), the multiple 
filters and optical elements in the emission path and the quantum efficiency of the camera (0.93). 
This results in η = 0.10. The DC was estimated as the spot size divided over the field-of-view it 
has to scan. At 25X magnification, the distance between two neighboring foci is 9.0 µm (data 
not shown) and the size of a pixel is 0.26 µm. Further, based on the results in Figure 3.1c, the 
PSF width is 0.4 µm. From these values we estimate a DC of 0.00425

3.3 RESULTS 

3.3.1 OPTICAL SECTIONING 
To characterize the resolution of the microscope and the thickness of the virtual light-sheet 

we measured the 3D point spread function (PSF) using gold nanorods (GNRs) embedded in a 
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plastisol environment. GNRs form diffraction limited, bright, non-blinking and non-bleaching 
point sources. 164 GNRs were detected in a volume of 180 µm x 180 µm x 100 µm, sampled in 
slices of 0.3 µm. The maximum intensity projection shown in Figure 3.1a shows randomly 
distributed GNRs as distinct spots with varying brightness. This variation in brightness is 
expected from the narrow TPE spectrum in combination with a somewhat poly-disperse GNR 
population, resulting in off-resonance excitation for some GNRs. Moreover, aggregation of rods 
causes some spots to appear excessively bright and non-diffraction limited. All individual spots 
were fitted to a 3D Gaussian (equation 3.1).  
To ensure that only single GNRs were included, spots with a lateral FWHM (FWHMx,y) > 0.75 
µm axial height (FWHMz) > 3.0 µm were excluded. Fits with a R-squared < 0.1 were also 
excluded from further processing. Using the filtered x, y and z offsets, 124 regions of interest 
(ROIs) were aligned and summed, yielding an averaged 3D image representing the PSF, shown 
in Figure 3.1b. The profiles of the average PSFs (black line) partially follow the theoretical 
lateral and axial minimum resolution for TPE (solid red line) of 0.400 µm and 0.863 µm8. In 
addition, the profiles have a weaker secondary component which fits to a Gaussian with 
FWHMx,y = 0.75 µm and FWHMz = 2.19 µm. These values are higher than the theoretical 
FWHMxy = 0.46 µm and FWHMz = 1.37 µm for a one-photon PSF, as would be expected for 
scattering by the GNR. This suggests that besides linear contrast mechanisms, averaging the 
124 GNRs has broadened the peaks further. Additional emission filters will reduce scattered 
photons which should narrow especially the axial PSF. Still, the narrow two-photon PSF will 
be dominant for labels that have a smaller scattering cross-section than GNRs, and shows how 
TPE confines excitation compared to linear contrast mechanisms.  

 
 Figure 3.1: Multifocal scanning in combination with two-photon excitation allows for high resolution wide-field 
imaging. (a) Max intensity projection of a volume of gold nanorods imbedded in plastisol. Scale bar = 10 µm. (b) 
Average point-spread function in lateral and axial plane of 124 GNRs. Profiles (solid black line) are overlaid with two 
Gaussians. One Gaussian (solid red line) corresponds to expected theoretical profile and the second Gaussian (dashed 
red line) is fitted to the broader component of the profile. The theoretical Gaussians have a FWHMxy = 0.4 µm and 
FWHMz = 0.86 µm. The fitted curve yields FWHMxy = 0.86 µm and FWHMz = 2.2 µm. (c) The distribution of both the 
lateral and axial PSF from fitting a Gaussian to all detected GNRs. The average resolution in the lateral plane is 0.39 ± 
0.08 µm with an axial resolution of 1.26 ± 0.26 µm. (d) Localization precision is shot-noise limited.  

 



3.3 Results 
 

62 

The distributions of the FWHM of individual GNRs in x, y and z are plotted in Figure 3.1c 
and nicely match the expected diffraction limit of 0.4 µm, with FWHMx = 0.39 ± 0.07 µm (mean 
± SD) and FWHMy = 0.40 ± 0.09 µm, but show a small eccentricity due to optical aberrations 
in the emission path. σz = 1.3 ± 0.3 µm is significantly larger than the expected value of 0.86 
µm. The larger mean FWHMz likely originates from scattering and one-photon excitation, as 
previously addressed. The larger width in z is also seen in Figure 3.1b where the amplitude of 
the secondary components is approximately twice as large as in x,y. 

Besides resolution enhancement due to the non-linear absorption, accurately localizing 
point sources can further improve image resolution. We quantified the reproducibility of 
localizing single spots by repeatedly imaging a volume of 180 µm x 180 µm x 40 µm of the 
fixed GNR sample. The average 3D localization differences between consecutive measurements 
are shown in Figure 3.1c. Experimental values follow the theoretical limit (equation 3.2) which 
indicates that localization precision is shot-noise limited. Localization errors due to shot noise 
can be reduced with increased luminescence intensity by using a high excitation power. We 
refrained from doing so as a higher power greatly reduces GNR stability due to melting37. 
Nevertheless, GNRs were localized in 3D with shot-noise limited super resolution accuracy.  

3.3.2 PHOTOBLEACHING 
Fluorescent proteins and organic dyes also feature limited stability upon optical excitation. 

TPM is associated with high excitation powers and consequently high in-focus photobleaching 
rates which may reduce biological damage and may limit the duration of fluorescence 
microscopy. We investigated the photobleaching rates of three different fluorescent proteins 
expressed in live three-day post fertilization (dpf) zebrafish embryos. The embryo expressed 
either: eGFP, mCherry or mTurquoise in endothelial cells by the fusion of fluorescent proteins 
to the vascular endothelial growth factor kdrl. After immobilization in agarose gel, images of 
brain blood vessels were taken continuously with an average excitation power of 1.44 mW per 
focus. A previously recorded wide-field transmission image, shown in Figure 3.2a, shows the 
orientation of the head, with the large eyes as reference structures. It also shows the large extend 
of light scattering, despite the transparency of the fish. The wide-field TPL images retain sharp 
features despite this scattering, indicating that the optical sectioning of TPE is sufficient to reject 
most scattering, which is achieved in confocal imaging by the pinhole.  

First, we imaged blood vessels in eGFP-expressing embryos, shown in Figure 3.2b. Thin 
blood vessel walls are interspersed with larger spots that mark the location of nuclei of the 
endothelial cells. After 30 minutes of continuous imaging at 4 fps we see negligible decrease in 
fluorescence. Despite fixation in agarose, movement of the embryo during the measurement 
shifted the blood vessel 20 µm to the right. In the z-direction the blood vessel remained within 
the excitation plane, implying that entry of new eGFP from out-of-focus regions by a drift of 
the excitation plane cannot explain the absence of bleaching. In contrast to eGPF, continuous 
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excitation of mCherry, as shown in Figure 3.2c, resulted in much faster bleaching of 
fluorescence. mTurquoise, displayed in Figure 3.2d, showed similar absence of bleaching as 
with eGFP.  

Figure 3.2: Photobleaching is reduced by averaging the excitation power over multiple foci. (a) Transmission 
image of the head of a zebrafish embryo. (b) eGFP stained endothelial cells of blood vessels inside a zebra fish embryo 
brain. Scale bar = 50 µm. (c) mCherry stained endothelial cells are almost completely depleted from fluorescence after 
30 minutes of imaging. (d) mTurquoise shows similar limited bleaching as eGFP. e) Signal intensity over time fitted to 
eq. 3.3, yielding τ =16.1 ± 0.3 hours for eGFP, τ =310 ± 25 hours for mTurquoise and τ =17.4 ± 0.1 minutes for mCherry. 
Scale bar = 25 µm.  

 
To quantify the bleaching rate, we integrated the signal of a 25 µm x 25 µm ROI and 

plotted the intensity in time (Figure 3.2e). The intensity was fitted to an exponential decay 
function to extract the decay time of the fluorescence. Under continuous illumination, eGFP 
shows a decay time of 9.7 ± 0.2 x 102 minutes and mTurquoise 18.6 ± 1.5 x 102 minutes. The 
bleach rate of mCherry is significantly shorter with 17.4 ± 0.1 minutes. The initial deviation 
from the exponential decay may in this case be explained by small axial drift of the sample or 
by single-photon bleaching. Overall, eGFP and mTurquoise, with their negligible bleaching, are 
better suited for long-term time-lapse imaging than mCherry. Nevertheless, all fluorophores 
show sufficient stability to acquire >1000 frames.  

3.3.3 BACKGROUND SUPPRESSION  
A major advantage of TPE for in vivo imaging is background suppression via reduced 

autofluorescence and reduced scattering due to near-infrared excitation. To illustrate this, and 
to test whether this advantage remains for multifocal wide-field microscopy, we imaged 
Brassica napus (rapeseed) pollen embryos and compared the results with one-photon confocal 
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microscopy. Specific fluorescence labeling was introduced by expression of the transcription 
factor LEFY COTYLEDON1 (LEC1) fused with eGFP. LEC1 plays a key role in regulating 
seed development and is expressed from the moment a single pollen grain enters embryonic 
state38. As a transcription factor, LEC1 is expected to reside inside the nucleus. Interestingly 
however, it was reported to be present anywhere inside the cytoplasm, suggesting poor targeting 
to the nucleus after transcription39. We also observed this in one-photon confocal images of two-
day and three-day old pollen embryos, shown in Figure 3.3a and 3.3b. eGFP signal is distributed 
throughout the embryos with highest signal in the nucleus. The nucleolus is distinguishable as 
a low intensity area residing within the nucleus (white arrows, Figure 3.3a). The left-most pollen 
grain in Figure 3.3b has just entered embryonic state and only traces of LEC1:eGFP are 
expressed. In the cytoplasm, low concentration of LEC1:eGFP contrasts with the pollen wall 
that is visible via autofluorescence. Overall, confocal microscopy suggests that LEC1:eGFP is 
relatively homogeneously distributed within the pollen embryos.  

 

 
Figure 3.3: TPMM reveals localized LEC1:GFP expression at high contrast inside pollen embryos. (a) A two-day 
old pollen embryo imaged using one-photon confocal microscopy. LEC1:GFP shows to be homogeneously distributed 
throughout the pollen embryo. (b) Confocal image of four-day old pollen grains. The more developed embryo has 
undergone more divisions, with LEC1:GFP distribution imaged similarly as in a. (c) A TPMM image of a similar pollen 
embryo as in a. Where in confocal LEC1:GFP was captured dispersed throughout the embryo, here it is imaged as 
highly localized puncta oriented around the nucleus. (d) TPMM image of a four-day old pollen embryo, similar to b. 
Again LEC1:GFP is concentrated around the nucleus as distinct puncta. (e) Z-stack of the same pollen grain as in d 
showing an image every 2.4 µm apart. LEC1:GFP is located throughout the pollen grain, with highest concentration 
around the nuclei. (f) Maximum intensity projection the z-stack in e. Here the location of the nuclei can be clearly seen 
as they are surrounded by LEC:GFP puncta. Scale bars = 25 µm.  
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Imaging similar pollen grains with TPE reveals a different picture, as shown in Figure 
3.3c. LEC1:eGFP signal is predominantly located around the nuclei in distinct puncta, in 
contrast to the homogeneous distribution we saw with confocal microscopy. In non-induced 
pollen, no accumulation of fluorescence was observed, see Figure S3.1. The pollen wall was 
visible in both strains, though significantly reduced in intensity as compared to LEC1:eGFP. 
There is the large difference in acquisition time between confocal (56 seconds) and TPMM (0.1 
seconds). Similar noise levels (µ) were achieved by averaging 20 TPMM images (2 seconds), 
see Figure 3.2S. The SNR of the cytoplasm is similar in confocal images and the TPMM. In the 
TPMM measurement of the non-induced pollen, SNR in the cytoplasm was at the same level, 
indicating that this signal should not be attributed to eGFP. The bright puncta in TPMM have a 
3.5-fold increase in SNR compared to the eGFP signal in the confocal images. The average 
signal of 5 LEC1:eGFP puncta was measured to be 684 ± 64 photons. Considering acquisition 
time of 0.1 seconds and a duty cycle of 1 ms per pixel, we estimate an average count rate of 6.8 
x 105 ± 6.3 x 104 photons/sec per punctum. With an average excitation power per focus of 1.4 
mW, we expect a count rate of 8.6 103 photons/sec for a single eGFP molecule (eq. 3.5). These 
calculations suggest that the puncta consist of about 80 LEC1:eGFP proteins. In the TPMM 
image of a three-day old pollen embryo, shown in Figure 3.3d, most LEC1:eGFP is again 
clustered in the nucleus, though LEC1:eGFP puncta also appear near the pollen wall. The 
intensity per punctum increased to 1.30 ± 0.03 x 106 photons/sec, indicating strong accumulation 
of hundreds LEC1 proteins per spot. So it appears that LEC1 aggregates at the periphery of the 
nucleus during development. From these results, confocal imaging revealed that LEC1:eGFP is 
homogeneously distributed in the cytoplasm. Surprisingly however, it did not capture the bright 
puncta observed in TPMM. TPMM did yield LEC1:eGFP in the cytoplasm.  

The entire pollen grain was imaged in 150 z-slices of 0.3 µm to study LEC1:eGFP 
distribution in three dimensions, as shown in Figure 3.3d. A selection of the slices is displayed 
in Figure 3.3e. Three nuclei in the pollen grain at different heights can be clearly distinguished 
from the accumulation of LEC1:eGFP near the nuclear membrane. The three-dimensional image 
shows that LEC1:eGFP appears to be isotopically distributed over each of the nuclei. Though a 
small number of individual puncta appear to be scattered near the pollen wall as well. From the 
maximum intensity projection, shown in Figure 3.3f, we count about 20 out of 120 spots that 
are not located near the nuclei (white arrowheads). In summary, the thin virtual light sheet 
created by TPE allowed to optically dissect a pollen grain in 3D, and resolved individual puncta 
of LEC1:eGFP that were scattered in the nuclei. Differences in contrast between confocal and 
TPMM were apparent for the imaging of pollen embryos. Finally, the reduced acquisition time 
potentially increases the throughput and allows for rapid time lapse imaging.  
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3.3.4 SINGLE PARTICLE TRACKING 
To test the potential for time-lapse imaging we evaluated SPT in live zebrafish embryos. 

GNRs were intravenously microinjected in three day old embryos, where they circulated freely 
in the bloodstream. Embryos were sedated with tricaine (50 µg/mL) and embedded in agarose 
gel for stability and imaged directly after the gel hardened. A blood vessel located in the brain, 
as depicted in Figure 3.4a, was continuously imaged at 10 frames per second (fps). GFP-
expressing endothelial cells mark the blood vessel wall and show a T-junction just below the 
skin of the embryo. Tissue surrounding the blood vessel also features luminescence, which may 
be due to second harmonic generation (SHG) from collagen in the skin40. This signal was more 
dominant in the upper-head area. Note the slightly patterned features in the image that originate 
from imperfect scanning parameters. The deeper lying blood vessels featured less background. 
However, the concentration of GNRs was too high to accurately distinguish single GNRs.  

 

 
Figure 3.4: Sub-second tracking of a single gold nanorods in zebrafish embryos. (a) Image of a blood vessel 
surrounded by endothelial cells in the brain of an embryo. Scale bar = 25 µm. (b) Close-ups of the blood vessel (white 
square, a). A GNR appears on the bottom (white circle) and is captured at 10 fps as it moves along the vessel. (c) Graph 
with the trend in velocity of the GNR between every taken image. Speed goes up around 0.5 seconds, while also 
increasing 1 second later at 1.5 seconds.  

 
During acquisition, multiple GNRs were passing through the vein, as shown in Figure 3.4b 

(white square). To guide the eye, the blood vessels are annotated by white dotted lines and the 
location of the GNR by a white circle. After the GNR enters the ROI, it travels along the 
direction of the blood stream. It takes approximately 1.5 seconds for the GNR to cover a distance 
of 22.5 µm before disappearing outside the FOV. During the time 15 images were taken and the 
location of the GNR in each image was extracted. The signal intensity varied somewhat due to 
the GNR moving in and out of focus. Nevertheless, the GNR could be tracked continuously and 
its velocity is plotted in Figure 3.4c. The velocity varied between 4 and 16 µm/sec in a 1 second 
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interval. This oscillation in speed corresponds with heart rates found in embryos sedated by 
similar dosage of tricaine41. Tracking single particles in live zebrafish embryos nicely 
demonstrates the ability of TPMM to visualize dynamics of nanometric structures in vivo.  

3.3.5 MULTI‐COLOR IMAGING 
Like one-photon fluorescence, TPE has two ways of achieving multicolor imaging: the 

differences in both excitation and emission spectra can be exploited to separate orthogonal 
fluorophores. As TPE spectra are not commonly found in literature, we first measured the 
excitation spectra of three fluorescent proteins and an organic dye in our microscope. In doing 
so, we also characterized the spectral response of all elements in the excitation and emission 
path. Over a range between 730 nm and 1000 nm the laser power gradually increased and 
reached a maximum power of approximately 900 mW at 800 nm, plotted in Figure 3.5a, 
corresponding to 1.44 mW per focus. The spectrum follows laser specifications, except for a 
small periodic modulation, resulting in dips at 780, 845 and 875 nm. These dips are likely caused 
by interference of the filters in the excitation path. Due to the quadratic dependence of TPE on 
excitation intensity, the small dip in the excitation spectra at 785 nm would result in a ±30% 
fluorescent signal reduction. The dip at 815 nm would result in 11% reduced signal. Moreover, 
the global variation in laser power over the entire spectrum, would modulate signal by a factor 
of 18. Though the power spectrum of the laser could be used to correct the fluorescence 
emission, we refrained from doing so as we cannot exclude that part the detected signal 
originates from either scattering or OPE, making such corrections highly non-trivial.  

Having measured the laser spectrum, we next measured the excitation spectra of 
rhodamine B, mCherry, mTurquoise and eGFP expressed in endothelial cells in zebrafish 
embryo brains. Excitation spectra were acquired by continuous imaging, while sweeping the 
excitation wavelength between 730 nm and 1000 nm, using a 700 nm low-pass emission filter. 
Signal intensities were measured by integrating over an area of 50 µm x 50 µm and the resulting 
normalized spectra are shown in Figure 3.5b. mTurquoise, GFP and rhodamine B all featured a 
maximum signal at 830 nm. As expected the modulation in excitation power spectrum is more 
pronounced in the TPE spectrum. mCherry has maximum excitation at 750 nm, which rapidly 
drops at wavelengths larger than 810 nm. This difference in excitation spectrum allows for 
simultaneous imaging with the other fluorophores by alternating the excitation wavelength. The 
difference in excitation between rhodamine B and eGFP can also be used for multi-color 
imaging when switching between 830 and 870 nm. Rhodamine B features a distinctive peak at 
880 nm that can be exploited despite the three times lower laser power at this wavelength. 
However, mCherry has the most distinguishable spectrum, allowing two-color imaging with any 
of the other dyes.  
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Figure 3.5: Multi-color imaging by alternating either excitation wavelength or the emission filter. (a) Power 
spectrum of the laser measured at the sample stage. The power unexpectedly dips at 770 nm and 820 nm due to 
interferences in the excitation path. (b) Excitation spectra of four commonly used dyes. c) Tailored band pass filters to 
spectrally separate fluorophores. (d) Carcinoma (mCherry, red), located in the tail of a zebra fish embryo, is resolved 
from surrounding endothelial cells (eGFP, green) by changing the excitation wavelength of the laser. (e) Liposomes 
(rhodamine B, magenta) line the endothelial cells (mTurquoise, cyan) inside a zebra fish embryo brain. (f) Liposome 
aggregates, likely endocytosed by macrophages, are imaged from 5e, inset as they travel through the blood vessels. 
Scale bars = 50 µm. 

 

To demonstrate this, we imaged human carcinoma cells injected into a 2dpf zebrafish 
embryo. Carcinoma cells were stained with mCherry while the endothelial cells the embryo 
expressed eGPF. Two images were measured at 750 nm and 830 nm and displayed in separate 
colors in Figure 3.5d. Again thin blood vessel walls (green) featured thicker regions that reveal 
the location the nuclei of the endothelial cells. Larger areas of green signal are attributed to more 
complex networks of endothelial cells. The mCherry channel exposes individual carcinoma cells 
(red) lying around the framework of blood vessels. Carcinoma cells on the left appear brighter 
compared to the ones on the right, which may be explained by maturity of the cells, or variations 
in mCherry expression. These images were recorded with an integration time of 100 ms. Overall, 
switching between wavelengths is a viable method for multi-color TPE imaging and can be used 
to study the dynamic progression of cancer metastasis in live embryos.  
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Though changing the excitation wavelength can be achieved with 40 nm/sec, the more 
common approach is to change the emission filters, which may yield faster and/or better contrast 
multi-color images. The shared excitation peak of rhodamine B and mTurquoise at 830 nm, in 
combination with a large difference in the emission spectrum, plotted in Figure 3.5c, was used 
to test this mode. Liposomes loaded with rhodamine B that were intravenously injected into 
3dpf embryos with mTurquoise expressing endothelial cells.  Two emission filters separate the 
emission of rhodamine B (maximum at 475 nm) and the emission of mTurquoise (maximum at 
560 nm), and were alternated to capture separate channels. Due to spectral leakage we expect 
25% of signal in the 451/106 channel to originate from rhodamine B, instead of mTurquoise.  

The liposomes are expected to be distributed throughout the embryo, like the GNRs, while 
also adhering to the blood vessel walls. Each liposome was loaded with approximately 1000-
3000 rhodamine B molecules. After injection, a volume of 150 µm x 150 µm x 30 µm of the 
brain was imaged in 9.5 seconds while automatically alternating the emission filters. The 
overlay of two maximum intensity projections for each channel is shown in Figure 3.5e, with 
mTurquoise in cyan and rhodamine B in magenta. The network of blood vessels is easily 
distinguished from the dark background in the mTurquoise channel. Similar to Figure 3.5d, the 
endothelial nuclei featured bright patches on the walls of the veins. The thin blood vessel walls 
appeared to be decorated with liposomes, visible as diffraction limited spots. We expect that 
each spot originates from a single liposome. Larger spots are tentatively attributed to aggregated 
liposomes.  

Besides immobile spots, freely circulating liposomes were also visible. Figure 3.5f shows 
an example of aggregates of liposomes moving through a blood vessel. Each image is the 
maximum intensity projection of the two channels at the location annotated in Figure 3.5e (white 
dotted square). The speed at which the aggregates move suggests that the liposomes have been 
endocytosed by macrophage cells. The first aggregate travels along the blood vessel where it 
disappears after 19 seconds. It may have left the imaged volume through a blood vessel, moving 
upwards, indicated by the white dotted circle. The second annotated aggregate, which appears 
at 28.5 seconds, most likely travels via the same blood vessel out of view after 38 seconds. By 
overlaying the two channels, the liposome distribution could be positioned to well-defined 
boundaries of the blood vessels, demonstrating the use of TPMM microscopy to capture 
dynamic events in live zebrafish embryos with diffraction limited resolution. 
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3.4 DISCUSSION AND CONCLUSION 
 
Due to its confocal set-up, TPM is generally slow, hampering rapid time-lapse imaging. 

Here, we characterized the abilities of TPMM for video-rate imaging of biological tissues. 
Confinement of excitation together with the rapid scanning of multiple foci resulted in a virtual 
light sheet with a thickness of 1.2 µm. The virtual light sheet allowed us to optically dissect 
pollen embryos in 3D and accurately resolve LEC1:eGFP distribution inside. While maintaining 
high resolution and low background, we could also track single GNRs and liposomes inside the 
brain blood vessels of zebrafish embryos. Using TPMM, we observed that common protein and 
organic dyes in endothelial cells of zebrafish embryos showed remarkably long fluorescent 
decay times of up to 310 hours. By either changing the excitation wavelength or by alternating 
between emission filters, different structures inside zebrafish embryos were readily imaging in 
3D using multi-color imaging.  

The reduced duty cycle in TPMM, combined with an improved, low-noise sCMOS camera 
allowed for a low excitation power of typically 1.4 mW per focus while maintaining SNR > 10. 
Gentle illumination resulted in a photobleaching time of 16 ± 0.3 hours for eGFP. The bleaching 
rate of eGFP as a function of laser power has been measured to increase with a power of 2.69 
42. This sensitive relation between excitation power and bleaching explains the low bleaching 
we observe at 1.4 mW per focus. The two-photon fluorescent stability as a function of power 
has not been characterized for mTurquoise and mCherry. Interestingly however, for OPE, 
mTurquoise showed to be the most sensitive for bleaching with a power of 1.89, compared to 
1.23 for eGPF43. Although the bleaching mechanism by OPE and TPE have been described to 
be different26,44, the higher sensitivity of mTurquoise with OPE to laser power corresponds to 
the reduced bleaching decay of 3.1 ± 0.1 x 102 hours in TPMM. mCherry bleached several orders 
of magnitude faster, despite having similar OPE bleaching characteristics to eGFP45. However, 
exciting mCherry at 750 nm may bring it in a higher energetic state than at its primary two-
photon absorption peak at 1080 nm11,46. Previous research indicate that faster photobleaching 
processes can occur at these higher energetic states by formation of ion pairs44,47. The high 
fluorophore stability that we report here for the other fluorescent proteins suggests that photo-
damage can be reduced by exciting the fluorophore to its lowest excited energy state.  

In addition to fluorophore stability, non-fluorescent absorption causes damage in 
biological systems. Imaging with low photo-toxicity is therefore essential for any in vivo 
environment. Pollen embryos studies using OPE for example, have been limited to short 
timespans and selectively on embryos late in culture, as photodamage at earlier stages prevented 
long experiments50. Based on the extremely low bleaching rate, TPMM may extend imaging 
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times to allow visualization from initial embryogenesis to more developed stages, while 
achieving similar resolution and reduction of out-of-focus scattering.  

Previous TPMM studies focused on imaging speed or image depth with higher excitation 
power per focus. Common TPMM designs use linear patterns of up to 6413,50 foci, or arrays of 
8 x 851,52 or 10 x 1018,20 foci. At ±10 times more excitation power available per focus and more 
rapid scanning an order of magnitude faster imaging rates at similar FOV could be realized. 
However, the required higher power comes at a cost of increased bleach rate. On the other hand, 
decreasing power inevitably results in lower brightness, which subsequently requires longer 
integration time. For longer time-lapse microscopy experiments, it may therefore be favorable 
to maximize the number of beamlets rather than scanning a limited number of high power 
beamlets at a faster pace. Parallel imaging using multiple beamlets can be implemented in 
several ways. Although constrained in design pattern, a DOE-based TPMM provides a simple, 
high efficient method for increasing temporal resolution. Alternatively, SLM would be a more 
flexible choice to tailor the illumination pattern according to a specific sample. However, the 
necessary adaptation of phase-maps complicates design and associated artefacts should be 
tackled for proper illumination18. Therefore, introduction of a DOE may be better suited for 
practical applications in laboratories that do not want to invest in advanced optics.  

A different strategy for improving contrast without increasing the excitation power, is to 
use brighter labels. GNRs exhibit an absorption coefficient that is two orders of magnitude larger 
than that of organic dyes53. This efficient excitation, mediated by their localized surface plasmon 
resonance, proved sufficient to resolve single GNRs as labels inside zebra fish embryos. 
Previous TPM studies using GNRs were limited to single cells4,54–57, or could only resolve 
clusters of GNRs inside larger model organisms where scattering is prominent when imaging 
deeper into the tissue 58,59. This exemplifies how TPMM can overcome these effects of scattering 
in deep tissue, without compromising on resolution or FOV. GNRs can be functionalized in a 
straight-forward manner to target specific proteins inside live animals60,61. Tracking such 
functionalized GNRs with nanometer accuracy in 3D will give a better insight into physiological 
pathways of nanoparticles, and may reveal new mechanisms of delivery that could enhance 
targeted delivery of nano-medicines. Alternatively, we imaged single liposomes inside zebrafish 
embryos. Liposomes can be loaded with large quantities of fluorophores62 and have previously 
been used in zebrafish embryos as model systems for targeted drug carriers5,63. Here we 
achieved a frame rate of 10 Hz in 2D and 1 Hz in 3D, allowing for detailed time-lapse analysis. 
The low bleaching conditions enabled imaging of single liposomes for extended periods of time, 
showcasing the use of TPMM for following single particles in vivo.  

Similarly, TPMM was able to resolve LEC1:eGFP inside vesicles located around the 
nucleus of pollen embryos. Interestingly, confocal OPE microscopy, revealed more 
homogenously distributed LEC1:eGFP in the embryo. A previous confocal study also showed 
a homogenous distribution of LEC1 in both the nucleus and cytoplasm, similar to our confocal 
observation64. In Arabidopsis embryos however, LEC1 aggregation inside the nucleus was also 
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observed by confocal microscopy, resembling our TPMM images of rapeseed pollen39. The 
difference in contrast that we observe may be explained by several factors. First, auto-
fluorescence of other structures than LEC1:eGFP may contribute to the signal in the confocal 
microscope, whereas TPM may be less affected. This may be strengthened by the better optical 
sectioning that is achieved by TPE. Of course it could also be that the difference originated from 
biological variance. To test this, the same pollen should be imaged in both modalities. TPE 
would be advantageous for imaging more developed pollen which are bigger and will thus 
benefit more from the reduced scattering. Suppression of background signal in plant tissue via 
TPE has been shown in recent studies65–68. TPMM adds to these findings by the increased 
temporal resolution.  

Multi-color imaging in TPM is well established. Here we combine it with the rapid image 
acquisition of multifocal scanning. Having a tunable laser, it was possible to alternate mCherry 
and eGFP with a lag-time of ±5 seconds. Alternatively, emission filters can be switched to 
separate mTurquoise and rhodamine B using the same excitation wavelength. Tri-color TPM 
however, has been found challenging due to overlapping emission spectra or inefficient TPE 
absorption and required more complex excitation strategies such as spectral mixing69,70 or 
tailored higher harmonic excitation71. Three-color imaging could be readily achieved by 
combining the different excitation wavelengths and emission filters as we did here. In addition, 
second-harmonic generation, for example by collagen fibers could be used as a third imaging 
channel. Collagen is a well-documented second harmonic generating structure which is 
efficiently excited with IR light, while its emission at 400 nm does not interfere with fluorescent 
fluorophores used here 72. By choosing any of abovementioned techniques multi-color imaging 
can be readily achieved with TPMM allowing for rapid co-localization of structures.  

In wide-field imaging of large tissue containing opaque structures, image quality is 
degraded by scattering of emission photons. Recent TPMM designs address this spatial cross-
talk by rejecting scattered photons or redirecting them to correct pixels. Most of these methods 
however, involve advanced changes to microscope design such as de-scanned detection13,52, 
wide-spaced multi-anode photomultiplier tubes73 or spinning-disc scanning74. For a wider use, 
background and scattered photons should be suppressed with minimal changes to the design of 
the microscope. For example, by source-localization of detected photons; Richardson-Lucy 
deconvolution, relocates scattered photons to their estimated correct pixel without additional 
optical component75. Structured illumination microscopy (SIM) also rejects scattered photons 
by reconstructing the frequency-modulated illumination pattern. SIM combined with TPMM 
was shown to increase SNR, imaging depth as well as resolution without changes to the 
setup76,77, and may further improve image quality by changing from a spiral- to a linear 
illumination pattern.  

In conclusion, we have shown that TPMM yields: fast, high-resolution, low background 
and stable in vivo imaging. It encompasses a favorable balance between bleaching and signal 
intensity, such that biological processes in cell tissue can be imaged for extended periods of 
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time and with high temporal resolution. These merits will be especially useful for studying rapid 
movements of nano-scale objects in long time-lapse studies. 
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3.5 SUPPLEMENTARY FIGURES  
 
 

 
Figure S3.1: TPMM images of two-day old WT pollen grains. No localized signal was detected inside the embryos 
in absence of the GFP:LEC1 fusion protein. Pollen walls are visible via autofluorescence. Scale bar = 25 µm.  

 
 
 
 
 
 

 
Figure S3.2: By averaging 20 TPMM images, noise (σ) is similar for confocal and TPMM. (a) Confocal image of 
a three-day old pollen embryo. White squares annotate the region of the nucleus (1), cytoplasm (2) and background (3). 
Scale bar = 10 µm. (b) Two-photon image of a three-day old pollen, annotated similarly to a. Scale bar = 25 µm. (c) 
SNRs calculated according to equation 3.3 from the mean values of the ROIs as annotated in a and b. SNR of the 
cytoplasm of the control measurement was calculated from the image in Figure S1.  
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Chapter 4 
 

Wide-field two-photon imaging 
of single fluorophores by 
structured illumination 
 
 
 

Single molecule microscopy is often hampered by autofluorescence and in vivo inelastic 
scattering impairs the visibility of the weak signal from single fluorophores. Two-photon 
microscopy decreases background fluorescence by using near-infrared light, and reduces the 
excitation volume due to the non-linear excitation mechanism, and limits out-of-focus 
photodamage and bleaching. However, the low two-photon absorption cross-section of most 
fluorophores requires a high light intensity. This is usually implemented by confocal scanning 
and yields lower frame rates and increases photobleaching. Here we build on previous efforts 
using multifocal excitation to increase the image speed, and compare two scanning modes that 
both yield a wide field light-sheet-like excitation. In live zebrafish embryos background 
fluorescence and photobleaching are further reduced, enabling tracking of single fluorophores 
for more than 30 seconds. Furthermore, we show that multifocal excitation with structured light 
sheet illumination suppresses background in highly scattering environments. Finally, we used 
single-molecule tracking to quantify diffusive behavior of single eGFP-HRas molecules and 
observed longer and less confined tracks, that suggest that the mobility of these proteins differs 
in different regions of the same cell. The experiments demonstrate for the first time that two-
photon microscopy can readily be used for in vivo single-molecule tracking and, contrary to 
previous reports, it is shown to reduce photobleaching, while achieving significantly improved 
signal to noise ratios.  
 
 
 
 
 
Contributing authors:  
Vlieg, R. C., Gora, R., Pham, C., Schaaf, M., van Noort, J.  
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4.1 INTRODUCTION  
 
Single molecule fluorescence microscopy has been fundamental for quantitative 

understanding on how biological systems function at the microscale. The ability to track a 
protein in space and time allows to study behavior normally obscured by the ensemble of 
molecules. To resolve the weak signal from a single fluorophore, often residing within a 
complex and scattering environment, efficient signal collection and background suppression is 
required. Total internal reflection microscopy (TIRF) reduces background signal by 
illuminating only in near-field, limiting the detection of fluorophores to within ±100 nm from 
the cover glass1. For three-dimensional (3D) tracking of fluorophores a larger volume needs to 
be illuminated, which generally necessitates a pinhole to reject out-of-focus light, as done in 
fluorescence correlation spectroscopy (FCS)2, laser scanning confocal3, and spinning-disc 
microscopy4. Although effective for reducing background, fluorophores that do not contribute 
to the image still suffers from photobleaching outside the focal volume.  

A more preferable scenario for tracking fluorophores in 3D would be to excite only within 
the focal volume, thereby eliminating out-of-focus signal. Two-photon microscopy (TPM) does 
exactly this by confining excitation to a volume defined by a quadratic dependence on laser 
power5. Moreover, excitation by near-infrared light allows for deeper imaging into tissues6 and 
reduces autofluorescence7. Despite these advantages single fluorophore studies with TPM have 
been limited mostly to in vitro experiments8–16.  

One major issue with two-photon excitation (TPE) is fluorophore stability. The high 
photon intensity in the focal volume and the promotion of a fluorophore to higher order excited 
states result in bleaching times that are typically a factor 3 – 5 shorter compared to single-photon 
excitation10,17,18. Also, the low two-photon absorption cross section (σ(2)) of most commonly 
used fluorophores diminishes fluorophore brightness, necessitating longer pixel dwell times or 
even higher laser power. Unfortunately, bleaching scales with laser power to an exponential 
power larger than 2, while fluorescence scales only quadratically14,17,19–21. This prevents 
capturing single fluorophores at a high temporal and spatial resolution for extended periods of 
time. For example, using quasi wide-field TPE, proteins tagged by a single fluorophore were 
tracked on an artificial cellular membrane13. Although the reported background of the membrane 
was drastically reduced from 400 counts pixel-1 ms-1 with one-photon, to 3.4 counts pixel-1 ms-

1 with TPE, most fluorophores lost their fluorescence before 20 images could be taken.  
The issue of photobleaching by TPE calls for an illumination method where laser power 

is reduced, while tracking applications require pixel acquisition rates that are sufficiently high 
to capture single fluorophores over a large field-of-view (FOV). To achieve a N-fold increase 
in pixel rate at the same signal-to-noise ratio (SNR), a two-photon single-focus microscope 

(TPSM) would need √𝑁 higher laser intensity. Two-photon multifocal microscopy (TPMM) 
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improves acquisition speeds by N by splitting the excitation beam into N beamlets22. Unlike 
TPSM, the increase in speed is achieved without increasing the excitation power in each focus. 
This property suggests that higher frame rates can be achieved with TPMM at similar bleach 
rates as TPSM, or that bleaching times can be extended when imaging a similar-sized FOV. 
TPMM can be readily implemented by using passive optical elements to split the laser beam 
(e.g. diffractive optical elements (DOEs)23,24, beam splitters25,26) and a camera to detect emission 
from the multiple foci.  

A drawback of TPMM is the increase in background signal from scattered emission 
photons reaching incorrect camera pixels. Especially for highly scattering biological samples, 
low background signal is essential to resolve the weak signals of single fluorophores. A number 
of methods have been developed to suppress background from diffused emission light. In a de-
scanned approach, the position of the emission beamlets remains stationary irrespective of the 
scanner motion by reflecting the emission photons back along the scanning mirror onto a multi-
anode photomultiplier tube. This allows to collect more scattered photons onto the right detector 
and achieving higher contrast at deeper imaging depths27,28. Improvements were made in SNR 
by reducing the emission path-length in a non-descanned approach and increasing the distance 
between each focus29. Still, the low quantum efficiency (±16%) of multianode photomultipliers 
and the limited imaging speeds gain impairs detection of single fluorophores. By using a 
Richardson-Lucy deconvolution method to correct the location of the scattered photons, no 
additional optics is needed for background suppression while employing a sCMOS camera with 
a high quantum efficiency (82%)24. Structured illumination microscopy (SIM) has similar 
benefits to deconvolution. SIM suppresses background by filtering out the low spatial frequency 
noise from the image signal, resulting in enhanced contrast30–32.  

Here we combine structured illumination with TPE into structured light sheet illumination 
microscopy (SLIM). Besides changing the scan-pattern and the image reconstruction, SLIM 
requires no additional optics compared to conventional TPMM. SLIM uses multiple frequency-
modulated images to compute a reconstructed image. In subsequent images, illumination 
patterns are spatially shifted and the total set of images illuminate the full FOV. By applying a 
discrete Fourier transform to the stack of images, all signal with frequencies other than the 
modulation frequency are suppressed – thus reducing background. SLIM is compatible with 
high-quantum efficiency camera detectors which are required for single molecule detection33.  

In this work we explore the TPMM capability of imaging single fluorophores in wide-
field. Dividing excitation power over multiple foci resulted in 5-fold higher acquisition speeds 
at similar bleaching rates compared to confocal TPM. We also investigated the ability of SLIM 
to further reduce the background intensity in zebrafish embryos (Danio rerio) and compare the 
result to previously established spiral-scanning illumination34. Using SLIM, background signal 
was reduced to below single-molecule brightness in the highly scattering zebrafish embryos 
environments. Subsequent measurements revealed individual eGFP tagged HRas proteins as 
they moved across the membrane. The limited in vivo photobleaching allowed us to track 
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molecules for hundreds of frames. The ability to measure single fluorophores for extended 
periods of time enables the study of protein dynamics normally obscured by photobleaching in 
more established microscopy techniques like total internal reflection fluorescence (TIRF) 
microscopy. These properties make TPMM combined with SLIM a new and promising 
technique for single molecule studies. 

4.2 MATERIALS AND METHODS  
 
Microscopy setup. A tunable near-IR Ti:Sa laser (Coherent, Chameleon Ultra) was 

coupled into a home-build two-photon multifocal microscope. A diffractive optical element 
(DOE, custom made by Holo-eye) diffracted the laser beam into an array of 10 x 10 beamlets. 
A fast-scanning mirror (FSM, Newport, FSM-300-1) scanned the beamlets across the excitation 
plane. The laser beams were focused using 60X NA 1.49 oil objective (Nikon, CFI60 
Apochromat TIRF 60XC) mounted on a piezo-stage (PI, P-726 PIFOC), illuminating an area of 
40 μm x 40 μm. Two-photon luminescence was collected by the same objective, filtered with a 
dichroic mirror (Semrock, 700dcxr) and two short pass filters (Semrock, FF01-720-SP & FF01-
750-SP) and focused on a 2048 x 2048 pixel back-illuminated sCMOS camera (Photometrics, 
Prime BSI). Additional band pass filters, mounted in a motorized fast-change filter wheel 
(Thorlabs, FW103H/M), were positioned in front of the camera. Using self-written LabVIEW 
(National Instruments) software, the scanning mirror, focusing stepper motors and camera were 
controlled synchronously. For imaging of the zebrafish embryo the objective was replaced by a 
25X NA 1.1 water objective (Nikon, CFI75 Apochromat 25XC) and the DOE was replaced by 
another DOE that generated a pattern of 25 x 25 beamlets (custom made by Holo-eye). This 
yielded an illuminated area of 180 µm x 180 µm.  

 
Spiral illumination. For spiral scanning, the FSM was driven by an Archimedean spiral 

to rapidly scan the beams producing a fairly homogeneous illuminated wide-field, as 
characterized before34. A single period of the spiral scan took 200 ms and was synchronized 
with the camera integration time.  

 
SLIM. For structured illumination the beamlets were scanned in four periods of a 

sinusoidal pattern in one direction (y). The amplitude in y-direction was 3 times the distance 
between neighboring foci (d), with d = 7.5 µm. The relative large amplitude resulted in more 
regular illumination than when the amplitude matched the spot-to-spot distance, especially at 
the maxima and minima of the periodic sweep. Four oscillations of the scanning beam were 
synchronized with integration time for one frame, which resulted in a “phase image” (gn), as 
shown in Figure 4.1. Next, the beamlets were translated in x direction by (d – ω)/N, with ω the 
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full-width at half maximum of the point spread function of the system (0.39 µm) and N the 
number of phase images per SLIM image. With d/2 = 3.25 µm, the optimal N was given by 
d/ωPSF = 8.3, which was rounded down to spatially sample the entire field-of-view (FOV). 
Between successive images there was a dead time of 5 ms, plus 1 ms per 128 pixel lines, which 
was used to empty the camera buffer into solid state storage and to reposition the FSM. The 
brief pauses between acquisition resulted in a total exposure duty cycle of 0.96. SLIM images 
were reconstructed via: 

𝐼 ሺ𝑥,𝑦ሻ ൌ  อ෍𝑔௡ሺ𝑥,𝑦ሻ𝑒ି௜ఝ೙
ே

௡ୀଵ

อ  (4.1) 

with the spatial phase φn defined as: 

φ୬ ൌ
2πሺn െ 1ሻ

n
 (4.2) 

 

 
Figure 4.1: SLIM reconstruction reduces background signal. (a) To create a single SLIM image, the foci-pattern is 
linearly scanned across the image plane with a small lateral shift in each image. (b) n phase-images (gn) are combined 
to yield either a conventional image, or a frequency selected reconstructed image, by a discrete Fourier transformation. 
(c) The summated image of a spheroid cluster of cells features a high intensity with a maximum at the center of the 
spheroid. In the SLIM image, reduction of scattered photons makes single cells clearly visible.  

 
Rhodamine 6G sample preparation. Glass coverslips were sonicated in ethanol for 30 

minutes, dried in a stream of nitrogen and treated in a UV-cleaner for 30 minutes. After cleaning, 
100 µl of rhodamine 6G solution [100 pg/µl] (Sigma-Aldrich, 83697) was pipetted onto the 
glass surface and gently removed after 3 minutes under a nitrogen stream.  

For the bleaching experiments the concentration of rhodamine 6G was increased to 100 
ng/µl to form a homogenous layer on the glass surface.  
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Rhodamine-labeled DNA. Rhodamine-5-dUTP (11534378910, Sigma-Aldrich) was 
enzymatically incorporated into DNA using polymerase chain reaction (PCR). Plasmid pUC18 
DNA was used as a template. A 100 µl PCR mixture contained 2.5 units of FastStart Taq DNA 
polymerase (5U/µl), 10 µM of forward (5’ CTC CAA GCT GGG CTG TGT 3’) and 10 µM 
backward primers (5’ GAT AAA TCT GGA GCC GGT GA 3’), 100µM of dNTPs and 50 µM 
of rhodamine-5-dUTP and 1X PCR reaction buffer with 10X MgCl2. The PCR reaction was run 
with the following program: step 1: 240 seconds at 95 oC; step 2: 30 seconds at 95 oC; step 3: 
30 seconds at 49 oC; step 4: 45 seconds at 72 oC; step 5: 300 seconds at 72 oC. Steps 2-4 were 
cycled 40 times. The PCR products were purified with a Promega Wizard SV Gel & PCR 
cleanup kit following the manufacturers’ protocol. The concentration of the DNA substrate was 
measured with UV/Vis spectrophotometer (BioDrop µLITE, Isogen Life Science).  

 
Flowcell preparation. The DNA-rhodamine constructs were immobilized inside flow 

cells. Glass coverslips were sonicated for 30 minutes in ethanol and UV-cleaned for an 
additional 30 minutes. After cleaning, flow cells were constructed by sandwiching double-sided 
stickers between the cover slips. Rectangular holes were cut into the stickers to create channels 
of approximately 50 µl per channel. The flow cell was mounted onto a laser cut scaffold for 
stability and to facilitate for pipetting solutions into the channel. Once constructed, the channels 
were incubated with a 0.01% (w/v) poly-L-lysine solution (P4707, Sigma-Aldrich) for 30 
minutes. After gently flushing with 150 µl HPLC-grade water, 50 µl of 100 pM DNA was 
injected and incubated for 3 minutes. After 3 minutes the flow cell was again gently flushed 
with 150 µl of HLPC-grade water and ready for imaging.  

 
Zebrafish embryos. Zebrafish (Danio rerio, strain AB/TL) were maintained and handled 

according to the guidelines from the Zebrafish Model Organism Database (http://zfin.org) and 
in compliance with the directives of the local animal welfare committee of Leiden University. 
Fertilization was performed by natural spawning at the beginning of the light period, and eggs 
were raised at 28.5 °C in egg water (60 µg/ mL Instant Ocean sea salts). The previously 
established Tg(kdrl:mTurquoise) zebrafish line was used yielding fluorescence in the 
endothelial cells by fusion of the fluorescent protein mTurquoise to the vascular endothelial 
growth factor kdrl35. Three-day post fertilization (dpf) old embryos were anesthetized in 0.01% 
tricaine and placed onto a glass coverslip. Embedding the embryos in 0.4% agarose before 
imaging minimized movement. For the single molecule measurements, transfection of eGFP-
C10H-Ras into kdrl line embryos and sample mounting was done according to previously 
described protocol36. In short, zebrafish eggs at the one- to two cell stage were microinjected 
with eGFP-C10H-Ras mRNA (30pg/egg). At three dpf, embryos were positioned on their side 
on a glass coverslip and a ±0.75 mm thick sheet of agarose was placed over the tail section of 
the embryo for imaging.  
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Simulations. Simulations of single molecule measurements by spiral illumination and 
SLIM were done in Pyhton 3 code. A pattern of foci was generated based on the actual distance 
between foci of the setup: 6.4 µm ± 0.1 µm. For each time-step, corresponding to 1 µs, the 
position of the pattern was translated corresponding to the voltage (Vx,Vy) of the fast-scanning 
mirror of the setup. Vx and Vy were converted to pixels based on an experimentally determined 
conversion factor. In each time step the coordinates of the foci were convoluted by the excitation 
point spread function (PSFexc). PSFexc was approximated by a two-dimensional (2D) Gaussian 
profile with width (σexc) based on the numerical model of Richards and Wolf37 Which state that 
for objectives with NA>0.7, the estimate of a squared Gaussian profile best fits with a slight 
inverse power dependence of 0.91: 

σୣ୶ୡ ൌ
0.65 λ
NA଴.ଽଵ  (4.3) 

A map of the effective exposure time for each pixel (Mexp) was computed by integration 
of the intensity of each pixel over all time steps during one exposure. This was combined with 
a map of randomly distributed molecules on a 2D surface (Msample). A fluorescence image 
(Mfluorescence) was calculated according to:  

M୤୪୳୭୰ୣୱୡୣ୬ୡୣ ൌ q Mୱୟ୫୮୪ୣMୣ୶୮  p R P୤୭ୡ୳ୱ
ଶ  (4.4) 

with power per focus Pfocus in W/cm2, the repetition rate of the laser R, q the quantum efficiency 
of rhodamine 6G (q=0.95)14, and p the probability of two-photon excitation per pulse per 
Watt/cm2. p was defined as38: 

p ൌ
0.588

2
σሺଶሻτ ൬

1
Rτ

λ
hc
൰
ଶ

 (4.5) 

with σ(2) the two-photon absorption cross-section of a fluorophore (in cm4 s photon-1), τ the pulse 
width (in fs), h Planck’s constant, c the speed of light.  At an excitation wavelength of 0.83 µm 
we used σ(2) =  100 cm4 s photon-1 for rhodamine 6G in methanol14. Convolution of Mfluorescence 
with the emission PSF (σ=0.4 µm) gives the 2D image with the diffraction limited signals 
(Msignal).  

The amount of signal was corrected for the collection efficiency of the setup: 

I୧୫ୟ୥ୣ ൌ  M୤୪୳୭୰ୣୱୡୣ୬ୡୣ η୭ୠ୨ୣୡ୲୧୴ୣ η୮ୟ୲୦ qୡୟ୫ (4.6) 

where Iimage is the actual signal detected by the camera. ηobj is the collection efficiency of the 
objective, ηpath the transmission efficiency of the emission path, and qcam the quantum efficiency 
of the camera. For our camera, qcam = 0.93, as specified by the manufacturer. The collection 
efficiency for a 1.49 NA objective is 0.42. ηpath was calculated by multiplication of the 
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transmission coefficients of the filters in the emission path and an additional factor of 0.96 per 
lens surface, which results in ηpath = 0.55. Overall, the detection efficiency was ηsetup = 0.21, for 
a wavelength of 500 nm.  

For the final image (I) noise factors were added:  

I ൌ PoissonሺIୱ୧୥୬ୟ୪ሻ ൅ σୢୟ୰୩ ൅ σ୰ୣୟୢ (4.7) 

where the Poisson distribution of Isignal accounts for shot-noise, σdark is the Poisson distributed 
dark-noise of the camera and σread the Poisson distributed read-noise of the camera. Simulated 
images were processed using the same software as the experimental data.  

 
Spot detection. The locations of peaks in the fluorescence images were extracted 

iteratively, starting with the maximum intensity in the image. A circular mask of 7 pixels x 7 
pixels was used to block the signal around the found pixel, after which the next pixel with the 
highest intensity was located. This iterative process was continued until a pixel intensity lower 
than the mean intensity of the image plus three times the standard deviation of the background 
was reached.  

 
Signal-to-noise ratio. For each detected spot a circular shaped region of interest (ROI) of 

5 pixels diameter was summed to calculate the signal-to-noise ratio (SNR): 

SNR ൌ  
Iୱ୧୥୬ୟ୪ െ Iୠୟୡ୩୥୰୭୳୬ୢ

σୠୟୡ୩୥୰୭୳୬ୢ
 (4.8) 

with Isignal the integrated intensity of the ROI. A second doughnut shaped ROI with the same 
area as the first ROI was used to calculate Ibackground and σbackground.  
 

Bleaching curves. For extracting the bleaching times (τbleach), I(t) was fitted to an 
exponential function: 

𝐼ሺtሻ ൌ  I଴eି୲ தౘౢ౛౗ౙ౞⁄ ൅ c (4.9) 

with I0 the initial intensity and c the offset.  
 
Single molecule tracking and mean squared displacement (MSD). Spots from the 

movies of eGFP-HRas measurements were located using TrackMate software as bundled with 
the Fiji distribution package of ImageJ39. The image was median filtered and a Laplacian to 
Gaussian (LoG) detector was used to filter the image on blob sizes with an estimated diameter 
of 0.5 µm. Blobs with an intensity lower than 3 times the standard deviation of the background 
were discarded. A simple linear assignment problem (LAP) tracking algorithm was used to link 
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the detected spots. We set the maximum distance for spot-linking and the maximum gap-closing 
distance at 0.6 µm, the maximum frame gap between spots was set to 5 frames. After spot-
linking, the shortest 10% of all traces were discarded.  

The remaining time traces were exported to the open source Icy software. Using the 
incorporated Track Manager, trace coordinates were converted to a MSD per time-unit tlag. All 
MSD curves were averaged over all traces, and the confinement length (L) and diffusion 
coefficient (D) were extracted from the data by fitting a confined displacement model: 

MSD ൫t୪ୟ୥൯ ൌ  
Lଶ

3
൭1 െ exp ൬

െ12D଴t୪ୟ୥
Lଶ

൰൱ ൅ A (4.10) 

with the initial diffusion constant D0 and a fixed offset A set at 0.005.  
 
  



4.3 Results 

90 

4.3 RESULTS 

4.3.1 SINGLE MOLECULE FLUORESCENCE BY SPIRAL ILLUMINATION 
First we measured single fluorophores by two-photon spiral illumination. To minimize 

photo-bleaching, the laser power was attenuated to 1.8 mW per focus by neutral density filters. 
A region of interest (ROI) from the resulting image is shown in Figure 4.2a and shows randomly 
distributed diffraction limited spots. To determine whether the spots originated from single 
fluorophores we continuously imaged at 4 Hz for 60 seconds and checked for discrete bleaching 
steps. Three representative time traces are plotted in Figure 4.2b. The intensity for all three 
traces is around 1000 Hz at the start of the measurement. Distinct single bleaching steps, 
indicative of single molecules, occurred during the measurement which shows that the TPE 
signal from single fluorophores is readily observed for tens of seconds.  

Having established two-photon single molecule fluorescence, we next characterized the 
signal of all fluorophores. A total of 86 peaks were identified in the first image of the 
measurement. Bleaching was defined as when the 5 point moving average filtered signal 
dropped below 1.5 times the average background. The distribution of the signal intensity from 
these 86 traces and their background is plotted in Figure 4.2c. With a signal of 9 ± 4 x 102 Hz 
(mean ± SD) and an average background of 2.4 ± 1.1 x 102 Hz, the signal-to-noise ratio (SNR) 
for all traces was 4 ± 2. This indicates that the excitation power of 1.8 mW per focus in 
combination with 200 ms integration time, is sufficient to detect single fluorophores with 
sufficient SNR. We observed a larger variation (σ = 4 x 102 Hz) in intensity than we would 
expect from a shot-noise limited signal (σ = 0.5 x 102 Hz). These larger fluctuations could arise 
could from instability of the fluorophores. The corresponding time before bleaching is plotted 
in Figure 4.1d. The distribution of bleaching times was fitted to an exponential decay function 
(equation 4.9), yielding an average bleaching time of 17 ± 2 seconds. A large number of peaks 
did not bleach during 60 seconds of imaging, but these were not processed due to poor SNR. 
The presence of these weak fluorescent signals after 60 seconds suggests a non-homogeneous 
excitation pattern and that these fluorophores received less illumination than the fluorophores 
displayed in Figure 4.2. Though these measurements show that it is possible to image single 
fluorophores in wide-field with TPE in vitro, for biological applications in vivo the demands are 
tougher, partially due to the increased background.  
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Figure 4.2: Two photon image of single rhodamine 6G molecules imaged in wide-field. (a) A wide-field image of 
individual rhodamine 6G molecules on a glass surface. Sample is illuminated by spiral-scanning of multiple foci.  Scale 
bar = 5 µm. (b) Time traces of the fluorophores as indicated by color from a. Single bleaching steps indicate that signal 
originates from a single fluorophore. (c) Distribution of the background and signal of single molecules. Single molecules 
are resolved with an average SNR of 3.5. d) Distribution of the bleach times from 86 individual fluorophores. 
Distribution is fitted to an exponential, yielding a half-time (t1/2) of 16.5 seconds.  

4.3.2 BACKGROUND REDUCTION BY SLIM 
Reducing the background signal is important for better contrast images, and indirectly for 

extending the bleaching time because it allows for lower excitation power. To investigate the 
ability of SLIM to reduce the background intensity in vivo, we imaged blood vessels inside the 
brain of three-day old zebrafish embryos. The embryos expressed mTurquoise in endothelial 
cells by fusion of the fluorescent protein to the vascular growth factor kdrl. Figure 4.3a shows 
a cross-section of a blood vessel approximately 40 µm inside the embryo imaged by spiral 
illumination. The SLIM image in Figure 4.3b is of the same location as Figure 4.3a. As opposed 
to the SLIM image, in the spiral scanning image there is substantial intensity in the center of the 
blood vessel. Also on the right of the blood vessel there is a large area which features enhanced 
brightness. As both image modalities optically dissect the sample via TPE, this signal cannot be 
attributed to out of focus excitation, and is therefore likely the result of scattered fluorescent 
signal. A ROI from Figure 4.3a (white square) is shown in Figure 4.3c. The image displays the 
higher fluorescence in the blood vessel more clearly. In the annotated ROIs (dotted white lines) 
the average intensity inside was 205 ± 62 Hz and outside the blood vessel it was 93 ± 29 Hz. 
We compared the background found here with the signal we measured for single rhodamine 6G 
molecules on glass using the same illumination settings. For this, we divided the average 
intensity of 900 Hz from Figure 4.2c by the 5 x 5 mask size from which that signal was 
integrated, this yields an intensity per pixel of 36 Hz. Note that the peak intensity of a spot was 
typically three times higher. The average intensity is lower than the background intensity of the 
in vitro measurements, suggesting that spiral illumination would hardly be able to resolve TPE 
single molecule fluorescence in zebrafish embryos. At the same location for the SLIM image, 
shown in Figure 4.2f, the background is 14 ± 26 Hz inside and 15 ± 17 Hz outside the blood 
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vessel. In both cases, the reduction in background suggests that it would be possible to detect 
single fluorophores in vivo using TPE.  

 

Figure 4.3: Structured illumination reduces scattered light to improve background in in vivo environments like 
the brain of zebrafish embryos. (a) A cross section of a blood vessel imaged via spiral illumination approximately 40 
µm inside the embryo. The nuclei are indicated by the thicker and brighter areas of the blood vessel. Scattered light is 
visible even at larger distances away from the vessel. (b) Imaging the same FOV as in a now with SLIM yields a clear 
reduction in background noise across the image, while retaining signal from the blood vessel. (c) Zoom-in on a blood 
vessel as annotated in a (white square). Background is higher inside the blood vessel compared to the outside. (d) Zoom-
in on the annotated ROI in b (white square). SLIM clearly reduces background both out- and inside the blood vessel. 
(e) Cross-section of a blood vessel imaged via spiral illumination located at approximately 90 µm inside the brain. 
Background appears brighter inside the thinner blood vessel. (f) Even at larger depths SLIM is able to reduce 
background to a minimum. (g) Comparison between the intensity profiles as annotated in d (dotted white line). The 
boundaries of the blood vessel are clearly visible by two peaks. SLIM reduces background in the blood vessel to the 
same level as outside the blood vessel. For reference, a line is drawn that indicates the average signal of single 
fluorophores on glass from Figure 4.2. (h) Intensity profiles from the cross section as annotated in f (white dotted line). 
Again SLIM reduces the background inside the blood vessel to similar level as outside the blood vessel.  Also, the blood 
vessel walls are imaged much sharper in SLIM compared to spiral. Scale bars = 25 µm.  

 
Besides the lower background, the SLIM image features thinner blood vessel walls than 

the spiral image, as can be seen from the profile plots in Figure 4.3g. Fitting Gaussian functions 
to the peaks gives a full-width-at-half maximum (FWHM) of 3.3 ± 0.2 µm for both peaks in the 
spiral image, and 1.8 ± 0.1 µm and 2.5 ± 0.2 µm in the SLIM image. The sharper defined 
boundary of the endothelial cells quantifies the better resolution due to the suppression of 
scattered photons. We also imaged blood vessels 90 µm inside the brain. The spiral image of 
this section is shown in Figure 4.3e and the SLIM image in Figure 4.3f. Similar to the images 
captured closer to the objective, SLIM reduces background signal significantly. From annotated 
ROIs (white dotted lines) we find that the background signal inside the blood vessel is reduced 
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from 207 ± 48 Hz to 27 ± 24 Hz when illuminating with SLIM as compared to spiral scanning. 
Background signal inside the blood vessel is higher compared to the more superficial vessel. 
Still, SLIM drastically reduced background signal at 90 µm imaging depth, with a background 
below single molecule intensities. The increased absorption and scattering of emission photons 
however, may complicate the detection of single molecules at these depths. The higher 
background is likely caused by the narrower blood vessel which increases the possibility of 
including signal of the top or bottom of the vessel. Outside the blood vessel SLIM does reduce 
background to 11 ± 17 Hz, which is similar to that of the superficial vessel. The intensity profiles 
(dotted white line, Figure 4.3f) for the spiral and SLIM images are plotted in Figure 4.3h. The 
profile plots clearly show that SLIM is able to image the blood vessels sharper, which translates 
to a reduction in background signal inside the vessel as there is no overlap between signal from 
the blood vessel walls. From fitting Gaussian profiles in the spiral image, we find that the 
FWHMs of the blood vessel walls are 2.9 ± 0.2 µm and 2.5 ± 0.1 µm. In contrast, in the SLIM 
image they are 1.4 ± 0.1 µm and 1.2 ± 0.1 µm – a reduction of more than two.  

Besides attenuating scattered emission photons, SLIM may also help to reduce reflected 
excitation light from the laser. Due to the difference in wavelength, and hence the difference in 
PSF of the excitation and the emission light, this may be especially effective for out-of-focus 
reflections, for example at the interface between the bottom of the slide and the immersion 
liquid. The ability to suppress back-reflected light relaxes the necessity for spectral filters in the 
emission path which will increase the collection efficiency of the setup. To demonstrate this, 
we imaged rhodamine-5-molecules incorporated in a DNA construct that was immobilized on 
a glass surface. To facilitate detection an average of 9 rhodamine molecules were incorporated 
per DNA molecule. To enhance the contribution of reflected light we removed one of the band 
pass filters in the emission path and imaged the sample by spiral scanning and SLIM, the results 
are shown in Figure 4.4a and 4.4b. Without the second emission filter, the excitation area can 
be clearly distinguished by the increased background signal in the middle of the spiral image. 
Inside the excitation area, spots of higher intensity indicate the location of DNA rhodamine. 
Although the DNA molecules are clearly discernable, the increased background compromises 
the signal to background ratio. Note that the difference in intensity between the spots likely 
originates from variations of the number of rhodamine fluorophores per DNA molecule or 
perhaps even from aggregates of DNA. Switching to SLIM, the reflections from the laser are 
indeed significantly reduced and DNA rhodamine is clearly visible in the reduced background. 

We compared the background for both illumination modalities by plotting the average 
intensity inside annotated ROIs (white squares). With two band pass filters, spiral and SLIM 
have a similar average background of 20 ± 21 Hz and 17 ± 24 Hz, respectively. The background 
increases around a factor of 4 to 80 ± 26 photons/second when a band pass filter is removed in 
spiral imaging. In contrast, the SLIM image retains a low background at 13 ± 25 photons/second. 
We confirmed suppression of scattered photons in simulations, see Figure S4.1. The simulations 
show how SLIM is less affected by an increasing background signal compared to spiral 



4.3 Results 

94 

illumination. Interestingly, the simulations suggest that in absence of reflected laser light, spiral 
illumination is able to resolve more single fluorophores and at a higher SNR. Still, from these 
results we can conclude that SLIM is effective to remove reflected of light from the laser, which 
allows for more efficient detection of fluorescence and could be useful for single molecule 
detection.  

 

 
Figure 4.4: Reflected light is removed from the image by SLIM. (a) DNA tethered on glass loaded with an average 
of 9 rhodamine B molecules imaged via spiral scanning. By removing a band pass filter in the emission path laser light 
adds a high background intensity. Scale bar = 10 µm. (b) SLIM image of the same FOV and with similar imaging 
conditions as a. Background is reduced to the level outside the excitation field, while the DNA-rhodamine spots are still 
visible. (c) Comparison of the background of both illumination modalities with and without bandpass filter. Spiral 
scanning increases the average background 3.7 times while SLIM remains at similar levels.  

4.3.3 SIMULATIONS 
We simulated single molecule experiments for both spiral and SLIM illumination to better 

understand how SLIM could improve single molecule studies. First we studied the influence of 
the number of phase-images on single molecule detection. From the in vivo measurements in 
zebrafish embryos we noticed that SLIM results in less homogenous illumination than spiral 
scanning, see Figure S4.2. Due to the non-linear excitation, this may be more problematic for 
two-photon imaging than for one-photon imaging. In the simulations, randomly generated 
locations of fluorophores were convoluted with a Gaussian profile with a width of 0.4 µm to act 
as the ground truth image of the fluorophores, shown in Figure 4.5a. The same fluorophore 
coordinates were used in the spiral- and SLIM simulations for direct comparison between the 
images. Spiral scanning was simulated with the same parameters as used in the experiments, 
while for SLIM the number of phase images was varied from 1 to 9.  
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Figure 4.5: Theoretical comparison of spiral scanning and SLIM microscopy. For SLIM the number of phase-
images has a large effect on the resulting image. Spiral scanning yields a better representation of all fluorophores while 
SLIM produces higher SNR. (a) ROI of an input image showing a distribution of fluorophores. The spiral image captures 
all fluorophores, whereas some fluorophores in the SLIM images are hardly visible. (b) The signal intensity (red) and 
SNR (black) of 150 fluorophores from each simulation. The small variation in signal intensity from spiral scanning 
indicates a homogeneous illumination across the image. SLIM under-samples the image which results in large variations 
in signal intensity. For seven phase-images or more, signal comes close to that of spiral images, but SNR decreases 
however. (c) Correlating the images with the ground truth provides a measure on how well the image is reconstructed. 
The higher correlation coefficient of spiral scanning indicates better performance of spiral scanning for imaging 
fluorophores. At n=7, correlation is highest in SLIM reconstruction.  

 

In the simulations, each fluorophore was observable in the spiral image, albeit somewhat 
obscured by the noise. In the image reconstruction from three phase images, it is clear that SLIM 
spatially under-samples the FOV, such that many fluorophores were undetected. The 
fluorophores which were detected are however brighter due to the longer exposure time per 
image. With eight phase images, the FOV appears to be fully sampled as all fluorophores were 
detected. However, their signal appeared less bright compared to the spiral image and showed 
more variation in brightness between the fluorophores. For example, the fluorophore indicated 
by the white circles is barely visible. To quantify these observations, images were processed 
similarly as the experimental single-fluorophore data. The SNR of 150 fluorophores was 
calculated. Signal intensity was defined by the amplitude of a fitted 2D Gaussian. The 
distribution of the peak intensity and the background are plotted in Figure 4.5b. The intensity of 
the spiral illuminated photons was 76 ± 12 Hz and the corresponding SNR is 2.7 ± 0.2. The 
relatively small variance indicates a homogenous illumination as the fluorophores receive 
similar exposure during integration of the camera.  

In contrast, SLIM with only a few phase-images results in inhomogeneous illumination 
and therefore in large variation in signal and SNR. Illumination is distributed more evenly when 
increasing the number of phase-images. However, doing so decreased the signal and SNR. Using 
6 phase images, the SNR is lower than that of spiral illumination. The lower SNR with higher 
average signal of 98 ± 14 Hz, indicates that a higher variance in background impairs the SNR 
of the SLIM images. Next to inhomogeneous illumination, this might be explained by additional 
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readout noise per phase-image that would reduce the SNR of the reconstructed SLIM image. To 
measure the resemblance with the ground truth image, we plotted the amplitude of the cross-
correlation between the ground truth image and the simulated images in Figure 4.5c. Despite 
the 20% higher collection efficiency of SLIM due to the absence of a band pass filter, spiral 
scanning had the highest correlation coefficient. SLIM had a maximum correlation at 7 phase-
images.  
 

 
Figure 4.6: Simulations to study the influence of read noise on imaging single fluorophores for spiral scanning 
and SLIM. (a) Four ROIs for both illumination modalities at two different noise levels. At 0.1 e- read noise spiral 
scanning and SLIM perform similar, while at 3.0 e- fluorophores can hardly be observed in the SLIM image. (b) SNR 
for the spiral and the SLIM simulations. At 0.1 e- the SNR of SLIM is higher, however it drops rapidly when the read 
noise is increased. The large standard deviation of the SNR for SLIM impedes detection of fluorophores. (c) Correlation 
coefficients for spiral and SLIM at different read noise levels. SLIM suffers more from a higher read noise than spiral 
scanning. These results show that the read-noise from multiple separate phase images result in a poorer performance of 
SLIM compared to spiral scanning.  

 
The decrease in SNR when using more than 7 images for SLIM reconstruction suggests 

that camera read-out noise, which is a random signal that is generated each time a frame is 
acquired, may become the largest contributor to reduced image quality. To test this, we 
simulated spiral and SLIM measurements at different levels of camera readout noise. With 0.1 
e- readout noise both spiral and SLIM can easily discriminate fluorophores from the background, 
as shown in Figure 4.6a. At 3.0 e- noise, no clear peaks are observed with SLIM, while in the 
spiral image most peaks are still above the noise floor. The trend in SNR when read noise is 
increased is plotted in Figure 4.6b. SLIM suffers significantly from more read noise compared 
to spiral. Interestingly, at 0.1 e- SLIM achieves higher SNR than spiral scanning, where external 
scattered signal is dominant over read noise. The correlation coefficient, plotted in Figure 4.6c, 
shows a similar trend as the SNR. At minimal read noise SLIM is able to capture the distribution 
of fluorophores better than spiral illumination. However, as read noise becomes dominant, the 
correlation coefficient of SLIM decreases exponentially, with a rate 2.7 faster than the spiral 
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simulations. Why SLIM is more effected by read noise might be explained by the less signal 
which is collected per phase-image compared to a spiral image. With less signal and increasing 
noise, the SNR per phase-image decreases more rapidly compared to spiral scanning, which 
would translate into worse SNR of the reconstructed SLIM image. The median of the read noise 
of the camera used in our experiments is 1.1 e- as stated by the manufacturer. Based on these 
simulations with a low scattering background (0.5 e-/second), spiral illumination would be the 
preferred illumination modality.  

4.3.4 TWO PHOTON BLEACHING RATES 
Suppression of background and removal of the band pass filter for higher collection 

efficiency, can be used to lower the excitation power while maintaining a similar SNR compared 
to spiral illumination. A reduction in excitation power is important for less photo-toxicity and 
reduced photobleaching. To clarify the relation between excitation power and bleaching, we 
measured the reduction in fluorescence over time when continuously imaging a dense layer of 
rhodamine 6G deposited on a glass coverslip. The summed intensity of a region of interest is 
plotted in Figure 4.7a. To extract the bleach rate (τbleach) we fitted a mono-exponential decay 
(equation 4.9) and plotted the bleach time as a function of excitation power on a log-log scale in 
figure 4.7b. At 1.8 mW excitation power the average bleaching time of 17 seconds, as found for 
single rhodamine molecules, is shorter than the 26 seconds found here in Figure 4.2d. We 
attribute this to a difference in the position of the focus relative to the fluorophore. Fitting a 
power law to τbleach yielded a slope of 2.5 ± 0.1. The initial intensity of the bleaching curves is 
also plotted in Figure 4.7b and fitted to a slope of 2.0 ± 0.1, confirming two-photon excitation.  

 

 
Figure 4.7: Photo-bleaching scales faster than signal intensity as functions of laser power. (a) Photobleaching of a 
layer of rhodamine 6G deposited on a glass coverslip. Measurements were performed at different excitation powers and 
fitted to an exponential function. (b) The decay times obtained from a plotted as a function of excitation power. The 
bleaching rates are fitted to a linear function yielding an exponent of 2.5. The signal intensity at the start of each scales 
with an exponent of 2.0, as expected for two-photon excitation. (c) Theoretical photon count, detection limit and bleach 
rate as a function of laser power. Bleach rate is obtained from b. As excitation power increases, the bleach rate scales 
unfavourably with laser power. Therefore, background suppression and higher detection efficiency of SLIM could 
potentially decrease bleach rates while maintaining similar SNR.  
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The higher slope of the bleaching curve suggests a multi-photon process for bleaching, 
possibly the absorption of another photon after two-photon excitation. In any case, longevity of 
a fluorophore increases more with less excitation power than the fluorescent signal decreases, 
suggesting that bleaching becomes less problematic when background can be reduced, allowing 
for lower excitation intensities. This relation between SNR and bleach time is plotted in Figure 
4.7c, together with the measured bleach rate, the theoretical signal intensity of rhodamine 6G 
(equation 4.4) and the detection limit (equation 4.5). For spiral illumination an additional noise 
level of 6.0 photons/second was added to include the increased scattering in in vivo 
environments. For SLIM illumination, the transmission efficiency of the emission path was 
increased by 21%, which can be achieved by removal of a band pass filter.  

A theoretical fluorescent signal of 1400 Hz is expected for single molecules, which 
slightly deviates from the measured intensities in Figure 4.2 of 897 ± 215 Hz. Inaccuracies in 
the estimation of the detection efficiency may be the cause for this difference. For spiral 
scanning, the signal only exceeds the detection limit at an excitation power of 1.05 mW, which 
results in a bleach time of 450 seconds. For SLIM, signal exceeds the detection limit at 0.8 mW 
excitation power, which corresponds to a bleach rate of 2500 seconds. Thus, a reduction of 0.69 
in power extends bleaching by more than a factor of 5. From these results we expect that single 
fluorophore studies can benefit from TPE SLIM for both in vitro, by the increased transmission 
efficiency, and in in vivo environments, by suppression of scattered photons.  

4.3.5 SINGLE MOLECULE FLUORESCENCE BY SLIM 
To compare single molecule imaging by SLIM with spiral illumination, the same sample 

with single rhodamine 6G molecules was measured at an excitation power of 1.8 mW per focus. 
The band pass filter was removed from the emission path to improve detection efficiency. A 
ROI from the resulting image is shown in Figure 4.8a. Three diffraction limited spots are 
identified from the image and annotated by the colored circles. Single bleaching steps in the 
time traces, shown in Figure 4.8b, confirm that signal originates from single fluorophores. 
However, the density of observed fluorophores is much smaller compared to the spiral 
illuminated sample in Figure 4.2a.  

From the entire image, a total of 16 fluorophores were detected compared to 86 with spiral 
illumination. Thus we overlooked 80% of the molecules. The average intensity of detected 
fluorophores however, is higher with 1480 ± 787 photons/second, as plotted in Figure 4.5c. 
When fluorescence is lost an average background signal of 509.9 ± 276 photons/second is 
recorded. Based on the background and average signal, fluorophores are detected with SNR = 
2.9, which is slightly less than spiral illumination (SNR = 3.5). Besides SNR, the bleaching time 
of 14 ± 2 seconds, as plotted in Figure 4.8d, is also comparable to the bleaching time recorded 
in Figure 4.2d of 17.5 ± 1.7 seconds. So surprisingly, in vitro SLIM yields single molecule 
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measurements with similar quality as spiral scanning but a large number of fluorophores remain 
undetected.  

 
Figure 4.8: Two-photon SLIM imaging single rhodamine 6G molecules. (a) ROI showing single Rhodamine B 
molecules deposited on a glass coverslip. Scale bar = 5 µm. (b) Time traces of the displayed fluorophores in a. Discrete 
bleaching steps indicate single fluorophores. (c) Average distribution of the background and signal of single 16 
fluorophores. Based on the mean values, a single fluorophore is resolved with a SNR of 2.9. (d) The distribution of the 
bleach times yields a half-time of 14.3 seconds.  

4.3.6 ENHANCED SLIM (SLIM+) 
To tackle the high readout noise and enhance single molecule visibility we reduced the 

number of phase-images for one SLIM acquisition. This was achieved by scanning three lines 
during one phase-image, thereby broadening the resulting excitation pattern compared to 
conventional SLIM, see Figure 4.9a. The broader lines in the enhanced SLIM configuration 
reduced the number of phase images from eight to three. To assess the performance of SLIM+ 
we simulated single molecule measurements at different background intensities and compared 
SLIM+ to conventional SLIM and spiral illumination. The resulting images were cross-
correlated with the ground truth to assess which illumination modality provides highest fidelity 
results, see Figure 4.9b.  

The correlation coefficient of SLIM+ is significantly higher than SLIM and except for 0.3 
photons/sec noise, is also higher than spiral illumination. This indicates that SLIM+ is superior 
to spiral scanning for most measurements. The slope of the correlation coefficient for SLIM+ is 
steeper compared to SLIM which suggests that for higher scattering media SLIM would perform 
better. This is likely caused by inefficient signal modulation at higher background in SLIM+ 
due to the broader illumination lines. Besides higher correlation, SLIM+ roughly doubles the 
SNR compared to spiral and SLIM illumination at a background intensity of 2 photons/sec, as 
shown in Figure 4.9c. Besides better quality images, the reduction in phase-images also reduced 
the file size of a measurement and allowed for faster imaging as less time is spent on reading-
out the camera buffer. But most importantly, the higher SNR especially shows how the reduction 
in readout noise is beneficial for single molecule tracking. SLIM+ eliminates most of the 
drawbacks of SLIM.  
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Figure 4.9: Reducing the number of phase-images improves image quality for SLIM. (a) Simulated excitation-
images of SLIM and SLIM+. By scanning three lines per phase-image, the width of the resulting streak is broadened. 
With only three phase-images the FOV is fully sampled, reducing camera readout noise. (b) The correlation coefficient 
is improved by SLIM+, indicating that more fluorophores are resolved compared to SLIM. For high background images, 
SLIM+ performs better than spiral scanning. c) Due to the reduced readout noise the SNR is doubled by using SLIM+ 
compared to SLIM. 

 

4.3.7 IN VIVO SINGLE MOLECULE FLUORESCENCE  
Next we tested whether the improvements of SLIM+ made it possible to measure single 

fluorophores in live zebrafish embryos. For these measurements the membrane protein HRas 
was fluorescently tagged at its CAAX anchor domain with an eGFP fluorescent protein. The 
membrane of the skin cells in the tail of the embryo, shown in Figure 4.10a, were imaged using 
a spiral illumination. The boundaries of the cells can be distinguished by their distinct 
pentagonal shape. Homogenous intensities of the diffraction limited spots suggest single 
fluorophores. Note that we hardly observed photobleaching, the hallmark of single molecule 
fluorescence. We validated our results by comparing our SLIM+ images to measurements done 
with the well-established single molecule imaging technique of TIRF microscopy, see Figure 
S4.3. The two images both feature diffraction limited spots originating from HRas proteins. 
Within each image the spots feature comparable signal intensity and the similarities between 
both imaging modalities indicate that TPMM signal originates from single fluorophores. The 
background signal was greatly reduced when switching to SLIM+ as shown in Figure 4.10b. 
This can also be seen in the increase of SNR between the images as plotted in Figure 4.10c. The 
median SNR of the spiral image was 4.3 while the median of the SLIM+ image was 7.1, a factor 
of 1.6 improvement. Besides higher positional accuracy, a higher SNR allows to increase image 
speed or reduce excitation power to reduce phototoxicity and photobleaching.  
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Figure 4.10: In live zebrafish embryos SLIM+ achieves higher SNR and improves the axial resolution compared 
to spiral scanning for imaging single molecules. (a) Spiral image of skin cells in the tail of a zebrafish embryo. eGFP 
labelled HRas proteins located in the cell membrane are clearly distinguishable. Scale bar = 10 µm. (b) SLIM+ image 
of the same location as a. The suppression of background improves the visualization of single eGFP-HRas proteins. (c) 
SNR calculated from the diffraction limited spots according to eq. 4.8. Spiral illumination reveals eGFP-Hras proteins 
with a median SNR of 4.3. SLIM+ improves SNR nearly 2-fold to 7.2. (d) Line profiles of a z-stack of the imaged cells. 
The first peak is the bottom membrane, the second peak, ±4 µm deeper, reveals the top membrane. Due to suppression 
of scattered photons in SLIM+, the membrane can be imaged at a higher axial resolution compared to spiral illumination. 
Fitting a double Gaussian yields a FHWM of 0.88 ± 0.06 µm for the first peak with SLIM+ and 0.94 ± 0.20 µm for the 
second peak. For the spiral z-stack: FWHM = 1.5 ± 0.1 µm and 3.5 ± 0.7 µm. (e) Intensity time trace of two tracked 
traces and a static region of interest. Note that the absence of photobleaching enabled tracking of the molecules for 
extended periods of time.  

 
Next we assessed whether the Hras spots were confined to the membrane by measuring 

their position in 3D. ROIs of 69 x 79 pixels for both spiral and SLIM + images were taken from 
inside the center cell and the average signal of their z-profile are plotted Figure 4.10d. The two 
cell walls can be clearly distinguished from the two peaks, indicating that fluorescent signal is 
exclusively present in the membrane. Fitting a double Gaussian to the SLIM+ profile yields a 
FHWM = 0.88 ± 0.06 µm for the first peak and 0.94 ± 0.20 µm for the second peak. In 
comparison, the peaks in the spiral image feature a FWHM = 1.5 ± 0.1 µm for the first- and 3.5 



4.3 Results 

102 

± 0.7 µm for the second- peak. The suppression of background signal yields a much thinner cell 
membrane, and limited fluorescence degradation in axial resolution for the top membrane.  

Most notably is the limited photobleaching we observed during these measurements. We 
set camera integration time at 100 ms and imaged for hundreds of frames using SLIM+ yielding 
movies lasting up to five minutes. Using TrackMate software combined with a simple linear 
assignment problem (LAP) tracking algorithm39, individual spots of single molecules were 
tracked for hundreds of consecutive frames. Two examples of the resulting intensity traces are 
shown in Figure 4.10e. To compare to the background signal we also plotted the average signal 
from a static ROI in the middle of the cell with the same diameter (0.53 µm) as the traced spots. 
The spikes in intensity at the end indicate fluorophores passing through this region as HRas 
proteins diffuses through the membrane. We expect the detected intensity from each single 
molecule to be the same. Indeed, trace 1 and trace 2 both feature a similar average signal 
intensity of approximately 500 Hz. Also the spikes in the background signal reach similar levels 
of intensity. Lower intensity spikes are the result of molecules passing through the edge of the 
ROI. Trace 2 disappears after 225 frames which indicates that the fluorophore is bleached, the 
molecules moves out of focus, or the tracking algorithm is unable to link the consecutive frames. 
It is difficult to assess the reason behind the disappearance of a trace while they are moving in 
an in vivo environment. These results show how TPMM in combination with structured 
illumination enables the in vivo visualization of single molecules with limited photobleaching 
and negligible background signal.  

4.3.8 ANALYSIS OF IN VIVO SINGLE MOLECULE DYNAMICS 
Having established in vivo single molecule imaging with TPMM, we next investigated its 

functionality by tracking eGFP-HRas proteins in live zebrafish embryos. We used both spiral 
and SLIM+ illumination modalities to assess how they compare. To quantify this, we defined 
two ROIs: ROI 1 near the lateral membrane of the cell and ROI 2 at the center of the bottom 
membrane of the cell, shown in Figure 4.11a. The limited photobleaching allowed us to 
automatically track molecules by TrackMate software39 for tens of seconds in a one minute 
movie. From the trajectories in ROI 2, shown in Figure 4.11b, we see that most traces are 
relatively short and some molecules reside for longer time periods within a confined area. These 
trajectories comply with out visual inspection. A large population of HRas proteins rapidly 
traveled across the membrane while sometimes remaining immobile for short periods of time, 
and a smaller second population appear to reside within a confined area for longer periods.  

We studied the temporal-spatial dynamics of HRas by means of their MSD, which was 
calculated from the tracked coordinates. The MSD for both ROIs are plotted in Figure 4.11c and 
a confined diffusion model (equation 4.10) was fitted to the data. The variation in confinement 
between traces was very large, see Figure S4.4a for individual traces, and therefore we focus on 
the average MSD. The large spread in confinement may justify a more refined, multi-population 
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approach but here we limit the analysis to a simple single population. During the tens of seconds 
of tracking a molecule could also change its mobility, for example by interactions with its 
environment, which could also affect the MSD analysis.  
 

 
Figure 4.11: HRas proteins in the membrane of live zebrafish embryos feature different dynamics in different 
regions of the cell. (a) Two ROIs (white squares) annotate areas near the lateral membrane and the centre of the bottom 
membrane in a spiral-illuminated image. Scale bar = 10 µm. (b) Visualization of the trajectories of several eGFP-HRas 
proteins in ROI 2. Scale bar = 2 µm. (c) The average MSD calculated from the spatial coordinates of the tracked traces. 
Fitting a confined diffusion model (eq. 4.10) to the data yields a higher diffusion constant and less confinement for the 
traces located at the lateral membrane (L = 0.57 ± 0.17 µm) than those located in the interior of the cell (L = 0.46 ± 0.17 
µm). (d) A SLIM+ image of embryo skin cells with traces from the tracked molecules overlaid in white. The regions 
near the lateral cell membranes feature higher eGFP-HRas mobility (ROI 1) than in the centre of the bottom membrane 
of the cell (ROI 2). (e) Enlarged image of ROI 1 at the lateral cell membrane. (f) Although small, the average 
confinement for ROI 1 with a L = 0.44 ± 0.10 µm is higher than 0.40 ± 0.14 µm at ROI 2.  

 
Both MSD curves reach an asymptote indicating confinement. The area of confinement is 

larger near the lateral membrane wall, L = 0.57 ± 0.17 µm than at the bottom of the cell with a 
L= 0.46 ± 0.17 µm. From HRas measurements using TIRF microscopy at the bottom of the cell 
membrane we measured L = 0.33 ± 0.17 µm, see Figure S4.4b. The diffusion constants as 
measured by TPMM of 0.16 ± 0.03 µm2/sec and 0.06 ± 0.01 µm2/sec, were smaller than 
measured in TIRF of 1.68 ± 0.24 µm2/sec. This could be due to the lower frame rate of TPMM, 
which may bias our analysis to the slower fraction of molecules. The difference in confinement 
between the microscopy modalities could be due to the large variation in the traces in TPMM, 
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which would warrant a more refined analysis. However, the enhanced photobleaching of TIRF 
could also eliminate longer traces which may skew results towards more confinement.  

At a different region in the tail of the zebrafish embryo we also used SLIM+ to track eGFP-
HRas. The FOV shown in Figure 4.11d features multiple cells. By superimposing the eGFP-
HRas trajectories on the image the difference in HRas activity between the different cell regions 
and cells can be qualitatively appreciated. For example, the area at the top of ROI 1 which 
features no traces is likely a cell which expresses very limited eGFP-HRas. Similar to the spiral 
measurement we saw more HRas mobility at a lateral cell membrane (ROI 1) than in the interior 
of a cell (ROI 2). Figure 4.11e provides a closer view at ROI 1 and similar to Figure 4.11b, 
shows how some molecules remain longer immobilized at a specific place, while other traces 
are shorter and/or more mobile. Although we cannot exclude photobleaching, it is unlikely that 
bleaching is responsible for such short traces as there is no sign of bleaching at the cell 
membrane nor any part of the embryo (data not shown). More likely eGFP-HRas moves out of 
focus or the tracking algorithm was unable to link a spot to the trace. From the MSD curves 
plotted in Figure 4.11f we find that the traces are confined with L = 0.44 ± 1.0 µm for the lateral 
membrane and 0.40 ± 1.4 µm for the interior of a cell. The variation in MSD traces is again very 
large. Still, the average area of confinement at the lateral membrane is higher than that at the 
central bottom of the cell. For both regions the confinement appears to be smaller than in the 
spiral measurement and resembles the TIRF measurement. The apparent diffusion constant is 
further reduced to 0.055 ± 0.006 µm2/sec and 0.025 ± 0.003 µm2/sec. Differences between MSD 
values could be caused by biological variations between cells, or by modulations in either spiral 
or SLIM+ acquisitions. A more rigorous study should be conducted to assess these differences 
between the two scanning modalities. Besides a higher SNR, as also reported in Figure 4.10, 
and the slightly different diffusion behavior, we did not see major differences between movies 
obtained with spiral and SLIM+. Both were able to track single molecules for tens of seconds 
and provided insight in HRas dynamics across multiple cellular bodies. 

 

4.4 DISCUSSION AND CONCLUSION 
 
In this work we measured wide field two-photon fluorescence of single fluorophores both 

in vitro and in vivo. Individual rhodamine 6G molecules on glass were readily imaged with an 
average life-time of 17.5 seconds. To enhance visibility of single fluorophores and to increase 
SNR in images overall, we developed SLIM to suppress scattering of photons. The higher 
background in turbid media, such as of zebrafish embryos, was reduced to below single 
molecule brightness by SLIM. Moreover, we further improved SLIM to reduce the effect of the 
increased readout noise and make it suitable for imaging of single fluorophores. Indeed, we 
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imaged single eGFP-HRas proteins in live zebrafish embryos where the absence of bleaching 
allowed us to track single molecules for sometimes hundreds of consecutive frames.   

The fluorophores immobilized on glass which were detected by spiral illumination, had 
an average signal of 900 Hz at a relative low excitation power of 1.8 mW. TPSM on rhodamine 
B13 shows similar bleach rates as rhodamine 6G, indicating that imaging these fluorophores with 
TPMM would yield similar results for in vitro environments. When compensated for difference 
in illumination intensity measured by TPSM (our 410 kW/cm2 versus 1340 kW/cm2) and scan 
speed (9.4 ms/pixel versus 0.2 ms/pixel), our results closely follow the power dependence on 
the bleach rate of single rhodamine 6G molecules14. However, the frame rate of TPMM is 5.6 
times higher. To achieve a similar frame rate while maintaining SNR, TPSM would need to scan 
5.6 times faster and thus required approximately 2.4 times larger excitation power, which would 
decrease bleaching times to approximately 2 seconds. For practical imaging purposes this 
comparison indicates that TPMM indeed offers lower bleaching times than single point 
excitation.  

The photobleaching times of eGFP molecules inside the zebrafish embryo were 
significantly different to rhodamine 6G on glass, with molecules that could be tracked for over 
one minute. These drastically different results were achieved at a slightly lower excitation power 
of 1.6 mW for in vivo versus 1.8 mW for the in vitro measurements. The small difference here 
in power is unlikely to cause an order of magnitude difference in bleaching times but the 
different fluorophores have different bleaching behavior.  

The exact two-photon bleaching mechanisms of fluorescent proteins remains elusive. 
Fluorescent correlation spectroscopy (FCS) measurements showed that the two-photon 
photobleaching rates of fluorescent dyes and proteins were not influenced by the addition or 
removal of solvated oxygen to the imaging medium, whereas in one-photon excitation oxygen 
strongly increases bleach rates40. Moreover, TPE did not appear to induce significant triplet-
state formation, which is one of the main oxygen dependent bleaching pathways of one-photon 
excitation. These results suggested that the two-photon photobleaching process differs 
significantly with one photon excitation. TPE may induce higher-order excited-states, e.g. three-
photon absorption, which could lead to destruction of fluorescence by formation of an ion pair 
between the fluorophore and a solvated electron41–43. This effect can be countered by adding 
stabilizing agents such as ascorbic acid, which non-destructively deoxidizes the excited 
fluorophore40. Interestingly, the bleach rate of eGFP does not respond to ascorbic acid and was 
previously found to be remarkably stable upon TPE 40,44. The tight cylinder of amino chain acids 
is believed to shield the fluorescent center from reactive agents and protects it from being 
bleached45. Previous TPSM studies on single eGFP molecules in live sup-T1 and 293T cells 
reported a bleach rate of 52.7 ± 5.2 seconds for a high laser power of 130.8 mW9. Our results 
are consistent with these findings, as we illuminate eGFP molecules at very low laser intensities 
of 1.6 mW, thereby strongly reducing the chance of being excited to higher-order excited states. 
Rhodamine 6G molecules do not feature a protective barrel to shield them from radical agents, 
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and indeed we see much faster bleaching. Importantly, the rhodamine molecules were imaged 
in air and hence no stabilizing agents nor oxygen scavengers were present in their surroundings. 
For in vivo measurements we did not observe photobleaching of eGFP and would recommend 
its use for TPM studies.  

In one-photon microscopy, it has been shown that SIM can cause artefacts when the 
images are reconstructed from low contrast data46. Therefore SIM is commonly used for 
imaging larger assemblies and more densely packed fluorophores instead of single 
fluorophores47,48. Indeed, we found that for imaging larger and brighter structures such as blood 
vessels in zebrafish embryos, SLIM offers excellent reduction in background compared to spiral 
illumination and we did not observe artefacts.  

SLIM diminishes the result of scattering of emission photons in wide-field detection 
without additional hardware. Due to the two-photon non-linear excitation mechanism, which 
yields a sharper excitation PSF, super resolution reconstruction could further improve image 
resolution compared to conventional SIM. This would require multiple orientation angles of the 
illumination pattern but would enhance the effects of read noise49. Future studies will need to 
experimentally find the optimal settings for TPMM SLIM super resolution. 

In this work we focused on tracking single molecules with different TPMM modes. The 
disparity in number of observed fluorophores in vitro between spiral illumination and SLIM is 
likely caused by two factors. First, the increase in camera readout noise impaired fluorophore 
visibility. Second, incomplete spatial sampling of the image plane will result in missed 
fluorophores. Although hardly visible in single frames, the SLIM illumination pattern is 
distinguishable in the maximum intensity projection of the brain of a zebrafish embryo (Figure 
S4.2). Note that the width of excitation PSF is narrower than the emission PSF, so the observed 
gaps in the two-photon fluorescence underestimate the gaps in the illumination pattern37. For 
imaging larger cellular structures a low-pass image filtering may suffice to remove such 
illumination artefacts50. However, for imaging individual fluorophores the focal plane should 
be sampled with a finer mesh. No illumination artifacts were observed in the spiral illumination 
projection, which indicates that spiral illumination samples the image plane more 
homogeneously. Spatial under-sampling would also explain the higher signal intensity of SLIM 
for single molecules as the excitation power is distributed over a smaller area. Increasing the 
number of phase-images would result in higher homogeneity but also increases the read noise. 
Six-phase images per reconstruction proved to be the best compromise between SNR and spatial 
sampling.  

SLIM+ reduced the degenerative effect of readout noise and sampled the focal plane more 
homogeneously by combining three lines per phase image. This allowed us to image single 
eGFP-HRas proteins without noticeable modulations in signal. However, this was difficult to 
assess in the fluorescently sparse samples.  

When excitation power is inhomogeneously distributed across the focal plane, trace 
trajectories could be interrupted which would impair the tracking of a particle. The MSD from 
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the SLIM+ measurement was lower than that of the spiral illumination, which could be an 
indication of spatial modulation in excitation power. Please note that biological variations 
between cells could also explain the difference in MSD. Another degenerative signal modulation 
during SLIM acquisition could arise when a particle moves fast enough to skip an illumination 
line between phase images and will not be detected after reconstruction. When a particle moves 
along the illumination lines, its signal would also be filtered out by the Fourier transformation. 
The broader excitation lines in SLIM+ acquisition reduces effects of a particle movement as 
only three phase-images are required and the faster frame rate may also be advantageous. 
Despite the higher SNR of SLIM+, the abovementioned concerns suggest that spiral 
illumination provides the most robust method for tracking of single molecules, as was also 
indicated by 3D tracking of gold nanorods in live cells34.  

We measured a disparity in confinement and diffusion constant between the different 
traces between spiral illumination, SLIM+ and TIRF. More extensive research by TIRF 
microscopy on HRas proteins in live 3T3-A14 cells showed that the dynamics of HRas could 
be modelled to a fast, freely diffusing state and a confined state within a 0.2 µm2 domain51. 
Likely, averaging all traces by a MSD curve is insufficient to differentiate the states of a single 
HRas protein from the long trajectories TPMM produces. Assessing the traces individually, or 
using more specific automated analysis models should further validate the potential of TPMM 
for single molecule tracking studies.  

A different microscopy technique which combines fast acquisition speeds and low 
photobleaching is two photon light-sheet microscopy. Due to the lower excitation NA however, 
there might be concern whether two-photon light-sheet microscopy can generate enough 
fluorescent signal for single molecule detection. Considering a spherically focused beam, the 
probability for two-photon excitation in the focal volume scales with NA4 (equation 4.5) while 
the volume itself scales with NA-4 as explained in37. This means that the total amount of 
fluorescence from the focal volume is independent on NA. Thus, a lower signal intensity per 
voxel is compensated with exciting a larger number of voxels. Indeed, imaging with the same 
resolution and average excitation power, the total signal acquisition rates of two-photon light-
sheet and single-point scanning microscopy are similar to each other52. To match the higher 
count rate per voxel of a point-focused microscope, the dwell time of the excitation beam has 
to be increased to collect the same amount of signal. According to this logic, two-photon light-
sheet microscopy should be able to image single fluorophores at similar SNR as TPSM9,14,15, 
and does not perform as well as TPMM in terms of frame rate.  

To increase acquisition rate by a factor N, the laser beam of TPLM would need √𝑁 more 
excitation power, owing to the squared signal dependence on power. In comparison, an increase 
in acquisition rate with TPMM goes linear with the number of foci. So the same N times increase 
in frame rate is accompanied with N number of foci and N times more average excitation power. 
A higher average laser power increases one photon absorption and photodamage which impedes 
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long time-lapse studies. However, the major advantage of light-sheet microscopy comes from 
the reduced peak intensities. Peak intensity scales with NA2 and the excitation NA of a light-
sheet microscope is typically 4-10 times lower than TPMM or TPSM 52–55.  

Lower peak intensities translate to longer bleaching times. It has been suggested that 
bleaching times increase as a result of a lower contribution of higher order (2>) absorption 
events52,56. This would be a significant advantage to extend single molecule time traces. 
Alternatively, reduced photo-damage makes higher average laser powers possible, which should 
enable TPLM to reach faster acquisition speeds or higher SNR compared to TPMM. TPLM has 
also been combined with structured illumination to reduce scattered emission photons57. The 
light-sheet thickness will however be inherently thicker in TPLM due to the lower illumination 
NA which would impair spatial resolution. Still, the lower phototoxicity or higher SNR suggest 
that TPLM is a competitive alternative to TPMM for wide-field single molecule imaging, 
though to the best of our knowledge, single molecule imaging has not been reported using 
TPLM.  

In conclusion, we demonstrated in vivo two-photon fluorescence of single molecules by 
wide-field detection. Our results indicate that low excitation power distributed over multiple 
foci results in lower bleach rates compared to single point scanning and very limited bleaching 
of eGFP molecules in vivo. Unwanted scattering of emitted light in in vivo imaging applications 
were reduced to below single-molecule levels using SLIM and SLIM+. Besides single molecule 
sensitivity, lower bleach rates and higher frame rates allowed for long time-lapse studies on 
single eGFP-HRas fluorophores in live zebrafish embryos. This is the first time that two-photon 
single molecule tracking in wide field has been reported. We expect that the high quality and 
long time traces that can be obtained TPMM will expand the wide range of biophysical 
experiments and provide new insights in molecular dynamics in complex biological samples.  
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4.5 SUPPLEMENTARY FIGURES 
 

Figure S4.1: Simulations to investigate the influence on background noise for both spiral scanning and SLIM. 
(a) Four ROIs for both illumination modalities at low noise conditions and high noise conditions. At 0.1 e-/sec, spiral 
scanning captures more fluorophores than SLIM. However, at 5.0 e-/sec the background suppression of SLIM provides 
a higher fidelity. (b) The distribution of the SNR of 150 fluorophores for spiral and SLIM for a range of noise levels. 
SNR reduces in spiral imaging due to increased background while for SLIM it remains relatively stable. (c) The 
correlation coefficient in respect to the ground truth. Around 2.6 e-/sec SLIM overtakes spiral scanning in how much 
the image resembles the ground truth image.  
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Figure S4.2. Rapid multifocal scanning combined with TPE allows for 3D imaging of blood vessels in the brain 
of zebrafish embryos. (a) Maximum intensity projection of a volume of 700 images taken over a depth of 350 µm from 
the brain of a zebrafish embryo via spiral scanning. mTurquoise fused to kdrl expressing endothelial cells mark the 
blood vessel walls. (b) Maximum z-projection of the same volume as in a, illuminated via SLIM. The projection features 
some SLIM illumination artefacts (e.g. a slightly inhomogeneous illumination). Scale bar = 25 µm.  

 
 

 
Figure S4.3: One-photon TIRF microscopy and TPMM/SLIM+ show very similar images when measuring eGFP 
labelled HRas proteins in live zebrafish embryos, indicating TPMM single molecule fluorescence. (a) A TIRF 
image of a region of a skin cell showing spots originating from single fluorescent proteins. Scale bar = 2 µm. (b) A 
TPMM/SLIM+ image of a different area of the same size, featuring similar diffraction limited spots.  
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Figure S4.4: TPMM and TIRF microscopy feature different time-dependent MSD curves. (a) MSD curves of 
individual traces from a TPMM measurement using spiral illumination. Some traces last for tens of seconds. There is a 
large spread in confinement and diffusion coefficient between the molecules. (b) Typical MSD curve from a TIRF 
measurement on HRas molecules located in the interior membrane of the cell. The confinement of 0.33 ± 0.10 µm 
features a very small deviation from its mean. Note that this curve was generated using the PICS algorithm58, which 
combines displacement of all peaks into a single MSD curve.  
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Chapter 5 
 

Light-triggered switching of 
liposomes surface charge directs 
delivery of membrane 
impermeable payloads in vivo 
 

Chapter 5 highlights a study which demonstrates the capabilities of our TPMM in a real-case 
scenario. The study was performed in zebrafish embryos, where to two-photon excitation and 
the high temporal resolution enabled imaging of particle distribution in real-time.  
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5.1  PREFACE 
 
To demonstrate the potential of our novel two-photon multifocal microscope 

technique, we highlight a collaboration study on photo-switchable liposomes which 
become cationic upon UV irradiation. The positively charged surface of the liposomes will 
stick to the surface of the blood vessel walls and subsequently be endocytosed by the 
endothelial cells. This property has potential for targeted liposomal drug delivery where 
drugs would be delivered at the UV-irradiated location.  

Being able to record the dynamics of the transition period between anionic and 
cationic while the liposomes are circulating in the blood stream is advantageous for 
studying the effectiveness of the liposomes as potential drug delivery systems. However, 
confocal microscopy typically used to study zebrafish embryos lacks the temporal 
resolution to capture these dynamics. Also, to study the surface-charge transition live, UV 
irradiation has to be rapidly alternated with image acquisition to prevent over-exposure of 
the detector. A limited image acquisition speed would therefore limit the duration of UV 
irradiation and skew the surface charge transition dynamics.  

To tackle these concerns we positioned a UV LED above the sample stage of our 
setup. Illumination of the LED was synchronized with the scanning mirror and camera, 
which allowed to reach a UV irradiation duty cycle of 95% while intermittently taking 
images of the liposome distribution inside the blood vessels. The resulting measurements 
showed that directly upon UV irradiation, signal intensity of the homogeneously 
distributed liposomes drops linearly. After a couple of minutes, liposome uptake by 
macrophages indicated activation of the immune-response system.  

Without the higher temporal resolution of the TPMM, the transition speed and the 
response time of the immune system would have remained elusive, TPMM gave valuable insight 
in how UV irradiation dosage affects the effectiveness of the liposomes as drug-carriers. 
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5.2 ABSTRACT 
 
Surface charge plays a fundamental role in determining the fate of a nanoparticle, and any 

encapsulated contents, in vivo. Herein, we describe, and visualize in real time, light-triggered 
switching of liposome surface charge, from neutral to cationic, in situ and in vivo (embryonic 
zebrafish). Prior to light activation, intravenously administered liposomes, composed of just two 
lipid reagents, freely circulate and successfully evade innate immune cells present in the fish. 
Upon in situ irradiation and surface charge switching, however, liposomes rapidly adsorb to, 
and are taken up by, endothelial cells and/or are phagocytosed by blood resident macrophages. 
Coupling complete external control of nanoparticle targeting together with the intracellular 
delivery of encapsulated (and membrane impermeable) cargos, these compositionally simple 
liposomes are proof that advanced nanoparticle function in vivo does not require increased 
design complexity but rather a thorough understanding of the fundamental nano-bio interactions 
involved. 
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5.3 INTRODUCTION 
 
Surface charge is a key determinant of nanoparticle fate in vivo.1,2 Following intravenous 

(i.v.) injection, nanoparticles with high surface charge density, either anionic or cationic, are 
rapidly cleared from circulation by specialised cells of the reticulo-endothelial system (RES).3–

5 In mammals, RES cell types are primarily located in the liver (key hepatic RES cell types: 
Kupffer cells, KCs, and liver sinusoidal endothelial cells, LSECs) and spleen. These cells are 
responsible for clearing up to 99% of i.v. administered nanoparticles from circulation.6 High 
nanoparticle surface charge density has a qualitative and quantitative impact on serum protein 
binding,7–12 driving the opsonisation of circulating nanoparticles and subsequent recognition 
and clearance by the RES.13–15 In addition, cationic nanoparticles tend to adsorb to the anionic 
surface of cells and are subsequently internalised,16–20 often leading to acute cytotoxicity.21–23 
Given the adverse pharmacokinetics of charged nanoparticles in the body, most clinically 
approved, nanoparticle-drug formulations (nanomedicines) possess a (near) neutral surface 
charge to prolong circulation lifetimes and maximise drug exposure within target (vascularized) 
tissues in the body.24 

We have previously shown that i.v. administered liposomes with (near) neutral surface 
charge, and optimally 100 nm in size, tend to freely circulate in embryonic zebrafish (Danio 

rerio).25 Anionic nanoparticles (in our experience, <-20 mV measured zeta () potential) interact 

strongly with RES cell types, namely scavenging endothelial cells (SECs, via a stabilin-
mediated clearance pathway) and blood resident macrophages.25,26 Whereas, cationic liposomes 

(>20 mV measured -potential) are rapidly removed from circulation through a combination of 

non-specific cellular interactions (i.e. adsorption to the anionic surface of the blood vessel 
walls), and/or clearance via the RES.25 While usually considered detrimental to in vivo 
performance, the non-specific, cellular interactions of cationic nanoparticles/complexes (e.g. 
LipofectamineTM) have been widely exploited to deliver membrane impermeable, (genetic) 
material across cell membranes in vitro.27–30 In these cases, a net cationic surface charge not 
only promotes non-specific adsorption and uptake within cultured cells but also facilitates 
endosomal escape and cytosolic payload release. In contrast, anionic and neutral nanoparticles 
are generally taken up sparingly by non-RES cell types, while those that are internalised tend to 
localise within lysosomes21,31 – a chemically hostile environment in which encapsulated 
payloads are rapidly degraded.  

The contrasting fates of differently charged nanoparticles have all the ingredients of an 
ideal targeted drug delivery system. On the one hand, i.v. administered, (near) neutral 
nanoparticles freely circulate, maximising exposure within any (vascularized) tissue of the 
body. On the other, cationic nanoparticles are non-specifically taken up by virtually all cells, 
delivering high intracellular concentrations of encapsulated (and membrane impermeable) 
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payloads. Herein, we describe the rapid switching of liposome surface charge, from neutral to 
cationic, in situ and in vivo using light as exclusive trigger (Figure 1). Light is chosen as trigger 
given the rapid and quantitative photolysis of common chemical photocages,32 its proven 
clinical relevance33 and the prospect of emerging technologies to apply light deep within 
patients. These include fiber-optic34,35 and injectable microLED hardware,36 as well as 
photocleavable chemical functionality sensitive to visible or near infrared (NIR) light. 37–39 Light 
wavelengths between 600 and 950 nm can penetrate various human tissues (skin, fat and blood) 
up to a depth of 2 cm.40 As model organism, we select the small and transparent zebrafish 
embryo. This organism is increasingly being used as a versatile preclinical screening platform 
for nanoparticles41 and offers unprecedented opportunities to image nanoparticles across whole 
live organisms (i.e. visualising total injected nanoparticle doses), at cellular resolution and in 
real time.42 Moreover, the zebrafish embryo can qualitatively predict nanoparticle interactions 
with scavenging cell types of the reticuloendothelial system (RES) in mammalian models.25,43 

In this study, following i.v. administration within a zebrafish embryo, photoactive 
liposomes, composed of just two lipids and prior to light activation, freely circulate and do not 
significantly interact with RES and/or other cell types of the embryo. Following in situ light 
activation, however, rapid surface charge switching results in non-specific adsorption and 
uptake of liposomes across the entire endothelium of the fish, as well as phagocytic uptake in 
blood resident macrophages. Importantly, light triggered surface charge switching does not 
disrupt liposome integrity and encapsulated, membrane impermeable payloads are successfully 
transported across cell membranes following surface charge switching.

5.4 MATERIALS AND METHODS 
 
Materials and Reagents. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (Rhodamine-PE) were purchased from Avanti Polar Lipids 
(Alabaster, AL, US). 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-Atto 633 was 
purchased from ATTO-TEC GmbH (Germany). Additional DOPC was purchased from Lipoid 
GmbH. Cholesterol and sulforhodamine B (SR-B, sodium salt) were purchased from Sigma 
Aldrich. pHrodo™ Red, succinimidyl ester (pHrodo™ Red, SE) was purchased from Thermo 
Fisher Scientific. DOPE-pHrodo was prepared through conjugation of DOPE with pHrodo 
succinimidyl ester under basic conditions, followed by column chromatography.76 Fluorescein-
labeled hyaluronic acid (fluoHA) was prepared through conjugation of hyaluronic acid (100 
kDa) with fluorescein isothiocyanate (Isomer I, Sigma-Aldrich) under mildly basic conditions, 
followed by ethanol precipitation.77 All other chemical reagents were purchased at the highest 
grade available from Sigma Aldrich and used without further purification. All solvents were 
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purchased from Biosolve Ltd. For anhydrous reactions, solvents were dried over activated 
molecular sieves (3 Å, 4–8 mesh). HEPES buffer: HEPES (10 mM) adjusted to pH 7.4 with 1 M 
aqueous NaOH. Ultrapure MilliQ® water, purified by a MilliQ Advantage A10 water 
purification system from MilliPore, was used throughout.  
 
Chemical synthesis and characterization. TLC analysis was performed using aluminium TLC 
plates, coated with 0.25 mm silica gel 60 F254 from Merck KGaA. Plates were visualized by UV 
absorption at 254 nm and/or staining with KMnO4 solution. Flash-column chromatography was 
performed using silica gel 60 (particle size of 40-63 µm) from Merck KGaA. 1H and 13C NMR 
spectra were acquired using an Avance DPX-300MHz or AV-400 MHz NMR spectrometer 
from Bruker at room temperature. Chemical shifts are given in ppm with tetramethylsilane 
(TMS) or residual solvent (CDCl3: 7.26 ppm for 1H NMR and 77.2 ppm for 13C NMR) as 
internal standard. Signal multiplicity is described with common abbreviations: singlet (s), broad 
singlet (sbr), doublet (d), triplet (t), quartet (q), multiplet (m). Coupling constants are given in 
Hz. High-resolution mass spectrometry (HRMS) were recorded on a Thermo Scientific LTQ 
Orbitrap XL. UV absorption spectra were measured using a Cary 3 Bio UV-vis spectrometer 
(Cary WinUV software, version 3.0, Agilent), scanning from 200 nm to 550 nm at 1 nm 
intervals. Scan rate: 120 nm min-1. 
 
Light source and actinometry. A commercially available 375-nm LED (Maximum measured 
wavelength = 370 nm, FWHM = 13.4 nm; H2A1-H375-S, Roithner Lasertechnik, Vienna, 
Austria), driven by a custom-built LED driver (I = 350 mA), was used as UV light source in all 
cases. The optical power density of the LED light source was determined using an integrating 
sphere setup. For this, the LED was positioned precisely 5 cm above the 6.0 mm aperture of an 
integrating sphere (AvaSphere-30-IRRAD, Avantes, Apeldoorn, The Netherlands). This sphere 
was connected by an optical fiber (FC-UV600-2, Avantes) to a UV-Vis spectrometer (AvaSpec-
ULS2048L StarLine CCD spectrometer, Avantes). The setup was calibrated using a NIST-
traceable calibration light source (Avalight-HAL-CAL-ISP30, Avantes). The LED was 
switched on, and allowed to warm up for 1 min, before a spectrum was recorded. The obtained 
spectrum was integrated to obtain the total incident optical power density (in mW cm-2). Light 
dosages (J per embryo) were obtained by multiplying the optical power density by the irradiation 
time. Average embryo surface area used was 0.03 cm2 (0.1 x 0.3 cm). Precise irradiation setups 
are detailed within experimental descriptions. 

 
Liposome preparation. All liposomes (without encapsulated payloads) were formulated in 
either (deionized) H2O or 10 mM HEPES buffer at a total lipid concentration of 4 mM. 
Individual lipids, as stock solutions (1-10 mM) in chloroform, were combined to the desired 
molar ratios and dried to a film, first under a stream of N2 then >1 h under vacuum. Large 
unilamellar vesicles were formed through extrusion above the Tm of all lipids (room 
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temperature, Mini-extruder, Avanti Polar Lipids, Alabaster, US). Hydrated lipids were passed 
11 times through 2 x 400 nm polycarbonate (PC) membranes (Nucleopore Track-Etch 
membranes, Whatman), followed by 11 times through 2 x 100 nm PC pores. All liposome 
dispersions were stored at 4oC. All liposomes were stable for at least 1 month (in the dark).  

 
Size and zeta potential measurements. Particle size and zeta potentials were measured using 
a Malvern Zetasizer Nano ZS (software version 7.13, Malvern Panalytical). For DLS (operating 
wavelength = 633 nm), measurements were carried out at room temperature in water or HEPES 
(10 mM) buffer at a total lipid concentration of approx. 100 μM. Zeta potentials were measured 
at 500 μM total lipid concentration, using a dip-cell electrode (Malvern), at room temperature. 
For liposomes formulated in water, aq. NaCl was added to the liposome solution to a final 
concentration of 10mM NaCl before zeta potential measurement. All reported DLS 
measurements and zeta potentials are the average of three measurements. For DLS and zeta 
potential experiments monitoring changes following light activation, liposomes were irradiated 
(370 ± 7 nm, 202 mW cm-2) in quartz cuvettes with the LED mounted at a distance of 1 cm from 
the sample. The same liposome sample was used for time course DLS and zeta potential 
measurements. 
 
Cryogenic transmission electron microscopy. Liposomes (3-6 μL, 4 mM total lipid 
concentration) were applied to a freshly glow-discharged carbon 200 mesh Cu grid (Lacey 
carbon film, Electron Microscopy Sciences, Aurion, Wageningen, The Netherlands). Grids were 
blotted for 1, 2 or 3 s at 99% humidity in a Vitrobot plunge-freezer (FEI VitrobotTM Mark III, 
Thermo Fisher Scientific). Cryo-EM images were collected on a Talos L120C (NeCEN, Leiden 
University) operating at 120 kV. Images were recorded manually at a nominal magnification of 
17500x or 36000x yielding a pixel size at the specimen of 5.88 or 2.90 ångström (Å), 
respectively. For cryoTEM images monitoring changes following light activation, liposomes 
were irradiated (15 mins, 370 ± 7 nm, 202 mW cm-2) in quartz cuvettes with the LED mounted 
at a distance of 1 cm from the sample. The same liposome sample was used for before and after 
UV. 

 
Sulforhodamine-B (SR-B) encapsulation and characterization. DOPC:4 (1:1) lipid films (10 
mM total lipids) were hydrated with HEPES buffer (1 mL) containing SR-B (10 mM) and 
formulated by extrusion, as described for empty liposomes. Un-encapsulated SR-B was 
removed by size exclusion chromatography (illustraTM NAPTM SephadexTM G-25 DNA grade 
pre-made columns (GE Healthcare)) following the supplier’s instructions. Eluted liposomes 
with encapsulated SR-B were diluted 2.5x during SEC (to approximately 4 mM [total lipid]) 
and injected without further dilution.  

Contents leakage assay: SR-B leakage from DOPC:4 (1:1) liposomes, before and after 
light activation, was monitored using a TECAN Infinite M1000 Fluorescence Plate Reader and 
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were performed in 96-well plates (PP Microplate, solid F-bottom (flat), chimney well) at room 
temperature. Final experimental volume in each well was 200 μL. To monitor SR-B leakage 
(and dye de-quenching) during photoactivation, fluorescence emission (excitation: 520 nm; 
emission: 580 nm) was measured every 20 s for 600 s, the sample was then irradiated (20 mins, 
370 ± 7 nm, 202 mW cm-2) in a quartz cuvette, with the LED mounted at a distance of 1 cm 
from the sample, returned to the 96-well plate and fluorescence emission measured for a further 
10 mins. After this, Triton X-100 (10 μL, 1% w/v) was added to the sample well (10 s agitation) 
to solubilize liposomes and release any remaining encapsulated SR-B. 

 
Zebrafish husbandry, injections and irradiation setup. Zebrafish (Danio rerio, strain 
AB/TL) were maintained and handled in accordance with guidelines from the European 
Convention on the protection of vertebrate animals used for experimental and other scientific 
purposes,78 and in compliance with the directives of the local animal welfare committee of 
Leiden University. Fertilization was performed by natural spawning at the beginning of the light 

period, and eggs were raised at 28.5 °C in egg water (60 g mL-1 Instant Ocean sea salts). The 

following previously established zebrafish lines were used: Tg(kdrl:eGFP)s843,79 
Tg(mpeg1:GFP)gl22,80 Tg(mpeg1:mCherry)gl23.80 Liposomes were injected into 2-day old 
zebrafish embryos (52-56 hpf) using a modified microangraphy protocol.81 Embryos were 
anesthetized in 0.01% tricaine and embedded in 0.4% agarose containing tricaine before 
injection. To improve reproducibility of microangiography experiments, 1 nL sample volumes 
were calibrated and injected into the sinus venous/duct of Cuvier. A small injection space was 
created by penetrating the skin with the injection needle and gently pulling the needle back, 
thereby creating a small pyramidal space in which the liposomes were injected. Successfully 
injected embryos were identified through the backward translocation of venous erythrocytes and 
the absence of damage to the yolk ball. For embryo irradiation, the UV source (370 ± 7 nm) was 
positioned approximately 1.5 cm above the agar-embedded embryo (~90 mW cm-2). 15 min 
total irradiation time (~2.4 J per embryo light dose) was used in all cases of embryo irradiation 
followed by confocal imaging. For experiments monitoring changes in liposome biodistribution 
following light triggered surface charge switching, the same embryo was imaged before and 
after UV irradiation. 
 
Confocal image acquisition and quantification. Zebrafish embryos were selected according 
to successful injections and randomly picked from a dish of 20-60 successfully injected 
embryos. At least four zebrafish were visualized and the most representative zebrafish was 
imaged by a Leica TCS SPE or SP8 confocal microscope (Leica Application Suite X software, 
version 3.5.5.19976, Leica Microsystems). Confocal z-stacks were captured using a 10x air 
objective (HCX PL FLUOTAR), a 40x water-immersion objective (HCX APO L) or 63x water-
immersion objective (HC PL APO CS). For whole-embryo views, 3 overlapping z-stacks were 
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captured to cover the complete embryo. Laser intensity, gain and offset settings were identical 
between stacks and experiments. Images were processed and quantified using the Fiji 
distribution of ImageJ.82,83 For quantification of liposome circulation lifetime decay, at least 
three individual embryos (biological replicates) were imaged using confocal microscopy at each 
time point. Quantification (not blinded) was performed on 40x confocal z-stacks (optical 
thickness of 2-3 µm per slice) using methods and ImageJ macros previously described.25 Median 
values are reported.  
 
Two-photon setup and image acquisition. A custom-built two-photon multifocal microscope 
was used for simultaneous UV irradiation and two-photon fluorescent imaging. A femtosecond 
pulsed Ti:Sa laser set at 830 nm (Coherent, Chameleon Ultra) was used as excitation source. 
Multifocal illumination of the sample was achieved by a diffractive optical element (DOE, 
custom made by Holoeye) which splits the laser beam into an array of 25 x 25 foci. A virtual 
light sheet was created by spiral scanning the foci within the 50 ms exposure time of the camera 
using a fast-scanning mirror (Newport, FSM-300-1).84 The virtual light sheet was focused and 
emission photons collected by a 25X, high-NA water-dipping objective (Nikon, CFI75 
Apochromat 25XC W). The objective was positioned onto a piezo stage (P-726 PIFOC, PI) for 
z-stack measurements. Emission light was separated from the excitation path by a dichroic 
mirror (700 dcxr, Chroma). After passing through a 700 nm short pass filter, emission photons 
were detected with a 2048 x 2048 pixel sCMOS camera (Hamamatsu, Orca Flash 4.0 V2). 
Emission images were taken at the start of the experiment with a white LED. After the emission 
images, the UV-LED was installed at the location of the white LED. The UV LED was 
positioned approximately 1.5 cm (~90 mW cm-2) above the sample and on/off-times were timed 
by the same data acquisition card (USB-6226, National Instruments) which triggered the 
camera. Simultaneous UV irradiation and two-photon fluorescent imaging was performed one 
hour post injection. To ensure stability, embryos were imaged for 15 minutes before the 
measurement. Once embryos were stable, images were taken every 1 second for 5 minutes. After 
5 minutes the UV lamp was turned on and switched off only during camera exposure. Two-
photon microscopy data was processed using custom-built LabVIEW software (version 2018 
SP2, National Instruments). 
 
Statistics and Reproducibility. All experiments presented in the main manuscript were 
repeated at least twice with the exception of Figures 6b,c. All replicate experiments were 
performed using freshly prepared liposomes. Unless clearly stated in the manuscript text (e.g. 
varying macrophage uptake prior to UV activation), all replicate experiments were successful 
and confirm the presented data. All experiments presented in Supplementary Information were 
repeated at least twice, with the exception of Supplementary Figures S5.1 and S5.6. All replicate 
experiments were performed using freshly prepared liposomes. For all experiments performed 
in embryonic zebrafish, at least four embryos were randomly selected (from a pool of >20 
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successfully injected embryos) and imaged (low resolution microscopy). Unless clearly stated 
in the manuscript text (e.g. varying macrophage uptake prior to UV activation), all imaged 
embryos showed consistent results and confirmed the presented data. From these four embryos, 
one was selected for high resolution, confocal microscopy. No statistical analysis is performed 
in this work. 

 
Data Availability. Data supporting the findings of this paper are available from the 
corresponding authors upon reasonable request. Source data (raw confocal z-stacks and collated 
data as single Excel sheet) underpinning the data presented in Figure 4g have been deposited 
within the public image database, fighare.com (DOI: 10.6084/m9.figshare.12387629). 
 

5.5 RESULTS  

5.5.1 DESIGN OF PHOTOACTIVE LIPOSOMES 
Photoswitching the surface charge of a liposome – from neutral to cationic – requires 

photoactive lipids embedded within a liposome membrane (Figure 5.1). In the absence of light 
and at physiological pH, photocaged lipids should carry no net charge to maintain a (near) 
neutral liposome surface charge (i.e. freely circulating). To ensure sufficient cationic surface 

charge density following photoactivation (in our experience, liposomes with a measured -

potential >20 mV), photocaged lipids should make up a significant proportion, if not all, of the 
overall lipid membrane composition. And, for optimal performance, photolysis and subsequent 
charge switching should be rapid. Finally, to achieve intracellular delivery of (membrane 
impermeable) drugs, encapsulated payloads should remain entrapped within liposomes, before, 
during and after light activation. Surface charge switching should not, therefore, involve any 
large-scale reorganization of the liposome membrane and with it the potential for leakage of 
encapsulated drugs.  

To ensure the non-specific adsorption of cationic liposomes to blood vessel walls 
following light triggered surface charge switching, we first assessed the physicochemical 
properties and in vivo behaviour of liposomes containing cationic, cholesterylamine compounds, 
1-3 (Figure 5.2a, see Materials and methods for synthesis and characterization). Cholesterol can 
be incorporated into a reconstituted (phospho)lipid bilayer up to approximately 50 mol%,44 and 
is often included in liposomal formulations to modulate drug retention and release profiles.45 
Knowing the hydroxyl head group of cholesterol sits deeper within a lipid bilayer than 
neighboring phospholipid head groups,46 a series of cholesterylamine compounds, 1-3, were 
assessed, in which the spacer length between the hydrophobic cholesteryl anchor and primary 
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amine head group was varied. In all cases, linkers were connected to cholesterol via an ester 
bond. While spacers were primarily included to ensure effective charge presentation at the lipid-
water interface, our choice of spacer chemistry was also influenced knowing the final 
photocaged cholesteryl compounds would be charge neutral, hydrophobic and potentially form 
lipid droplets within a phospholipid membrane.47 In this scenario and upon light activation, we 
envisaged extensive membrane remodeling to reposition the newly revealed primary amine at 
the water-lipid interface and with it the potential for contents leakage. To minimize this risk and 
to increase the amphipathicity of the final photocaged cholesteryl compound, we focused on 
short glycine and polyethylene glycol (PEG) linkers as hydrophilic and/or uncharged spacers.  

 
Figure 5.1. Photoswitching the surface charge of a liposome – from neutral to cationic – requires photoactive lipids 
embedded within a liposome membrane. Prior to light activation, charge neutral, photoactive liposomes freely circulate 
throughout the vasculature of a zebrafish embryo and do not interact with RES cell types, or any other cell type, of the 
embryonic fish. Upon light irradiation and photolysis of photocaged, cholesterylamine lipids, rapid surface charge 
switching, from neutral to cationic, leads to non-specific adsorption of liposomes across the endothelium of the embryo, 
liposome uptake and intracellular delivery of liposome-encapsulated, membrane impermeable payloads. DOPC = 1,2-
dioleoyl-sn-glycero-3-phosphocholine.  

 

Liposomes, containing varying amounts of 1-3, up to 50 mol%, were co-formulated with 
zwitterionic, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) phospholipids. All formulated 
liposomes were prepared by standard extrusion techniques and were approximately 100 nm in 
size, with polydispersity indices (PDI) <0.2 as measured by dynamic light scattering (DLS, 
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Table S5.1). DOPC was chosen as co-formulant phospholipid as we have previously shown 
liposomes composed of 100% DOPC,25 as well as 1:1 mixtures of DOPC and cholesterol (Figure 
S5.1), freely circulate throughout the vasculature of an embryonic zebrafish beyond 1 hour post-
injection (hpi). As expected, increasing the amount of cholesterylamine, 1-3, within the DOPC 
liposome membrane resulted in greater cationic surface charge (Figure 5.2b and Table S5.1). 
However, at high mol% of cationic lipids, a trend emerged whereby longer spacers resulted in 
an increasingly cationic surface charge.  

 

 
Figure 5.2. Varying cholesterylamine content within DOPC liposomes. (a) Cationic cholesterylamine analogues, 1-
3. (b) Measured surface charges (ζ-potential) of DOPC liposomes containing varying mol% 1-3. DOPC:DOTAP (1:1) 
liposomes are included as a representative (commercially available) cationic liposome formulation. Measure of centre: 
mean; Error bars: standard deviation. 

 

Satisfyingly, the measured surface charge of DOPC:3 (1:1) liposomes was comparable to 
liposomes formulated with commercially available, cationic 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) lipids (Figure 5.2b). We have previously shown that 
i.v. administered DOTAP liposomes (e.g. EndoTAG-1® - DOPC:DOTAP (45:55) and 100% 
DOTAP liposomes) non-specifically adsorb to blood vessel walls throughout the vasculature of 
an embryonic zebrafish.25 Following i.v. microinjection in a two day old zebrafish embryo (2 
days post-fertilisation, dpf), all three cationic liposome formulations – i.e. DOPC co-formulated 
with 50 mol% 1, 2 or 3 – showed comparable biodistributions to cationic DOPC:DOTAP (1:1) 
liposomes (Figure S5.2a). In all cases, liposomes were mainly visible as immobile punctae 
bound to all blood vessel walls (both arterial and venous) and largely removed from circulation 
at 1 hpi (Figures 5.3a-c and Figures S5.2b,c). In contrast, DOPC liposomes co-formulated with 
lower mol% of cholesterylamine 3 showed variable biodistributions dependent on the surface 
charge density of the liposome (Figure 5.3d,i). In particular, (near) neutral DOPC liposomes, 
containing 10 mol% 3, were extensively taken up by blood-resident macrophages within the 
caudal haematopoietic tissue (CHT) of the embryonic fish (Figures 5.3j,k and Figure 5.3 for 
whole embryo images).  
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Figure 5.3. Biodistribution of cationic, DOPC:3 liposomes in embryonic zebrafish. (a) Schematic showing the site 
of microinjection within a zebrafish embryo, two days post-fertilization (dpf). Boxed region showing the organisation 
of blood vessels/macrophages within the tail of the embryo. DA: dorsal aorta; CHT: caudal hematopoietic tissue; CV: 
caudal vein; ISV: intersegmental vessel. Black arrows indicate direction of blood flow. (b-i) Biodistribution of DOPC 
liposomes containing cholesterylamine, 3, at varying mol%. Whole embryo (10x magnification) and tissue level (40x 
magnification) views of liposome distribution in kdrl:GFP transgenic embryos, stably expressing GFP in all endothelial 
cells, at 1 hpi. White arrowheads indicate apparent liposome uptake within blood resident macrophages, based on 
location and cell morphology. (j, k) Tissue and cellular (63x magnification) level views of DOPC:3 (10mol% 3) 
liposome distribution in mpeg1:GFP transgenic embryos, stably expressing GFP in all macrophages, at 1hpi. Extensive 
fluorescence co-localization of liposomes and transgenic GFP confirmed the uptake of DOPC:3 (10mol% 3) liposomes 
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in blood resident macrophages of the zebrafish embryo. Slight variations in the positions of macrophages (between j 
and k) are due to macrophage migration during the time taken to change magnification settings on the confocal 
microscope. All liposomes (b-k) contained 1 mol% fluorescent lipid probe, DOPE-LR, for visualization. Scale bars: 
200 μm (whole embryo); 50 μm (tissue level); 10 μm (cellular level). 

5.5.2 LIGHT‐TRIGGERED SWITCHING OF LIPOSOME SURFACE CHARGE IN VITRO AND 

IN VIVO 
As DOPC:3 (1:1) liposomes possessed the highest measured cationic surface charge, we 

proceeded to photocage 3, forming the uncharged, photoactive cholesteryl compound, 4 (Figure 
5.4a, see Materials and methods Information for synthesis and characterisation). Upon UV 
irradiation (370 ± 7 nm, 202 mW cm-2), in H2O/MeCN/tBuOH (1:1:1), complete photolysis of 
4 was achieved in less than two minutes, with clean photolysis confirmed by the appearance of 
two isosbestic points in the UV spectra (Figure S5.4a). Irradiation of DOPC:4 (1:1) liposomes, 
formulated in 10 mM HEPES buffer (pH 7.4), resulted in comprehensive surface charge reversal 

– from -potential -8 to +26 mV – within this same short timeframe (Figure 4b). Despite batch-

to-batch variation (resulting in measured zeta potentials ranging from +20 to +35 mV -

potential), the cationic surface charge of irradiated DOPC:4→3 (1:1) liposomes was 

consistently lower than that of parent DOPC:3 (1:1) liposomes (-potential +48 mV). Both 

formulations should, in theory, be compositionally identical and, at this point, we do not have a 
reasonable explanation for this discrepancy. The measured size (approx. 100 nm) and PDI (<0.1) 
of DOPC:4 (1:1) liposomes was unchanged before and after irradiation (Figure S5.4b and Table 
S5.1). Likewise, their spherical, unilamellar morphology, as imaged by cryoTEM, generally 
remained unchanged before and after UV irradiation (Figure 4c, see Figure S5.5 for larger 
populations), although a small fraction (<10%) of irradiated DOPC:4→3 liposomes did appear 
non-spherical (oblong) (Figures S5.5b,e). Whether this morphological change is the result of 
membrane reorganization upon light triggered photolysis of membrane embedded 4 is hard to 
conclude given we persistently observed only very small populations of DOPC:4 liposomes 
(prior to light activation) by cryoTEM. Importantly, however, any potential membrane 
reorganization did not lead to disruption of liposome integrity and liposome encapsulated and 
membrane impermeable contents remained within the aqueous core of the liposome before, 
during and after light activation (Figure S5.6).  
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Figure 5.4. Photoswitching liposome surface charge in vitro and in vivo. (a) Chemical structure of 4 and its photolysis 
to 3. (b) Evolution of measured surface charge of DOPC:4 liposomes (1:1) as a function of UV (370 ± 7 nm, 202 mW 
cm-2) irradiation time. Note: batch-to-batch variation resulted in measured zeta potentials of DOPC:4→3 liposomes 
ranging from +20 to +35 mV. Data presented is representative of liposomes used in Figure 3h-m. 100% DOPC control 
liposomes demonstrate surface charge of liposomes without photoactive lipids is unaffected by UV irradiation. (c) Cryo-
TEM images of DOPC:4 before and after in situ irradiation (15 min, 370 ± 7 nm, 202 mW cm-2). Scale bar: 200 nm. 
See Information Figure S5.5 for low magnification cryoTEM images. (d,e) Whole embryo and tissue level views of 
DOPC:4 liposome biodistribution following co-injection with fluoHA in mpeg1:mCherry transgenic embryos (2 dpf). 
FluoHA is a specific in vivo marker of SECs and does not compete with liposome binding.25 Liposomes (d,e) contained 
1 mol% fluorescent lipid probe, DOPE-Atto633, for visualization. (f) Tissue level organization of macrophages and 
fluoHA-labelled SECs within the tail region of an mpeg1:mCherry embryo (2 dpf). (g) Quantification of DOPC:4 
liposome levels in circulation based on mean liposome fluorescence intensity in the lumen of the DA at 0.5, 1, 2, 4, and 
24 hpi (measure of centre: median; error bars: standard deviation); n = 6 (0.5 and 1 hpi) and n = 3 (2, 4 and 24 hpi) 
individually injected embryos per formulation per time point (see Fig. S7 for individual images). (h-j) Whole embryo 
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and tissue level views of DOPC:4 liposome biodistribution in kdrl:GFP embryos, prior to UV irradiation, 1 hpi. (k-m) 
Whole embryo and tissue level views of DOPC: 4→3 liposome biodistribution in kdrl:GFP embryos, directly after in 
situ irradiation (15 min, 370 ± 7 nm, ~90 mW cm-2, ~2.4 J per embryo), approx. 1.5 hpi. Liposomes (h-m) contained 1 
mol% fluorescent lipid probe, DOPE-LR, for visualization. Scale bars (d-m): 200 μm (whole embryo); 50 μm (tissue 
level). 

 

Following microinjection in the embryonic zebrafish (54-56 hours post fertilization, hpf) 
and prior to light activation, DOPC:4 liposomes (formulated at 1:1 molar ratio in all subsequent 
experiments) were freely circulating and did not significantly interact with RES cell types of the 
embryonic fish, namely blood resident macrophages and scavenging endothelial cells (SECs), 
at 1 hpi (Figures 4d-f,h-j). Indeed, the exponential circulation lifetime decay of DOPC:4 
liposomes in the embryonic fish was very similar to that previously observed for 100 nm 
liposomes based on the lipid composition of Myocet®.25 Myocet® (lipid composition: 
POPC:cholesterol; 55:45) is a clinically approved liposomal-doxorubicin formulation designed 
to evade the RES, circulate freely and passively target solid tumors via the enhanced 
permeability and retention (EPR) effect.48 In humans, the circulation half-life of Myocet® is 2.5 
h.49 In this case, like Myocet®, a significant fraction of photoactive DOPC:4 liposomes remained 
in circulation >4 hpi (Figure 5.4g and Figures 7 and 8 for individual images used for 
quantification). Upon in situ irradiation (15 min, 370 ± 7 nm, ~90 mW cm-2, ~2.4 J per embryo, 
1 hpi) of the entire zebrafish embryo, however, a dramatic change in liposome fate was 
observed, whereby DOPC:4→3 liposomes were now visible as immobile punctae associated 
with all blood vessel walls (Figures 4k-m) and largely removed from the circulating blood flow 
(Figure 5.4g). The biodistribution of DOPC:4→3 liposomes matched that of cationic DOPC:3 
(1:1) liposomes (Figures 5.3b,c), confirming successful photoswitching of DOPC:4 liposome 
surface charge – from (near) neutral to cationic – in situ and in vivo. In contrast, the 
biodistribution of freely circulating DOPC liposomes (100% DOPC content) was unaffected 
following identical irradiation procedures, confirming that the observed changes in 
biodistribution require the combination of both circulating DOPC:4 liposomes as well as applied 
UV light (Figure S5.7). All UV irradiated embryos used in this study continued to develop 
normally without observable phenotypic abnormalities up to 6 dpf, confirming the suitability of 
this animal model for photoactivation studies.50 Furthermore, any small potential increase in the 
temperature of the embryo as a result of UV irradiation will likely be counteracted by the 
remarkable resilience of the zebrafish embryo (from 1dpf) to heat stress.51  
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Figure 5.5. Real time multi-photon imaging of liposome surface charge switching in situ and in vivo. (a) The 
zebrafish embryo was exposed to UV light between the acquisitions of the camera, resulting in a 95% duty cycle of UV 
illumination per frame. (b) Transmission image of the imaging location, emission image overlaid in red. (c) Maximum 
intensity projections of two-photon z-stacks (spanning the full width of the embryo) showing DOPC:4 liposome 
distribution, before and after UV exposure. These images confirm the vessel connected to, and extending dorsally from 
the PCV, is an ISV. (d) Time-lapse images of DOPC:4(→3) liposome distribution before and during UV irradiation. In 
later timeframes, large clusters of liposomes (indicated with white arrowheads) were observed passing through the plane 
of view in circulation. (e) Mean fluorescence intensity within the ROI (lumen of the DA, white square in (c, 15 min). 
Liposome fluorescence intensity immediately decreased upon UV irradiation. High intensity spikes of fluorescence, due 
to large circulating liposome aggregates passing through the ROI, registered from 5 minutes after UV irradiation start. 
Liposomes contained 1 mol% fluorescent lipid probe, DOPE-LR, for visualisation. Scale bars: 50 μm.  

 

Having shown photoswitching of liposome surface charge occurs within seconds (Figure 
5.4b), we next investigated the tissue level fate of i.v. administered DOPC:4 liposomes, within 
the embryonic zebrafish, in real time (imaging rate: 1 frame per second, fps), before and during 
light-triggered surface charge switching. For this, a custom built, two-photon microscope was 
equipped with a 370 ± 7 nm LED, enabling alternating UV irradiation (95% UV duty cycle, 
Figure 5.5a) and two-photon fluorescence imaging. For these experiments, we focused on a 
single plane (200 µm x 200 µm) of view which included both the dorsal aorta (DA) and posterior 
cardinal vein (PCV) to ensure potential liposome selectivity (venous vs. arterial endothelium) 
could be observed (Figure 5.5b). From the acquired movie, two fundamental and competing 
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interactions of cationic nanoparticles could be simultaneously observed, namely non-specific 
adsorption of liposomes to endothelial cells (ECs) and liposome aggregation in circulation 
(Figure 5.5d for selected individual frames). Non-specific adsorption of liposomes to ECs was 
observed less than a minute after light activation, evident as emerging punctae of immobile 
fluorescence adhered to all blood vessel walls within the plane of view. The number of immobile 
punctae increased over time, and while there was no apparent selectivity for arterial or venous 
blood vessels, the largest number of liposomes were associated with the walls of the 
intersegmental vessel (ISV) connected to, and extending dorsally from, the PCV (Figure 5.5d). 
ISVs are narrower blood vessels than both DA or caudal vein (CV) and the blood flow velocity 
within this vessel is reduced.52 As a result, circulating cationic liposomes will spend an increased 
residence time within this vessel, compared to larger DA or CV blood vessels, under reduced 
shear stress.53,54 This, in turn, presumably increases the propensity of cationic liposomes to 
adhere to the anionic, heparan sulfated endothelium of the ISV through direct electrostatic 
interactions.  
Competing with the non-specific adsorption to the blood vessel walls, cationic liposome 
aggregation in circulation was also observed following light activation. This could be directly 
visualized as increasingly large and bright fluorescent particles passing through the plane of 
view in circulation (Figures 5.5d,e). Aggregation of cationic liposomes is caused by the 
adsorption of anionic serum proteins/macromolecules to the newly revealed cationic 
nanoparticle surface,55,56 and we have recently shown cationic liposomes adsorb significantly 
more serum proteins than anionic or neutral liposomes in vitro.57 Adsorption of this protein 
corona will not only mask underlying cationic surface charge (preventing direct electrostatic 
interaction with blood vessel walls) but will induce liposome aggregation and concomitant 
uptake in blood resident macrophages. Indeed, over the course of this research and in the 
absence of light activation, we have observed variable, low level uptake of DOPC:4 liposomes 
within blood resident macrophages, predominantly within the CHT of the embryo. This may be 
due to incidental light exposure during experimental and microscopy procedures, partial 
photolysis and subsequent aggregation of liposomes in circulation, followed by irreversible 
recognition and clearance via the RES.  

These simultaneous and competing interactions of cationic liposomes in vivo can be 
explained by the contrasting fates of DOPC:4→3 liposomes as they transition through various 
intermediate charged states, from (near) neutral to cationic surface charge. In particular, during 
the light triggered transition of DOPC:4 liposome surface charge, an intermediate 
physicochemical state, highly prone to blood-resident macrophage uptake (i.e. compositionally 
similar to DOPC liposomes containing 10 mol% 3), is, at least momentarily, inevitable (Figure 
5.6a). The extent of macrophage uptake versus non-specific adsorption to ECs, should, 
therefore, be dependent on the residence time of partially activated DOPC:4→3 liposomes in 
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Figure 5.6. Effect of light dose on the in vivo fate of DOPC:4 liposomes. (a) Reducing the UV light dose applied to 
the embryo increases the time taken for DOPC:4 liposomes to transition to DOPC:3 liposomes. This, in turn, increases 
the resident time spent by DOPC:4→3 liposomes at an intermediate cationic surface charge density leading to 
irreversible clearance of liposomes by blood resident macrophages. (b-i) Whole embryo and tissue level views of 
DOPC:4 liposome biodistribution in kdrl:GFP embryos following embryo irradiation with variable light doses (15 min, 
370 ± 7 nm, ~90 mW cm-2, UV duty cycle stated for each image). Apparent liposome uptake in blood resident 
macrophages highlighted with white arrowheads. (j-l) Tissue level and zoomed views of DOPC:4→3 liposome 
biodistribution in mpeg1:GFP embryos following embryo irradiation at 25% UV duty cycle (15 min, 370 ± 7 nm, 0.6 J 
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per embryo). Liposomes contained 1 mol% fluorescent lipid probe, DOPE-LR, for visualization. Scale bars: 200 μm 
(whole embryo); 50 μm (tissue level), 10 μm (zoomed).  

 
circulation. To test this hypothesis, we systematically reduced the applied UV light dose (from 
75% to 10% UV duty cycle; 1.8 to 0.24 J per embryo respectively) to extend the time taken for 
DOPC:4 liposomes to transition from a (near) neutral to cationic surface charge in situ and in 
vivo (Figures 6b-i). In this way, the biodistribution of DOPC:3 liposomes, containing varying 
mol% 3 (Figures 5.3b-i), could be replicated. Most striking, at 25% applied light (0.6 J per 
embryo), DOPC:4→3 liposomes were predominantly taken up by blood resident macrophages 
within the CHT of the embryonic zebrafish, analogous to (near) neutral DOPC:3 liposomes (10 
mol% 3) (Figures 5.6d, e, j-l). This result confirmed that an extended residence time of only 
partially activated DOPC:4→3 liposomes leads to irreversible clearance of liposomes by the 
RES.  

 
 

5.5.3 LIGHT‐TRIGGERED LIPOSOMAL CELL UPTAKE AND PAYLOAD DELIVERY 
Next, we investigated the intracellular fate of DOPC:4 liposomes following in situ and in 

vivo surface charge switching. To verify endocytosis of DOPC:4→3 liposomes, a pH-sensitive 
fluorescent lipid probe (DOPE-pHrodo, 1 mol%) was incorporated within the DOPC:4 liposome 
membrane. The fluorescence intensity of pHrodo increases >100-fold in mildly acidic 
environments (e.g. late endosomes/lysosomes, pH <6). To accurately assess evolving pHrodo 
fluorescence, wild type (AB/TL) embryos were used to avoid potential fluorescence bleed 
through from transgenic fluorescent markers. Following i.v. injection and in the absence of light, 
pHrodo-associated fluorescence was observed in a small number of cells within the CHT of the 
embryonic fish (Figures 5.7a, b). While the absence of cell specific (transgenic) fluorescent 
markers does not allow for definitive identification of this cell type, its location within the CHT 
and rounded morphology (delineated by pHrodo fluorescence), is characteristic of low-level 
phagocytic uptake of DOPC:4(→3) liposomes within blood resident macrophages, as 
previously mentioned. Following in situ light irradiation, however, increasing pHrodo 
fluorescence, primarily associated with SECs, was observed over time (up to 5 hpi) (Figure 
5.7c). This timeframe suggests a significant fraction of DOPC:4→3 liposomes are not only 
endocytosed by SECs but remain within endosomes during trafficking and maturation to late 
endosomes/lysosomes. This would be consistent with the very high lysosomal activity of SECs, 
whose primary physiological role in the body is to recognize, clear and breakdown endogenous 
and pathogenic waste from the blood.58 It is also possible that a fraction of endocytosed, cationic 
DOPC:4→3  liposomes, within SECs, macrophages or other ECs, manage to successfully 
escape endosomes prior to the first imaging time point. Within the cytosol and beyond the acidic 
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endosome microenvironment, potential intracellular fluorescence associated with pHrodo 
probes would not be visible.  

 

 
Figure 5.7. Cellular fate of DOPC:4→3 liposomes and their encapsulated payloads. (a,b) Schematics showing the 
site of microinjection within a 2 dpf embryo and the evolving fluorescence of pHrodo-containing DOPC:4→3 liposomes 
within the tail region of a wildtype (AB/TL) embryonic zebrafish, over time. The fluorescence intensity of pHrodo 
increases >100-fold in mildly acidic environments (e.g. late endosomes/lysosomes, pH <6) and is, therefore, particularly 
apparent within SECs – cells with exceptionally high lysosomal activity. (c) Tissue level views of evolving pHrodo-
associated fluorescence over time either in the absence of UV irradiation and following in situ UV irradiation (15 min, 
370 ± 7 nm, 2.4 Jcm-2). In the absence of UV irradiation, pHrodo-associated fluorescence is observed within a small 
number of cells within the CHT of the embryo (white arrowheads). Liposomes contained 1 mol% DOPE-pHrodo for 
visualization. Scale bar: 50 μm. (d) CryoTEM images of SR-B filled, DOPC:4 liposomes before and after in situ 
irradiation (15 min, 370 ± 7 nm, 202 mW cm-2). Scale bars: 100 nm. (e) Maximum intensity projections of two-photon 
z-stacks (spanning the full width of the embryo) showing SR-B filled DOPC:4 liposome distribution, before and after 
UV irradiation. Scale bar: 50 μm. (f) Time-lapse images of SR-B filled DOPC: 4→3 liposome distribution during UV 
irradiation. Scale bar: 50 μm. (g) Mean SR-B fluorescence intensity within ROIs (lumen of the DA, orange line; DA 
vessel wall, green line, shown in (e)), before and during UV irradiation. SR-B fluorescence intensity in circulation 
decreases upon UV irradiation with a concomitant increase in SR-B fluorescence intensity associated with the DA blood 
vessel wall. Liposomes (e-g) containing encapsulated SR-B (10 mM) and otherwise unlabeled. 

 
Having confirmed endocytosis of light-activated DOPC:4→3 liposomes in vivo, we 

finally investigated the in vivo fate of liposome encapsulated and membrane impermeable 
payloads, following light triggered surface charge switching. For this, self-quenching 
concentrations of water soluble, sulforhodamine B (SR-B, 10 mM) were passively encapsulated 
within DOPC:4 liposomes. As for empty liposomes, the morphology and size of the SR-B filled 
DOPC:4 liposomes did not significantly change following irradiation (Figure 7d). To monitor 
the fate of liposome encapsulated SR-B in vivo, we again performed alternating UV irradiation 
and two-photon fluorescence imaging (1fps) within live embryos (Figures 5.7e-g). In this case, 
we focused on a single plane (200 µm x 200 µm) of view to include the DA, CHT and CV. This 
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region of the embryo includes a significant population of SECs, as well as blood resident 
macrophages, within which DOPC:4→3 liposomes extensively accumulate. From the acquired 
movies, SR-B filled DOPC:4 liposomes, prior to light activation, appeared freely circulating, 
evident as homogenous, low level (quenched) SR-B fluorescence, confined within the zebrafish 
vasculature. Upon light triggered activation (95% UV duty cycle, 2.3 J per embryo) and surface 
charge switching, however, localized and de-quenched SR-B could be seen as increasingly 
bright, fluorescent punctae, associated with all blood vessel walls but most prevalent throughout 
the sinusoid-like network of CHT blood vessels. Again, it is likely that DOPC: 4→3 liposome 
association and uptake within the CHT is enhanced due to the reduced blood flow velocities and 
sheer stresses experienced by liposomes within this sinusoidal-like tissue. Likewise, the co-
existence of immobile as well as highly mobile SR-B fluorescent punctae is again indicative of 
intracellular SR-B delivery to both ECs (immobile) and blood resident macrophages (mobile).  

As a representative membrane impermeable, small molecule cargo, the successful 
intracellular delivery of liposome-encapsulated SR-B serves as promising evidence that this 
proof-of-concept technology will likely be transferable to other, therapeutically relevant (and 
membrane impermeable) payloads.  
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5.6 DISCUSSION 
 
The discovery of simple and effective targeted drug delivery systems should be preceded 

by a thorough understanding of the nano-bio interactions involved.59 Here, we exploit the well 
characterized and contrasting fates of differently charged nanoparticles in vivo, however, our 
ability to rationally design a system that is both simple and effective has relied on 
comprehensive in vivo interrogation of all aspects of this technology (i.e. different light dosages, 
surface charge densities, interactions with the RES). To this end, the embryonic zebrafish has 
provided an invaluable pre-clinical in vivo screening platform, offering unprecedented 
opportunities to assess, analyze and optimize nanoparticle behavior over an entire live organism 
(i.e. visualizing total injected doses), at cellular resolution and in real time.42,60,61 Furthermore, 
the presence and conserved function of key RES cell types enables predictive assessment of 
fundamentally important in vivo clearance mechanisms of nanoparticles.25,43  It is important to 
stress here, however, that these predictions are strictly qualitative. Given the significant 
differences in relative numbers of RES cells (i.e. SECs vs blood resident macrophages), RES 
tissue size and organization, quantitative predictions (based on observations in the embryonic 
zebrafish) of nanoparticle clearance by the mammalian RES are not yet possible. As such, the 
embryonic zebrafish should not replace experiments in larger (mammalian) models but, instead, 
should be used to guide and optimize nanoparticle design prior to first injections in higher 
vertebrates. 

At a fundamental level, the ability to visualize the formation of a cationic nanoparticle in 
situ has revealed, for the first time, the co-existence of two competing interactions of cationic 
nanoparticles occurring simultaneously in vivo, namely non-specific adsorption to blood vessel 
walls and opsonisation in circulation. This observation not only highlights the importance of 
considering the fate of all intermediate physicochemical states of stimuli-responsive 
nanoparticles as they transition from A to B, but, more generally, suggests that the fate of any 
given cationic nanoparticle is dependent on its surface charge density. Our data indicates that 
above a certain cationic surface charge threshold, i.v. administered nanoparticles will 
predominantly stick to (and be internalized by) endothelial cells, particularly in blood vessels 
with reduced blood flow velocity, while below this charge threshold, nanoparticles will tend to 
aggregate in circulation and be subsequently cleared by the RES. In our experience, i.v. 
administered liposomes with a measured surface charge >20 mV will tend to stick to endothelial 
cells, whereas those with a surface charge between +5 to +20 mV will tend to aggregate in 
circulation. Importantly, while we believe a threshold value will apply to all nanoparticle 
classes, this will likely vary depending on the surface chemistry and self-assembly of any 
individual nanoparticle and should be determined on a case-by-case basis. 
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In terms of targeting, the exclusive use of light as trigger forgoes any requirement for 
exploitable differences between target and non-target tissues (e.g. passive targeting of solid 
tumors via the EPR effect). As such, this liposome technology has the potential to be transferable 
to any light accessible tissue. Given the poor tissue penetration and significant potential 
cytotoxicity of using short wavelength UV-A light,62,63 however, we would aim future efforts at 
replacing o-nitrobenzyl chemistries with photocages sensitive to longer wavelength light or two-
photon activation. In this vein, a family of zwitterionic BODIPY-derived photocages have 
recently been reported that can be efficiently cleaved using single photon visible or NIR light.39 
In theory, these photocages, connected to a cholesterylamine lipid anchor and incorporated 
within DOPC liposomes should not affect the surface charge and, therefore, the biodistribution 
of photoactive liposomes. In addition, light can be focused with precise spatial resolution. This 
has been exemplified by the clinical application of Visudyne® - a liposome-photosensitizer 
(verteprofin) formulation, administered intravenously and indicated for the photodynamic 
therapy of age-related macular degeneration (AMD).64 In this case, non-thermal, red light (689 
nm) is applied to the eye of a patient to trigger localised therapy. Unfortunately, given the small 
size (2-3 mm in length) of the zebrafish embryo and the practical difficulties in ensuring no 
incident or scattered UV-A light reached the dark side of the agar embedded embryo, we have 
been unable to demonstrate localized liposome surface charge switching and intracellular uptake 
within the embryonic fish in this study.   

In conclusion, we describe a liposome technology that successfully couples complete 
external control of in vivo liposome targeting together with the transport of encapsulated and 
membrane impermeable cargos across cell membranes. While these combined features are 
unique in the context of stimuli-responsive drug delivery systems (reviewed in refs 65,66), 
including those for which charge switching is central to function (reviewed in ref 67), the stand 
out feature of these liposomes is undoubtedly their compositional simplicity. The last decades 
have seen the empirical design of increasingly more complex nanomedicine designs, but it is 
now generally acknowledged that this approach has impeded rather than promoted the clinical 
translation of new nanomedicines.59,68–70 In contrast, clinically approved and targeted 
nanomedicines tend to be compositionally simple,49 with designs based on robust 
physicochemical principles (e.g. PEGylation to improve circulation lifetimes)71 and well 
characterized and exploitable, albeit now clinically questionable,72,73 biological phenomena (e.g. 
the EPR effect of select solid tumors).74 Following these principles, we have designed a simple 
and effective proof-of-concept liposome technology, composed of just two lipids, based on, and 
preceded by, a thorough understanding of both the physicochemical and in vivo nano-bio 
interactions involved. As such, it is our hope that this study, and in particular the tools and 
methods employed, will expedite a transition from the empirical design of increasingly complex 
nanomedicines to the rational design of new, simple and effective nanomedicines.75 
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5.7 SUPPLEMENTARY FIGURES  
 

Figure S5.1: Biodistribution of DOPC:cholesterol liposomes. Whole embryo and tissue level views of 
DOPC:cholesterol (1:1) liposome distribution in kdrl:GFP transgenic embryos (2 dpf), 1 hpi. DOPC:cholesterol 
liposomes freely circulate throughout the vasculature of the embryonic zebrafish and do not appreciably interact with 
blood-resident macrophages, SECs, or any other endothelial cell types of the embryo. Liposomes contained 1 mol% 
fluorescent lipid probe, DOPE-LR, for visualization. Scale bars: 200 μm (whole embryo); 50 μm (tissue level).  

 

Figure S5.2: Biodistribution of cationic liposomes. Whole embryo and tissue level views of liposome distribution in 
kdrl:GFP transgenic embryos (2 dpf), 1 hpi of a.DOPC:DOTAP (1:1), b.DOPC:1(1:1) and c.DOPC:2(1:1) liposomes. 
All three cationic liposome formulations are visible as immobile fluorescent punctae associated with blood vessel walls 
throughout the vasculature of the zebrafish embryo and are largely removed from circulation. Liposomes contained 1 
mol% fluorescent lipid probe, DOPE-LR, for visualization. Scale bars: 200 μm(whole embryo); 50 μm (tissue level). 
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Figure S5.3. Uptake of DOPC:3 (9:1) liposomes within blood resident macrophages. Whole embryo views of 
DOPC:3 (9:1) liposome distribution in mpeg1:GFP transgenic embryos (2 dpf), 1 hpi. Extensive fluorescence co-
localization of liposomes and blood resident macrophages can be observed primarily within the CHT of the embryonic 
fish. In addition, a significant fraction of liposomes remains in circulation. Liposomes contained 1 mol% fluorescent 
lipid probe, DOPE-LR, for visualization. Scale bar: 200 μm (whole embryo). 
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Figure S5.4. Photolysis of 4. a. Time evolution of the UV/Vis spectra of a solution of 4 (200 μM; H2O/MeCN/tBuOH, 
1:1:1) during UV irradiation (370 ±7 nm, 202 mW cm-2). Inset: Time evolution of the UV absorbance at 270 nm. b. 
DLS spectra of DOPC:4(1:1) liposomes before and after light activation (10 and 30 min, 370 ±7 nm, 202 mW cm-2) and 
surface charge switching. 
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Figure S5.5. Low magnification cryoTEM images of DOPC:4 liposomes before and after UV. CryoTEM images 
of (empty) DOPC:4 liposomes (a,c,d)before and (b,e)after in situ irradiation (15 min, 370 ±7 nm, 202 mWcm-2). Note: 
Two individual cryoTEM panels of the same liposome sample are shown for the –UV sample as observed populations 
of DOPC:4liposomes, prior to UV irradiation, were consistently less than those after UV irradiation despite identical 
liposome concentrations.Scale bars: 100 nm. 
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Supplementary Figure S5.6. Contents (SR-B) leakage. SR-B leakage (and dye de-quenching) from 
DOPC:4liposomes before and after UV irradiation. Fluorescence emission (excitation: 520 nm; emission: 580 nm) 
was measured every 20 s for 600 s, the sample was then irradiated (20 mins, 370 ±7 nm, 202 mW cm-2) in a quartz 
cuvette and fluorescence re-measured for a further 600 s. Triton X-100 (10 μL, 1% w/v) was added to solubilize 
liposomes and release encapsulated SR-B. DOPC (100% DOPC content) was used as a control to demonstrate contents 
leakage was not dependent on UV irradiation alone. 

 
 

Supplementary Figure S5.7. Biodistribution of freely circulating DOPC liposomes following UV irradiation. 
Whole embryo and tissue level views of DOPC (100% DOPC content) liposome distribution in kdrl:GFPtransgenic 
embryos (2 dpf), 1 hpi. following UV in situirradiation (15 min, 370 ±7 nm, ~90 mW cm-2, ~2.4 J per embryo). The 
biodistribution of DOPC liposomes was unaffected by UV irradiation and liposomes remained in circulation.Liposomes 
contained 1 mol% fluorescent lipid probe, DOPE-LR, for visualization.Scale bars: 200 μm (whole embryo); 50 μm 
(tissue level). 
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Supplementary Table T5.1. Composition, size and measured zeta potentials of liposomes. All reported DLS 
measurements and zeta potentials are the average of three measurements. For measurements monitoring changes 
following light activation, liposomes were irradiated (20 mins, 370 nm± 7 nm, 202 mWcm-2) in quartz cuvettes, with 
the LED mounted at a distance of 1cm from the sample. Reported sizes and zeta potentials are for individual liposome 
samples but representative over multiple sample preparations. The number of individual liposome preparations varied 
depending on liposome formulation. In the case of DOPC:4 liposomes(prior to UV irradiation), sizes and zeta potentials 
did not significantly deviate across >5independent formulations. This included variations in DOPC supplier, CHCl3 
lipid stock solutions and synthesized batches of 4. Batch-to-batch variation in the measured zeta potential of 
DOPC:4→3liposomes (i.e. after UV irradiation) resulted in a liposome surface charges ranging from +20 to +35 mV z-
potential. The same liposome sample was measured before and after UV irradiation. 
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Chapter 6 
 

The biodistribution and immuno-
responses of differently shaped 
non-modified gold particles in 
zebrafish embryos 
 
 

Chapter 6 highlights a study which demonstrates the capabilities of our TPMM in a real-case 
scenario. The study was performed in zebrafish embryos, where to two-photon excitation and 
the high temporal resolution enabled imaging of particle distribution in real-time.  
 
 
 
 
 
 
 
 
This chapter is adopted from: 
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6.1 PREFACE 
 
For another application of the novel two-photon microscope technique we focus on the 

bio-distribution and immune-response of differently shaped gold nanoparticles (AuNPs) in 
zebra fish embryos. The unique properties of AuNPs make them interesting materials to work 
with, however their effects on the environment and on the health of organisms has yet to be fully 
understood. Imaging of AuNPs in live samples is difficult however by their weak one-photon 
luminescence brightness which impairs visibility in confocal microscopy. Confocal microscopy 
was used first to image fluorescently tagged macrophages, which are indicators of the immuno-
response. However, to directly resolve where AuNPs are located in the zebrafish embryo, and 
whether they are being taken up by macrophages, a different imaging modality was required.  

As gold nanoparticles feature impressive brightness upon two-photon excitation, as can 
also been seen in chapter 2 of this thesis, our two-photon multifocal microscope (TPMM) was 
especially well suited for measuring their distribution. Imaging the tail of the embryo we could 
discern individual spots, likely originating from single AuNPs, in real-time. Moreover, the high 
temporal resolution allowed us to image a macrophage which had taken up numerous NPs as it 
travelled along an artery wall. Direct imaging of AuNP macrophage uptake corroborated the 
confocal images, visualizing the first response of the immune system of the embryo reacts to 
the AuNPs and actively tries to dispose them.  

These results illustrate how real-time imaging combined with two-photon excitation can 
provide insight in fast (biological) processes which would normally be eluded from detection. 
Moreover, it further shows how NPs are excellent contrast agents in two-photon microscopy. 
Overall, TPMM is an excellent imaging modality to obtain a more detailed understanding of the 
pathological effects of nanoparticles, like AuNPs, in live organisms.  
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6.2 INTRODUCTION 
 
A central paradigm of toxicology is that toxic effects induced by a xenobiotic are due to a 

cascade of processes including Adsorption at sites of uptake, Distribution to target organs where 
the toxicant potentially induces a response, and ultimate storage in either the target organ or in 
any other organ, followed by Metabolization and Excretion (ADME)1. To make the chain of 
events even more complicated, it is to be acknowledged that different chemicals commonly 
follow different pathways, although they might end up in the same storage organ or tissue2. The 
myriad of processes may lead to various adverse effects, which makes it important to understand 
the mechanistic pathways and the main parameters affecting toxicity. While in vitro assays 
provide only limited information about the ADME of compounds, in vivo studies such as with 
zebrafish embryos provide more in depth insights3 because cells in living organisms 
communicate and are specialized to perform specific essential functions. Using either in vitro 
or in vivo methods, it is key to understand the factors influencing (parts of) the ADME of 
xenobiotic compounds. 

In the case of nanoparticles (NPs), uptake across epithelial membranes is dictated (among 
other factors) by size, shape and surface charge 4. Just as for size 4, both the shape of particles 
as well as the accessory surface area influence how particles behave in exposure media 5. Particle 
aggregation and dissolution for those particles that can dissolve (which is not the case for gold 
nanoparticles (AuNPs)) are in general the most important fate-determining processes. While 
size has been shown to influence uptake and biodistribution in zebrafish embryos 6,7 the impact 
of different nano-shapes on biodistribution is less investigated. Particle shape can be an 
important factor for cellular uptake, circulation time within the organism, and subsequently the 
biodistribution of nanoparticles 5. In general, small, elongated nanoparticles are more easily 
taken up by cells than large and flat individual, non-aggregated particles 8. This same tendency 
was found for the endpoint of biodistribution, as nanorods distributed throughout tumor tissues, 
whereas gold spheres and discs were located only at the surface of the tumor 9. Moreover, the 
aspect ratio of rods was found to determine uptake and internal distribution: short rods were 
taken up faster and were trapped in the liver, while longer rods with a smaller aspect ratio 
showed lower uptake efficiency and were trapped in the spleen of mice 10–12. Additionally, sharp 
gold nanostars can pierce the membranes of endosomes and escape to the cytoplasm regardless 
of their surface chemistry, size or composition 11,13. 

As a noble metal with low toxicity, gold has been an ideal material in nanomedicine for 
diagnostic and therapeutic purposes such as imaging agents and drug-delivery systems 11,14,15. 
Specifically coating/labeling the gold nanoparticles enables researchers to guide the particles to 
the desired target 9. What happens to the gold nanoparticle when the coating or labeling is 
released is hardly studied, although some studies found that the coating can change 16 and even 
separate from the particles 17 under in vivo conditions. Gold is found to be biocompatible 15,18, 
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and its nanoform is categorized as an active and insoluble material which promotes cellular 
effects and/or mobility in organisms 19. Therefore, it can be used as a platform for delivery in 
nanomedicine and for in vivo imaging experiments without major adverse effects. Due to their 
distinctive plasmonic resonances 20, high Rayleigh scattering 18, and resistance against photo-
bleaching and photo-blinking 20, are gold particles very suitable for a variety of imaging 
techniques. Additionally, gold particles can be synthesized relatively easily, with control of their 
size and shape 20. The fact that gold nanoparticles are synthesized in different shapes, combined 
with their inert properties makes gold the perfect material for testing the effect of shape on 
particle toxicity.  

In this study, we aimed to determine the biodistribution and subsequent adverse responses 
to differently shaped, non-modified gold particles in zebrafish embryos. We used the word 
trafficking for active movement across the body of the organism, and the word biodistribution 
for where the AuNPs are located in the ZF embryo at a given time (static measurement 48 hours 
after exposure). The underlying research questions were: 

 

1. Do differently shaped AuNPs induce different biodistribution patterns and hence 
do they accumulate in different target organs?  

 
To answer this research question, the biodistribution of AuNPs was measured after 2 days 

of NP exposure. Our assumption is that once particles are accumulated in organs, due to 
agglomeration they are no longer available for biodistribution since biodistribution is limited to 

particles and agglomerates smaller than 250 nm 21. By imaging after 2 day of exposure the 

AuNPs can be visualized in the target organs as sufficient uptake of AuNPs is expected to have 
taken place after this exposure duration without experiencing any morphological malformation 
14,20. 
 

2. What type of trafficking can we identify for AuNPs? 
 
In general, nanoparticle clearance can occur via the hepatobiliary pathway or via the 

kidneys 22. For the first pathway, uptake by macrophages is essential, whereas clearance via the 
urine occurs without intervention of macrophages. By tracking the movement of particles 
directly after internalization (simulated by microinjection), the initial clearance mechanism of 
the organism can be visualized. 
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3. Is the difference in biodistribution patterns also reflected in different response 
patterns?  

 
As shown by previous research 23, immune responses, both local and systemic, are 

valuable endpoints for monitoring biodistribution. We therefore investigated the extent of 
recognition of the particles by neutrophils and macrophages.  

 

4. Is the exposure to AuNPs also translated into effects on the behaviour of hatched 
zebrafish embryos?  

 
In ecotoxicology, assessment of the behavioral response of hatched zebrafish embryos 

after exposure is a commonly used sub-lethal and sensitive apical endpoint 24. By investigating 
sensitive sub-lethal endpoints, early signs of toxicity can be detected.  
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6.3 MATERIALS AND METHODS  
 
Preparation of particle suspensions. Gold nanospheres and nano-urchins with nominal sizes 
of 60 nm were purchased from Sigma Aldrich (Zwijndrecht, The Netherlands). The particles 
were suspended in 0.1 mM phosphate buffered saline. Gold nanorods with a nominal size of 40 
x 60 nm, stabilized with polyvinylpyrrolidone and suspended in water, were purchased from 
Nanopartz Inc. (Loveland, USA). Gold nano-bipyramids with a nominal size of 45 x 140 nm 
were purchased from Nanoseedz, ltd. (Hong Kong, China). The bipyramids were stabilized with 
polyethylene glycol in water and rinsed before use with demineralized water. Exposure 
suspensions were prepared by adding the purchased stock suspensions to egg water (60 μg/ml 
Instant Ocean Sea Salt, Sera GmbH, Heinsberg, Germany). All dilutions were freshly prepared 
and sonicated for 10 minutes in an ultrasonic water bath (USC200T, VWR, Amsterdam, The 
Netherlands), after which the embryos were immediately exposed. 

 
Physicochemical characterization. The size and morphology of the suspended AuNPs were 
characterized using transmission electron microscopy (TEM; JEOL 1010, JEOL Ltd., Tokyo, 
Japan) after 1 hour of incubation in egg water. Dynamic light scattering assessments were 
performed on a Zetasizer Nano-ZS instrument (Malvern Instruments Ltd, Malvern, UK) to 
detect the size distribution and zeta-potential of Au NP suspensions in egg water at 0 h, 1 h and 
24 h. 
 
Zebrafish husbandry. Zebrafish were handled as described by animal welfare regulations and 
maintained according to standard protocols (http://ZFIN.org). Adult zebrafish were maintained 
at 25 ± 5 ̊ C in a 14 h: 10 h light-dark cycle. Fertilized zebrafish eggs were obtained from Caspar 
zebrafish (Danio rerio), MPEG1.4:mCherry/MPX:GFP zebrafish and KDRL:GFP zebrafish, 
dependent on the analysis.  
 
Waterborne exposure of zebrafish embryos to AuNPs. The OECD guideline 157 for the 
standard ZebraFish Embryo Test-protocol 25 was modified as described by Van Pomeren, et al7. 
We used the exposure window from 3 days post fertilization (dpf) till 5 dpf, since this exposure 
window was found to be associated with the highest amount of uptake7. Embryos were exposed 
to nominal concentrations of 5 mg/L. At this concentration, we expect to obtain sufficient signal 
for imaging while not observing any morphological malformations 14,20,27. As a result, the 
concentration applied is expected to be too low to observe any sub-lethal effects as well. 
 
Confocal microscopy. During the exposure period, Casper zebrafish embryos were examined 
daily to check fitness (malformations and mortality) using a dissecting microscope. During the 
final examination, embryos were rinsed three times with egg water, kept under anesthesia 
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(0.02% Tricaine, Sigma) in egg water and embedded with low melting agarose (CAS 39346-
81-1, Sigma Aldrich, Zwijndrecht). Fitness was not affected during this inspection. Final 
examination was performed using the reflection of Au NPs according to the method described 
by Kim et al.28 using a confocal microscope (Zeiss LSM5 Exciter).  
 
Stereo fluorescence microscopy. Biodistribution and subsequent identification of target organs 
can be visualized by examination of the immune responses that are locally induced by the 
particles 23. Similar to the analysis described above and applying the same exposure period, 
transgenic MPEG1.4:mCherry/MPX:GFP zebrafish embryos were examined daily. During the 
final examination, embryos were rinsed three times with egg water, kept under anesthesia 
(0.02% Tricaine, Sigma) in egg water and imaged in an agarose (CAS 9012-36-6, Sigma 
Aldrich, Zwijndrecht) covered Petri dish. Final examination was performed using the 
fluorescent signal of the fluorescent-labeled neutrophils (GFP) and the macrophages (mCherry) 
with a fluorescence stereo microscope (MZ 205 FA, Leica). Doing so, each image contains three 
channels: bright field, fluorescent green (GFPgreen/neutrophils), and fluorescent red 
(DRSred/macrophages). Using ImageJ software 29, images were assessed for fluorescence 
intensity and a corrected total cell fluorescence (CTCF) value was calculated 30.  

 
Two photon multifocal laser microscopy. In order to investigate the clearance mechanism of 
the organism, the time dynamics of nanoparticles was tracked in order to follow the clearance. 
The time dynamics of particle trafficking was visualized with a two photon multifocal laser 
microscope 31. For this, the particle with the most optimal optical properties was chosen, as this 
method is only suited for particles with a plasma resonance close to 830 nm. For our selection 
of particles, the nano-bipyramids showed to be best suited since their plasma resonance was 850 
nm. A high, non-environmental relevant concentration (19 mg/L) was selected to guarantee 
good visibility. To assure particle presence in the organism, 3 day old transgenic KDRL:GFP 
zebrafish embryos were injected in the duct of Cuvier with 2nL nano-bipyramid gold NPs using 
a Femtojet injector (Eppendorf), half an hour prior to scanning. During the scanning, embryos 
were kept under anesthesia (0.02% Tricaine) in egg water while they were embedded in 0.4% 
low melting agarose. The success of the injections was assessed by looking at the absence of 
leakage to the yolk and the displacement of blood cells by injection-fluid. 

 
Behavioral analysis. Since gold rarely induces lethal effects at the tested concentration, 
behavioral analysis was chosen as a more sensitive toxicity endpoint, as commonly used in 
neurotoxicity 24. Before behavioral analysis, all living embryos (120 hpf) were evaluated in 
terms of normal development, morphological defects and vitality using a stereo dissecting 
microscope. The behavioral analysis was performed by subjecting the embryos to the light–dark 
challenge test as modified according to Hua et al.23. Low locomotor activity of zebrafish 
embryos occurred under light exposure (basal phase). A sharp spike of fast swimming activity 
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was induced by a sudden transition to dark, lasting less than 2 s (challenge phase)23. A total of 
22 min of recording was used: 10 minutes acclimatization, 4 minutes basal phase, 4 minutes 
challenge phase and 4 minutes recovery phase. The total distance moved and the velocity of 
each zebrafish embryo was tracked using the Zebrabox (Viewpoint, Lyon, France) and analyzed 
using EthoVision software (Noldus Information Technology, Wageningen, The Netherlands).  

 
Statistical analysis. Data of the behavioral test and the immune responses (represented as 
CTCF) were presented as mean ± standard error of the mean (SEM). The homogeneity of 
variance was checked using the SPSS 23 software package. The significance level for all 
calculations was set at p<0.05. Significant differences between the different exposures within 
each phase were tested using a one-way analyses of variance (ANOVA) with Tukey’s multiple 
comparison post-test. 
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6.3 RESULTS  

6.3.1 PHYSICOCHEMICAL CHARACTERIZATION 
Using TEM images (Figure 6.1), size and shape of the particles were verified. According 

to the pictures, no large size deviations nor impurities were observed. This was in agreement 
with the information received from the producers.  

Hydrodynamic size measurements obtained by means of DLS showed little variation over 
time (Table 6.1). This was with the exception of the nano-Au bipyramids as these particles did 
not follow this general pattern and formed aggregates immediately after preparation of the test 
suspension, which became even larger over time. This observation is probably related to the 
observation of the zeta potential being close to zero, which is indicative of lack of repulsive 
forces. 

 

 
Figure 6.1: TEM images of the four tested nanogold particles. (a) nano-urchins (b) nanorods (c) nanospheres and 
(d) nano-bipyramids. 
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  Zeta potential (mV ± SD)   Size distribution (nm ± SD) 

    0h . 1h 24h     0h 1h 24h 
Nanosphere -24 ± 2 -28 ± 4 -18 ± 5  74 ± 0 76 ± 2 79 ± 0 
Nanorod -27 ± 1 -28 ± 0 -11 ± 1  71 ± 0 73 ± 0 79 ± 3 
Nano-urchin   -8 ± 1   -9 ± 0 -30 ± 1  88 ± 6 98 ± 6 72 ± 1 
Nano-
bipyramid 

   9 ± 1     3 ± 1   -4 ± 1  501 ± 45 1158 ± 
151 

5014 ± 
2138 

Table 6.1: Zeta potential and size distribution as measured by DLS of the different gold nanoparticles over time.  

6.3.2 BIODISTRIBUTION OF AUNPS 
Using a confocal laser-scanning microscope, clusters of nanoparticles could be visualized 

in exposed zebrafish embryos. Independent of the shape, every type of particle was observed to 
be present in the intestinal tract (examples of confocal images of particles in the intestinal tract 
can be found in the supplementary materials). Nanorods were found to efficiently distribute to 
other digestive organs of the embryo as well, such as the liver/gallbladder (Figure S6.1). For 
most of the particle shapes, clusters were also found in most probably a blood vessel near the 
eye (Figure 6.2). 

 
Figure 6.2: Confocal images showing particle clusters in blood vessels near the eye of the zebrafish embryo (5 
dpf) for different nanogold particles. a) nanorods b) nano-urchins c) nanospheres and d) nano-bipyramids. 
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6.3.3 TRAFFICKING OF AUNPS 
For the optical most optimal nanoparticles, the nano-bipyramids, the time dynamics of 

biodistribution were examined. After intravenous injection, the particles were found to be 
distributed throughout the tail of the embryo (Figure 6.3). As can be observed from Figure 6.3, 
free particles and clusters distributed through the bloodstream. Particles are thereafter 
phagocytosed by macrophages. A macrophage loaded with particles can be observed in the 
tissue (confirmed by the fluorescent signal), which moved over the tissue to the vein (Figure 
6.3). From there, it will go to the liver or spleen to be cleared from the organism 33. 

 

 
Figure 6.3: Macrophage filled with gold bipyramids moves along the artery wall after which it is released into 
the bloodstream. a) Transmission image with emission overlay (magenta) of the imaged region (scale bar 2 µm). b) 
Macrophage (white circle) moves along the artery wall, at t = 519 seconds the macrophage releases from the artery wall 
into the bloodstream.  

6.3.4 IMMUNO‐RESPONSES  
Upon inspection of the response of the immune system of the whole organism and of 

responses in specific regions (Figure 6.4 and Figure S6.2), different response patterns were 
observed. In case of the neutrophils (Figure 6.4; a, c, e), the nano-urchins, nanorods and nano-
bipyramids did not induce any visible effect on the immune system at the whole organismal 
scale (Figure 6.4a) and in the tail (Figure 6.4c).  
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Figure 6.4: Abundance (relative to control) of neutrophils (a, c and e) and macrophages (b, d and f) in 5 dpf 
zebrafish embryos after exposure to differently shaped nanogold particles. The abundance in three different 
sections is provided: Whole organism (a and b), tail section (c and d) and intestine region (e and f). Asterisks indicate 
statistically significant differences to controls (*p < 0.05, **p < 0.01, and ***p < 0.001). Data are provided as mean 
and standard error of the mean (n=20). 
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However, embryos exposed to spherically shaped gold particles induced a reduced amount 
of neutrophils at the whole organism scale and in the tail region. Examination of the intestine 
(Figure 6.4e) learned that more neutrophils were present in embryos that were exposed to rods 
(compared to the control), whereas the embryos exposed to nanospheres again reduced the 
amount of neutrophils. 

For the macrophages (Figure 6.4; b, d, f) at each examination level (whole body (b), tail 
(d) and intestine (f)) the embryos exposed to urchin shaped nanogold were observed to have a 
higher level of macrophages. For the embryos that were exposed to spherical nanogold particles, 
the overall abundance of macrophages was decreased for both the whole body and the tail 
region, whereas the intestine region had macrophages abundances that were comparable to the 
control. 

The differently shaped particles showed different distribution patterns into the main 
digestive organs: gall bladder, pancreas and liver (Table 6.2). Embryos that had a high 
expression of either neutrophils or macrophages in the intestinal region, generally showed high 
abundance of immune cells in the gallbladder (Figure 6.5a), pancreas and / or liver (Figure 6; 
different combinations have been observed). The majority of the particles were transported to 
the pancreas, except for the nanospheres. Nanospheres were predominantly found within the 
liver. Nanospheres and nano-urchins were thereafter mostly found in the gall bladder, whereas 
nanorods and nano-bipyramids distributed mostly to the liver. 

 

 
Figure 6.5: Images of fluorescent neutrophils (green) and macrophages (red) in zebrafish embryos after exposure 
to gold nano-bipyramids. The insets are providing further details using 2 times (a) and 6 times (b) magnification. 

 
The observed distribution patterns (Table 6.2) were consistent with the observed 

abundance of immune cells (expressed as CTCF value) in the embryos (Figure 6.4): the 
nanorods and nano-urchins showed a high increase of the CTCF value in the intestine region 
and both shapes showed high abundancy of immune cells in the pancreas. In some cases, the 
immune cells accumulated more at the top of the pancreas, at the islets of Langerhans, rather 
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than accumulating in the whole pancreas (Figure 6.5b) For the nano-bipyramids, no obvious 
relation between the total amount of immune cells and the presence of immune cells in specific 
organs was observed. Exposure to nanospheres induced a reduction in the total amount of 
immune cells in the body as well as a strong reduction in fluorescent signal in the tail. However, 
no difference compared to the control was observed in fluorescent signal in the intestine region. 
This suggests that there was an overall reduction in the amount of immune cells and that the 
majority of the immune cells were translocated from the tail to the digestive organs and intestine.  

 
Gall bladder Pancreas Liver 

Nanospheres 41 % 35 % 71 % 

Nanorods 32 % 74 % 37 % 

Nano-urchins 20 % 80 % 5 % 

Nano-bipyramids 16 % 79 % 57 % 
Table 6.2: Percentage of fish that showed high numbers of immune cells in the specified organs (n=19±1). Note 
that one single fish might be scored for multiple organs. 

6.3.5 BEHAVIORAL RESPONSE 
In order to investigate induced toxic effects related to the shape dependent biodistribution, 

a behavioral test was performed. The results of the behavior test showed that in the base phase 
a slight difference was observable with regard to the total distance that the hatched embryo 
moved (Figure 6.6). For embryos exposed to urchin shaped particles, the total distance moved 
was increased in the base phase whereas the other exposed groups did not show large 
differences, not even for the nano-bipyramids that also were predominantly found in the 
pancreas. In addition, accumulation of spherical particles in a high-energy demanding organ as 
the liver did not reduce the activity of the embryos. In the challenge phase, when stress was 
induced, embryos exposed to nano-bipyramids showed a reduced movement distance (Figure 
6.6) and subsequent velocity (data not shown). On the other hand, the embryos exposed to 
nanorods traveled a longer distance per time interval and in total (Figure 6.6). In the recovery 
phase, the same tendency for the embryos exposed to nano-urchins as in the base phase was 
observed, although the effect is not so profound. 
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Figure 6.6: Total distance moved of 5dpf embryos exposed to different nanogold particles. Results are provided 
per stage of the behavior test (mean and standard error of the mean). Asterisks indicate significant differences to controls 
(*p < 0.05, **p < 0.01, and ***p < 0.001). 
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6.4 DISCUSSION AND CONCLUSION 
 
The first question we aimed to answer is whether differently shaped Au-NPs are 

differently distributed within zebrafish embryos and whether the NPs reach different target 
organs. All shapes were found to accumulate on the intestinal mucosa. Yet adsorption to the 
intestinal mucosa is still not to be considered as either uptake or biodistribution. Evidence of the 
particles actually crossing the intestinal mucosa is provided by their presence in other digestive 
organs (such as the liver and gall bladder) as proven by confocal imaging. It should be noted 
that all differently shaped gold particles were found to be present in a blood vessel near the eye 
of the embryo. This is in line with our previous study7, using fluorescent polystyrene (PS) 
particles with comparable size as the AuNPs tested in this study. Exposure to smaller (1.3 nm) 
AuNPs resulted in disruption of the growth and pigmentation of the eye of the embryos 34. Due 
to high auto-fluorescence levels in the eye in our study, it was not feasible to examine the 
accumulation of gold in the eye. However, the presence and the mobility of the gold NPs in the 
blood veins, as shown by both our confocal imaging techniques, indicates a possibility of 
distribution throughout the organism and thus translocation to the eye. 

Typically, xenobiotic particles that are taken up in the blood system are distributed 
throughout the organism and inflict harm to their host. To reduce or prevent harm, organisms 
evolved mechanisms to remove these particles from their body. For our second research 
question, we aimed to identify the clearance mechanism of the particles. As we saw in the time 
dynamic recording of the nano-bipyramids (Movie S1, SM), particles are taken up by 
macrophages and thereafter trafficking via the mononuclear phagocytic system (MPS). In 
general, spherical shaped particles show the fastest clearance rate compared to rod shaped 
particles 11, thereby favoring the hepatobiliary pathway over clearance via the kidneys 22,27. 
Moreover, the clearance rate is further reduced when the particles are disk- or lamella-shaped 
11, become more elongated 35, or develop sharp structures 13. Once particles are taken up in 
macrophages, clearance via the MPS continues via the spleen, liver and eventually via bile 
trough the gallbladder into the digestive tract and feces 33. In 5 dpf zebrafish embryos, the 
function of the spleen – which is not yet developed – is taken over by the pancreas 36. Indeed, 
the pancreas, liver, gall bladder and digestive tract were found to contain nanoparticles. Just as 
for PSNPs 23, gold particles induced intestinal inflammation. Even more, induced activity of the 
innate immune system in the digestive organs was observed, which confirms the presence of the 
particles in these organs. 

By using the immune response of the embryos, we aimed to answer our third research 
question: is the biodistribution reflected in different response patterns. Actually, a shape 
dependent pattern can be observed. Specifically focusing on the gall bladder, liver and pancreas, 
the distribution of the particles over these organs depends on particle shape. The differences 
across the distribution patterns indicate that the particles behave slightly different, although they 



Chapter 6: Distribution of gold nanorods in zebrafish embryo’s 
 

169 

eventually reach the same target organs – yet in different ratios. In in vitro studies, the shape of 
the particle was shown to influence the rate of uptake and the circulation time, and subsequently 
the target organ 11. Spherically shaped particles are most efficiently taken up compared to their 
rod and elliptical counterparts 11, whereas particles with sharp edges are capable of escaping the 
endosome and therewith prolonging their retention time 13. Having a higher circulation time 
results in a larger probability to reach other target organs rather than the most prominent clearing 
organ – the liver 11. As a matter of fact, the shape that was found to accumulate the most in the 
liver was the nanosphere. 

The fourth question we aimed to answer is whether the biodistribution is reflected in the 
organismal behavior responses. The observed differences in the behavior test were only 
marginally significant and not always repeatable. As stated earlier by Browning et al. (2009), 
random internal distribution of individual gold nanoparticles into vital organs of the zebrafish 
can result in effects on the individual level while this is not a concentration dependent effect. 
After long-term exposure to PS NPs, particles were found to distribute into the brain where they 
modified brain tissue and subsequently changed behavior 37. For that reason, exposure for a 
longer period might result in the presence of gold NPs in the brain of zebrafish, resulting in 
abnormal behavior patterns. Additionally, gold particles affecting the eye in early development 
induced behavioral effects 34. With our exposure concentration, we were not able to observe any 
strong effects on the behavior, indicating that for this exposure period the concentration is too 
low to induce any behavioral effects. However, the nano-bipyramids reduced the total distance 
moved in the challenge phase, indicating that the embryos lack the energy to produce the full 
energy burst as seen in the control group. At the same time, no visible in- or decreases in immune 
levels were observed. This combination of observations suggests that the total energy budget of 
the organism is decreased, where the organisms allocates most of their energy to the immune 
response leaving less energy for locomotive responses. Reduction in locomotive responses is 
detrimental for the survival of an individual and it might even indicate a possible reduced 
fecundity due to a lack in energy. So, although we did not find strong effects of any of the gold 
nanoparticles on the behavior in zebrafish embryos after short exposure time, such effects might 
occur at higher concentrations, after long-term exposure or after exposure from the fertilization 
onwards.  

Although some minor effects were observed, the different distribution patterns per particle 
shape did not induce significant sub-lethal effects. Since most studies report no cytotoxicity 38 
nor toxicity 39 of gold particles, the absence of significant effects is not surprising. Often within 
drug delivery systems in which gold nanoparticles are used, surface modifications of the 
nanoparticles or protein labels are used to assist delivering the particle to the target organ. Over 
time, it might be likely that those surface modifications become unstable, and fractions of bare 
particles appear. The absence of sub-lethal effects due to bare and differently shaped gold 
nanoparticles strengthens the justification for utilizing gold nanomaterials as tracing agents in 
biodistribution studies and nanomedicine. We echo the suggestion made by Truong et al. (2015), 
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who stated on the basis of studying the biodistribution behavior more closely, that it will become 
possible to design particles that reach the desired target organ by choosing the appropriate 
particle shape. In this contribution, we showed that the biodistribution for all differently shaped 
gold NPs occurs rapidly via the circulatory system. However, harm remains limited, since the 
particles are distributed via the MPS towards the clearance organs where they are stored before 
elimination.  

Internalized AuNPs were found to traffic throughout the blood system and reach via this 
medium most probably the whole organism. We observed presence of the particles in and 
trafficking via macrophages, indicating that the majority of the particles is removed via the 
MPS. Clearance via the MPS will result in biodistribution of particles in the digestive organs. 
In our study, exposure to differently shaped gold particles induced shape dependent 
biodistribution patterns. For each differently shaped particle, we found a different ratio in which 
they were distributed over the three assessed target organs: liver, gall bladder and pancreas. 
Although the particles were distributed differently over the examined digestive organs, in none 
of the cases major sub-lethal effects were observed. The biodistribution patterns indicated that 
long-term exposure might induce sub-lethal effects being shape-dependent. Finally, for 
nanosafety assessment, it is eminent that shape-features should be taken into account as a 
possible toxicity modifying factor as it affects the biodistribution patterns.  
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6.5 SUPPLEMENTARY FIGURES  
 

 
Figure S6.1: Confocal image of gold nano-urchin in different digestive organs. Autofluorescence in the swim 
bladder is marked red.  
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Figure S6.2 Image of a control fish with the different measurements areas used for the immune response 
assessment indicated: total body (blue), tail (green) and intestine (red). 
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Summary 
 

One of the great accomplishments of modern society is our more thorough understanding 
on how organisms function. A plethora of applications has emerged from this knowledge to 
revolutionize medicine – and many other industries. As our insight in complex biological 
systems grew, research became more specific and aiming at an understanding our cells and 
bodies on the molecular scale. Research on this smallest biological scale was propelled by recent 
developments in microscopy techniques. A prominent example was awarded the Nobel prize in 
2014, demonstrating the importance of new super-resolution microscopy techniques for biology 
and physics research.  

Here we developed a novel approach for single particle and single molecule tracking using 
two-photon microscopy (TPM). TPM is generally associated with slow, deep-tissue imaging 
using high laser power, a low background and negligible out-of-focus photobleaching. This 
would make TPM highly suitable for imaging weak signals of single molecules. However, the 
high laser powers required for two-photon excitation (TPE) causes enhanced in-focus bleaching 
and the slow imaging speeds impede tracking of fast, dynamic processes. TPM is therefore 
generally used for static, deep-tissue imaging.  

In this thesis we splitted the TPE beam into multiple weaker beamlets for fast and gentle 
two-photon imaging. By simultaneously scanning several 100 beamlets, we achieved limited 
bleaching and fast imaging, while retaining the useful TPE properties of low background and 
thin optical sectioning. With abovementioned advantages, we demonstrated for the first time 
that two photon microscopy can readily be used to capture single particles and even single 
molecules in living samples.  

In Chapter 2 we first explored the possibility of single-molecule sensing by utilizing gold 
nanorods (GNRs). Plasmonic metallic nanoparticles are used in (bio-)sensing applications 
because their localized surface plasmon resonance (SPR) is highly sensitive to changes in 
environment. Although optical detection of scattered light from single particles provides a 
straight-forward means of detection, the two-photon luminescence (TPL) of single gold 
nanorods (GNRs) has the potential to 
increase the sensitivity due to the large anti-Stokes shift and the non-linear excitation 
mechanism. However, two-photon microscopy and spectroscopy are restricted in bandwidth and 
have been limited by the thermal stability of GNRs. We used two-photon multifocal microscopy 
(TPMM) to simultaneously measure the two-photon excitation spectra of hundreds of individual 
GNRs with sub-nanometer accuracy. By keeping the excitation power under the melting 
threshold, we showed that GNRs were stable in intensity and spectrum for more than 30 minutes, 
demonstrating absence of thermal reshaping. Spectra featured a signal-to-noise ratio > 10 and a 
reduced the plasmon peak width to typically 30 nm. Changes in the refractive index of the 
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medium of less than 0.04, corresponding to a change in surface plasmon resonance of 8 nm, 
could be readily measured and over longer periods. We used this enhanced spectral sensitivity 
to measure the presence of neutravidin, demonstrating the potential of TPL spectroscopy of 
single GNRs for enhanced plasmonic sensing. 

In Chapter 3 we changed to in vivo applications to see how the confined excitation and 
high frame rates could contribute to tracking of single particles. Nano-scopic tracking of single 
particles by fluorescence microscopy is a powerful technique to study life processes at the 
molecular scale. Single-particle, and even single-molecule, tracking in individual cultured cells 
has been used widely and yielded spectacular results. However, nanometric imaging and 
tracking in larger multicellular samples remains challenging, due to the increased scattering of 
light, increased out-of-focus fluorescence and reduced resolution in the third dimension. Using 
two-photon – rather than one photon – excitation relieves these constraints and we explored the 
possibilities of TPMM for in vivo single particle tracking. We showed that the combination of 
a modern scientific CMOS camera, which features a higher sensitivity and very low dark signal, 
with a reduced power per focus and a reduced duty cycle for excitation yields extraordinary low 
bleaching rates, framerates larger than 10 Hz and a field of view of 100’s of microns while 
maintaining the advantages of two photon excitation. We demonstrated the use of this novel 
microscopy modality in zebrafish embryos and rapeseed pollen, and show that it allows for 
multicolor imaging, using spectral selection in either excitation or emission. Furthermore, we 
showed that single GNRs in the veins of zebra fish embryos could be tracked with nanometric 
accuracy, resolving temporal fluctuations in bloodstream velocity. The unprecedented 
photostability in combination with the reduced background suggested that it should be possible 
to resolve single fluorescent proteins in vivo with TPMM.  

In Chapter 4 we investigated the ability of TPMM to image single fluorescent proteins. 
Single molecule microscopy is often hampered by autofluorescence and in vivo inelastic 
scattering impairs the visibility of the weak signal from single fluorophores. The lower 
background that TPE provides, is an excellent basis for high signal-to-noise ratio imaging. 
However, the low two-photon absorption cross-section of most fluorophores requires a high 
light intensity. This is usually implemented by confocal scanning and yields lower frame rates 
and increases photobleaching. We used TPMM to increase the image speed, and compared two 
scanning modes that both yielded a wide-field light-sheet-like excitation. In live zebrafish 
embryos background fluorescence and photobleaching were further reduced, enabling tracking 
of single fluorophores for more than 30 seconds. Furthermore, we showed that multifocal 
excitation with structured light-sheet illumination (SLIM) suppressed background in highly 
scattering environments. Finally, we used single-molecule tracking to quantify diffusive 
behavior of single eGFP-HRas molecules and observed longer and less confined tracks, that 
suggested that the mobility of those proteins differs in different regions of the same cell. The 
experiments demonstrated for the first time that two-photon microscopy can readily be used for 
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in vivo single-molecule tracking and, contrary to previous reports, it is shown to reduce 
photobleaching, while achieving significantly improved signal to noise ratios and z-resolution.  

In Chapter 5 we highlighted a collaboration study where we image the transition of photo-
switchable liposomes to a cationic surface charge inside live zebrafish embryos in real time. 
Surface charge plays a fundamental role in determining the fate of a nanoparticle, and any 
encapsulated content, in vivo. Prior to light activation, intravenously administered liposomes, 
composed of only two lipid reagents, freely circulated and successfully evaded innate immune 
cells present in the fish. Upon in situ irradiation and surface charge switching, however, 
liposomes rapidly adsorbed to, and were taken up by, endothelial cells and/or were 
phagocytosed by blood resident macrophages. Made possible by the high temporal resolution 
of TPMM, this transition could be captured by interlacing irradiation and image acquisition. 
Coupling complete external control of nanoparticle targeting together with the intracellular 
delivery of encapsulated (and membrane impermeable) cargos, the compositionally simple 
liposomes were proof that advanced nanoparticle function in vivo does not require increased 
design complexity but rather a thorough understanding of the fundamental nano-bio interactions 
involved. The TPMM measurements revealed dynamics of the cationic transition of the 
liposome to which would normally be obscured by slower scanning confocal microscopes. The 
study illustrates how TPMM can contribute to a more thorough understanding of chemical and 
biological processes which take place inside living organisms, and showcases the potential of 
TPMM for future similar studies.  

Chapter 6 features another single particle collaboration study which illustrated the 
capabilities of TPMM for real-case scenarios. The study focused on the bio-distribution and 
immune-response of differently shaped gold nanoparticles (AuNPs) in zebrafish embryos. The 
unique properties of AuNPs make them interesting materials to work with, however their effects 
on the environment and on the health of organisms has yet to be fully understood. Imaging of 
AuNPs in live samples is difficult by their weak one-photon luminescence brightness which 
impairs visibility in confocal microscopy. Confocal microscopy was used first to image 
fluorescently tagged macrophages, which are indicators of the immuno-response. However, to 
directly resolve where AuNPs are located in the zebrafish embryo, and whether they are being 
taken up by macrophages, a different imaging modality was required.  

Gold nanoparticles feature impressive brightness upon TPE, as described chapter 2 of this 
thesis and our TPMM was especially well suited for measuring their distribution. Imaging the 
tail of the embryo we could discern individual spots, likely originating from single AuNPs, in 
real-time. Moreover, the high temporal resolution allowed us to image a macrophage which had 
taken up numerous NPs as it travelled along an artery wall. Direct imaging of AuNP macrophage 
uptake corroborated the confocal images, visualizing the first response of the immune system 
of the embryo as it reacts to the AuNPs and actively tries to dispose them.  

These results illustrate how real-time imaging combined with two-photon excitation can 
provide insight in fast (biological) processes which would normally be eluded from detection. 
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Moreover, it further shows how AuNPs are excellent contrast agents in two-photon microscopy. 
Overall, TPMM is an excellent imaging modality to obtain a more detailed understanding of the 
pathological effects of nanoparticles, like AuNPs, in live organisms.  

In conclusion, the novel two-photon method has demonstrated its ability of high-
resolution, fast, low-background and gentle in vivo imaging. Imaging particle distributions in 
real-time in live organisms is readily achieved in TPMM and can be further exploited by looking 
at the particle-fate over longer terms by extending the measurement time. The ability to resolve 
even single fluorophores in vivo for prolonged periods, open up many possibilities to investigate 
a wide variety of cellular processes. TPMM could bring new insights in the inner workings of 
cells and help to progress our fundamental understanding of biological processes. Overall, our 
novel TPMM method offers an attractive method to study single-particles and single-molecules 
in living organisms and forms a new step in single-molecule biophysics. .
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Samenvatting 
 

Een van de grote prestaties van de moderne beschaving is ons beter begrip van hoe 
organismes functioneren. De overvloed aan toepassingen die hieruit zijn voortgekomen heeft 
een revolutie in de gezondheidszorg – en in menig andere industrie – teweeggebracht. Met het 
groeiende inzicht in complexe biologische systemen is het onderzoek zich gaan richten op hoe 
onze cellen en ons lichaam functioneren op een moleculaire schaal. Onderzoek op deze kleinste 
biologische schaal werd voortgestuwd door recente ontwikkelingen in de microscopie. De 
toekenning van de Nobelprijs in de natuurkunde in 2014, benadrukte het belang van nieuwe 
super-resolutie microscopen voor biologisch en natuurkundig onderzoek.  

In dit proefschrift hebben we een nieuwe benadering ontwikkeld voor het volgen van 
individuele deeltjes en moleculen met twee-foton microscopie. Deze techniek wordt normaal 
geassocieerd met het langzaam maken van afbeeldingen diep in het weefsel, met zeer lage 
achtergrondfluorescentie en verwaarloosbare verbleking van fluoroforen buiten het brandpunt. 
De lage achtergrond zou twee-foton microscopie zeer geschikt moeten maken voor het 
afbeelden van de zwakke signalen afkomstig van individuele moleculen. Echter, het hoge 
vermogen van de laser dat nodig is voor twee-foton excitatie zorgt ervoor dat fluoroforen zeer 
snel verbleken, en het langzame scannen van de laserbundel belemmert het volgen van snelle 
dynamische processen. Twee-foton microscopie wordt daarom over het algemeen gebruikt voor 
het afbeelden van grote en statische weefsels.  

In dit proefschrift splitsten we de laserbundel in meerdere, zwakkere bundeltjes voor snel 
en zachtaardige excitatie. Het simultaan scannen van enkele honderden laserbundels zorgt voor 
beperkte fluorofoor-verbleking en hoge scansnelheden, terwijl de nuttige twee-foton 
eigenschappen van een lage achtergrond fluorescentie en een hoge axiale resolutie behouden 
blijven. Met deze voordelen, demonstreren we voor de eerste keer dat twee-foton microscopie 
gebruikt kan worden voor het afbeelden van individuele deeltjes en zelfs individuele moleculen 
in levende organismen.  

In Hoofdstuk 2 onderzochten we de mogelijkheid om individuele moleculen te detecteren 
door gebruik te maken van gouden nanostaafjes. Deze metalen nanodeeltjes worden gebruikt 
voor het detecteren van (bio)moleculen omdat de gelokaliseerde oppervlakte-plasmon-
resonantie zeer gevoelig is voor veranderingen in de omgeving. Het door individuele 
nanodeeltjes verstrooide licht is voldoende om veranderingen van de plasmon resonantie optisch 
te kunnen detecteren. De twee-foton luminescentie van individuele gouden nanostaafjes heeft 
de potentie om de gevoeligheid nog hoger te maken door de grote anti-Stokes verschuiving en 
het niet-lineaire excitatie mechanisme. Echter, reguliere twee-foton -microscopie en -
spectroscopie hebben beperkte bandbreedte en worden gelimiteerd door de geringe thermische 
stabiliteit van de nanostaafjes. We hebben twee-foton multifocale microscopie gebruikt voor het 
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gelijktijdig meten van de excitatie spectra van honderden individuele gouden nanostaafjes met 
sub-nanometer nauwkeurigheid van de golflengtes. Door het excitatievermogen onder de smelt 
temperatuur te houden, hebben we laten zien dat nanostaafjes stabiel bleven voor meer dan 30 
minuten. De spectra hadden een signaal-ruis-verhouding van boven de 10 en de plasmonpiek 
had een typische breedte van 30 nm. Veranderingen in de brekingsindex van het immersie 
medium van minder dan 0.04, wat een plasmonverschuiving van 8 nm veroorzaakte, konden 
gemakkelijk gemeten worden en over lange tijd. We gebruikten de door twee-foton excitatie 
verbeterde spectrale gevoeligheid om de aanwezigheid van neutravidine te meten, en daarmee 
de potentie van twee-photon spectroscopie op individuele gouden nanostaafjes voor verbeterde 
plasmonische sensoren aan te tonen.  

In Hoofdstuk 3 stapten we over naar in vivo toepassingen om te zien hoe de lokale 
excitatie en hoge beeldfrequentie kunnen bijdragen aan het volgen van individuele deeltjes in 
levend weefsel. Het volgen van deeltjes op de nanoschaal is een krachtige techniek voor het 
bestuderen van biologische processen op moleculaire schaal. In gecultiveerde cellen heeft het 
volgen van individuele moleculen spectaculaire resultaten opgeleverd. Echter, hetzelfde 
verrichten in grotere organismen blijft zeer uitdagend door de toename in verstrooid licht en 
achtergrondfluorescentie, en door de relatief lage resolutie in de derde dimensie. Door gebruik 
te maken van twee-foton – in plaats van één-foton – excitatie worden deze problemen 
verminderd. We hebben laten zien dat de combinatie van een moderne wetenschappelijke 
CMOS-camera, die een hoge gevoeligheid heeft en lage ruis, een verlaagd excitatievermogen 
per focus en een verlaagde belichting duty cycle, resulteert in uitzonderlijke lange fluorofoor-
verblekingstijden, beeldfrequenties van 10 Hz, en een gezichtsveld van honderden micrometers, 
terwijl de voordelen van twee-foton excitatie behouden blijven. We hebben deze nieuwe 
microscopie modaliteit toegepast in zebravis embryo’s en koolzaad pollen, en waren in staat om 
afbeeldingen te maken met meerdere kleuren door het spectraal selecteren van fluoroforen in 
excitatie of emissie. Bovendien hebben we laten zien dat individuele gouden nanostaafjes in de 
aderen van zebravis embryo’s gevolgd kunnen worden met nanometer nauwkeurigheid, en 
daarmee ook fluctuaties van de bloedstroom in kaart gebracht.  

De uitzonderlijke fotostabiliteit in combinatie met de lage achtergrondruis suggereert dat 
het mogelijk zou moeten zijn om individuele fluorescerende eiwitten af te kunnen beelden in 
vivo met twee-foton multifocale microscopie. In Hoofstuk 4 hebben we dit onderzocht. 
Microscopie op individuele moleculen wordt vaak belemmerd door autofluorescentie terwijl in 
vivo in-elastische verstrooiing van licht de zichtbaarheid van het zwakke signaal verder 
bemoeilijkt. De lagere achtergrond die twee-foton excitatie bewerkstelligt, zorgt voor 
afbeeldingen met een hoge signaal-ruis-verhouding. Echter, de lage twee-foton 
absorptiediameter van de meeste fluoroforen vereist een hoge lichtintensiteit. Dit wordt meestal 
geïmplementeerd door middel van confocaal scannen en resulteert in lage beeldfrequenties en 
snelle verbleking van fluoroforen. Wij gebruiken twee-foton multifocale microscopie om de 
opnames te versnellen, en vergelijken twee scan-modi die beide een dunne excitatie-plak 
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realiseren. Achtergrond fluorescentie en het verbleken van fluoroforen is aanzienlijk verlaagd 
in levende zebravis embryo’s. Dit was voldoende om individuele fluoroforen meer dan 30 
seconden te volgen. Bovendien hebben we laten zien dat multifocale excitatie met 
gestructureerde belichting het achtergrond signaal nog verder kan verlagen in zeer licht-
verstrooiende omgevingen. Als laatste hebben we algoritmes geïmplementeerd om het diffuse 
gedrag van individuele eGFP-HRas moleculen, eiwitten die externe signalen door de cel 
membraam doorgeven, te kwantificeren. Een verschil in begrenzing van de beweging van deze 
moleculen suggereerde dat de mobiliteit van HRas varieert tussen verschillende regio’s van 
dezelfde cel. De experimenten hebben voor de eerste keer laten zien dat twee-foton microscopie 
gebruikt kan worden voor het volgen van individuele moleculen in levende cellen en laten, in 
tegenstelling tot eerdere bevindingen, een vermindering in het verbleken van fluoroforen zien, 
terwijl de signaal-ruis-verhouding en axiale resolutie significant verbetert.  

Hoofstuk 5 is een studie die we samen hebben gedaan met wetenschappers uit de chemie 
en moleculaire biologie. We hebben de transitie van foto-gevoelige liposomen naar een 
kationische oppervlaktespanning in de aderen van levende zebravis embryo’s gemeten. 
Oppervlaktespanning speelt een belangrijke rol in het lot van liposomen in vivo. Voorafgaand 
aan licht-activatie circuleerden intraveneuze toegediende liposomen vrij door het 
bloedvatenstelsel en wisten deze de immuno cellen in de vis te ontlopen. Na in situ belichting, 
en de daaropvolgende verandering in oppervlaktespanning, werden de liposomen echter snel 
geadsorbeerd aan en geëndocyteerd door endotheelcellen. Ook werden ze gefagocyteerd door 
macrofagen in het bloed. Deze transitie kon worden afgebeeld dankzij de hoge tijdsresolutie van 
de twee-foton multifocale microscoop, waarbij in situ belichting snel kon worden gewisseld met 
het maken van een microscopie-plaatje. De transitie naar kationische toestand van de liposomen 
zou normaal verborgen blijven met langzamere confocale microscopen. De externe optische 
controle maakt het mogelijk om nanodeeltjes met ingekapselde (en membraam-permeabele) 
farmaceutische stoffen gericht te bezorgen op gewenste locaties in het lichaam van de zebravis 
embryo. Deze geavanceerde functies konden gerealiseerd worden met eenvoudige liposomen, 
en de microscopie geeft een beter begrip van interacties tussen nanodeeltjes en biologisch 
weefsel. Deze studie illustreert hoe twee-foto multifocale microscopie kan bijdragen aan een 
beter begrip van chemische en biologische processen die plaatsvinden in levende organismen.  

In Hoofdstuk 6 gebruiken we twee-foton multifocale microscopie om de distributie en 
immunorespons van verschillende groottes en vormen van gouden nanodeeltjes in zebravis 
embryo’s in kaart te brengen. De unieke eigenschappen van gouden nanodeetjes maken ze 
interessant om mee te werken, maar hun effecten op het milieu en op de gezondheid van 
organismen zijn nog niet goed begrepen. Confocale microscopie werd eerst gebruikt om 
fluorescerend-gelabelde macrofagen af te beelden, die een indicatie zijn voor het 
immuunrespons van het embryo. Echter, om gouden nanodeeltjes direct te kunnen lokaliseren 
in zebravis embryo’s en om vast te stellen of ze worden opgenomen door macrofagen, hebben 
we twee-foton multifocale microscopie gebruikt. In de staart van een embryo konden we 
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individuele gouden nanodeeltjes zien. De hoge temporele resolutie maakte het bovendien 
mogelijk om een macrofaag af te beelden die meerdere nanodeeltjes had gefagocyteerd terwijl 
deze langs een aderwand bewoog. Deze resultaten illustreren hoe twee-foton multifocale 
microscopie een inzicht kan verschaffen in snelle (biologische) processen die normaal 
verborgen zijn voor detectie. Bovendien laat het zien dat gouden nanodeeltjes uitstekende labels 
zijn om contrast te verschaffen in twee-foton microscopie.  

Samenvattend hebben we laten zien dat deze nieuwe twee-foton methode in staat is om 
snel plaatjes te kunnen maken met hoge-resolutie, minimale achtergrond en lage -fototoxiciteit 
en -fotobleking. Het afbeelden van de distributie van enkele deeltjes in levende organismen gaat 
gemakkelijk in twee-foton multifocale microscopie en kan verder gebruikt worden om het lot 
van deeltjes te volgen over een langere tijdsperiode. De eigenschap om zelfs individuele 
fluoroforen te kunnen meten in vivo en gedurende lange periodes opent talrijke mogelijkheden 
om verschillende cellulaire processen te bestuderen. Onze nieuwe microscoop is dus een 
aantrekkelijke methode voor het bestuderen van individuele moleculen en deeltjes in levende 
organismen en vormt een nieuwe stap in single-molecule biofysica. Twee-foton multifocale 
microscopie zou nieuwe inzichten kunnen brengen in hoe cellen werken en meehelpen aan het 
vergroten van ons fundamenteel begrip van biologische processen. 
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