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1
Introduction

In this chapter, a general introduction to the work presented in this thesis is given. As
most of the work in this thesis focuses on light, electron, or a combination of light and
electron microscopy, these techniques are introduced first. To fully understand why the
combination of light and electron microscopy proves so valuable, the advantages and
disadvantages of the two complementary techniques are discussed as well. From there,
it is explained how correlative measurements can be used to combine the benefits of
both types of microscopy. A major challenge in correlative microscopy, the registration
of images or data, is illustrated by studying HT1080 cells stably expressing LAMP-1-
GFP with light and an electron microscopy. Using this example, it is explained how
particles or fiducial markers that are clearly visible in both modalities can be used to
correlate light and electron microscopy images.

As many studies base their conclusions on results from light microscopy, it is of
utmost importance that these measurements are of excellent quality. This makes it
crucial that microscopes are performing at their best. Moreover, for reliable quantita-
tive measurements the calibration of the microscope is of importance as well. There-
fore, strategies, challenges and the need for new test targets for the calibration and
alignment purposes are discussed in the following section of this chapter.

The chapter finishes by giving an outline of the work presented in this thesis.



2 1.1. Light and fluorescence microscopy

1.1 Light and fluorescence microscopy

In light or optical microscopy, a technique that lies at the heart of the work presented
in this thesis, photons are used to create a magnified image of a specimen [1]. In
its simplest form, a single-lens microscope is used as a magnifying glass to create a
magnified image of an object. Though, for practical reasons, most microscopes used
in research at present are so called ”compound microscopes” and contain at least two
(sets of) lenses. In figure 1.1a schematic illustration of a compound microscope with
two lenses, the objective and the eyepiece, is included. In this setup, a light source and
a condenser lens are used to homogeneously illuminate a specimen from behind. The
light passing through the specimen is collected by the objective lens that creates an
intermediate magnified image of the specimen. The eyepiece lens is now used to further
magnify this image and creates the final image that can be viewed by the user [2, 3].

light
source

condenser

first
image

objective eyepiece

final
imagespecimen

Figure 1.1: Schematic illustration of the most commonly used type of light microscope,
the compound microscope [2].

Fluorescence Microscopy (FM) is an example of a more sophisticated light mi-
croscopy technique that can be used to (selectively) detect fluorescence from a spec-
imen. This fluorescence originates from fluorescent species or substances that emit
light, or photons, after the absorption of light. The emitted photons contain the same
or a smaller amount of energy compared to the photons that were initially absorbed.
To clarify this, an energy or Jablonski diagram and corresponding excitation and emis-
sion spectra of this process are included in figure 1.2. In the Jablonski diagram, S0

and S1 correspond to the singlet ground and first and excited electronic state. The
vibrational energy levels of these states are also included in the figure. For fluorescence
to occur, a photon is absorbed first as indicated by the blue or purple arrow. This
photon excites the fluorophore from its ground state (S0) to a higher vibrational level
of the S1 state. Within (several) picoseconds (10−12 s) or less, the fluorophore relaxes
to the lowest vibrational level of the S1 state via a process called internal conversion
(grey arrow). From this state the fluorophore returns to one of the vibrational states
of the ground state under the emission of a photon (green arrow). The lifetime related
to this process is referred to as the radiative lifetime and is typically in the order of
10−9−10−8 s. After further internal conversion, the fluorophore finally returns to the
lowest vibrational level of the ground state [4].
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Figure 1.2: In (a) an energy or Jablonski diagram and in (b) corresponding excitation
(blue) and emission (green) spectra of a fluorescent molecule.

Fluorescence can occur in molecules, fluorescent proteins, minerals or nanomaterials
such as quantum dots. In figure 1.3 for example, pictures of jellyfish under the illu-
mination of non-visible UV light are shown. After absorption of the UV light, visible
green or pink/red light is emitted by the fluorescent proteins present in the two types
of jellyfish. In this work we will mainly focus on fluorescent molecules or fluorophores
and fluorescent proteins where fluorescence typically originates from aromatic domains
within the molecule or protein.

Figure 1.3: Two types jellyfish under illumination with UV. Pictures were taken at the
aquarium facility of the Loro Parque zoo (Tenerife, Spain).

To use a light microscope for the selective detection of fluorescence, a dichroic mirror
and excitation and emission filters are introduced as illustrated in figure 1.4. The key-
component in this design is the dichroic mirror. This mirror reflects short-wavelength
light that is used for excitation of the specimen, while allowing the longer wavelength
fluorescence emission to pass [2]. The excitation and emission filters are for additional
filtering of the excitation and emission light, respectively. This additional filtering
reduces the amount of detected background signal and opens up the possibility to
selectively detect fluorescent species within a specimen.



4 1.1. Light and fluorescence microscopy

light
source

excitation
filter

emission filter

dichroic mirror

specimen

Figure 1.4: Schematic illustration of a fluorescence microscope [2].

Fluorescence microscopy is a very sensitive technique and under good imaging and
labelling conditions, single fluorescent molecules can be visualized within a specimen.
This high sensitivity in combination with the large field of view of FM techniques
enables the visualization of rare transient events or specific cells within complex tis-
sues [5, 6]. Also, measurements can be performed both in situ and in vivo because
data can be collected very fast and under physiological, non-harmful or toxic condi-
tions. This opens up the possibility to, for example, study dynamic processes within
cells in live-cell experiments [7].

Despite all great properties, FM also comes with some limitations. First of all,
the resolution of FM is limited to a few hundred nanometers for standard confocal
and widefield microscopes. This limit is imposed by the diffraction limit and is large
compared to the size of biomolecules. With super-resolution techniques it is possible
to overcome the diffraction limit [8, 9]. However, the possibility of performing super-
resolution microscopy measurement remains limited for a lot of researchers as it requires
dedicated setups and/or labelling strategies. Another important disadvantage of FM
is that only fluorescent or fluorescently tagged molecules or proteins are visible in FM.
As most materials are non-fluorescent and therefore not visible, information about
surrounding tissue or materials is missing.

1.1.1 Time resolved measurements to study fluorophores and
their fluorescence

For FM measurements, it is crucial that fluorophores are performing well. Therefore,
the performance of fluorophore is frequently studied with time-resolved measurements.
One of the important parameters that can be deduced from the fluorescence decay
curve is the fluorescence lifetime of a fluorophore. This lifetime determines how many
times a fluorophore can cycle between its excited state and is ground state per second.
Apart from the fluorescence lifetime, time traces contain far more information. It is for
example also possible to study fluorescence quenching and enhancement. Because of
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the importance of time resolved measurements throughout the work presented in this
thesis, some basics are explained in the following section.

Fluorescence always starts with the excitation of a fluorophore from its ground
state to an excited state. After excitation, the excited fluorophore will return to its
ground state at some point in time. This can occur via the emission of a photon,
a process referred to as radiative decay, or non-radiatively as indicated in figure 1.5.
In the absence of external effects, the rates of both processes are characteristics of a
fluorophore and determine the time the fluorophore on average remains in its excited
state. This time is referred to as the fluorescence lifetime or the radiative decay time
(τ) and is determined by the radiative decay rate (kr) and the non-radiative decay
rate (knr) as indicated in the equation below. Here, all possible non-radiative decay
processes are grouped and represented by a single rate constant (knr) [4].

τ =
1

kr + knr
(1.1)

k
r

k
nr

E
n
er
gy

Figure 1.5: A simplified Jablonski diagram representing that following excitation (pur-
ple arrow) a fluorophore can return to its ground state radiatively (green arrow) or
non-radiatively (black arrow). The rate constants kr and knr are related to these
processes and determine the fluorescence lifetime (τ) and the quantum efficiency of a
fluorophore.

Radiative and non-radiative decay are two competing processes. Therefore, not
only the fluorescence lifetime but also the probability that excitation of a fluorophore
is followed by the emission of a photon is determined by the rate constants related to
these processes (kr and knr). kr and knr can be used to calculate the quantum efficiency
(QE) or quantum yield of a fluorophore. As the name suggests, the QE is defined as
the number of emitted divided by the number of absorbed photons and is therefore a
measure of the fluorescence efficiency of a fluorophore. It can be calculated as follows:

QE =
Number of emitted photons

Number of absorbed photons
=

kr
kr + knr

= τkr (1.2)

From this equation, it can be concluded that the QE of a fluorophore decreases
when the non-radiative decay rate, knr, increases. This is exactly what happens when
fluorophores are quenched, for example by nearby heavy metals. As the quantum
efficiency is related to the fluorescence lifetime (equation 1.2), this is accompanied by
a decrease in the fluorescence lifetime.
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Fluorescence lifetimes can be determined by performing time resolved or radiative
decay measurements. Time-correlated single photon counting (TCSPC) [10] is fre-
quently used for this purpose. In these measurements, time traces or decay curves are
obtained by the detection of single photons after excitation of fluorophores by a very
short laser pulse. This process is repeated many times and decay curves are obtained
by correlating the time of arrival of each photon (t) with the timing of the laser pulse
(t=0), see figure 1.6a.

ba

Figure 1.6: In (a) the laser pulse that is used for excitation of the fluorophores is
indicated by the yellow bar (not on scale) and the red curve represent the recorded
time trace. In (b) single-exponential decay curves of a fluorophore with a fluorescent
lifetime of 4 ns (red) and 1 ns (orange) and a multi-exponential decay curve (green)
are simulated. The multi-exponential decay curve contains two fluorescent components
with fluorescent lifetime of 4 ns (30%) and 1 ns (70%).

When decay curves of a single fluorophore, with a single fluorescence lifetime are
recorded, they can be fitted with a single-exponential function (equation 1.3). In this
equation, I0 corresponds to the intensity (or number of counts) immediately following
the excitation pulse and τ corresponds to the fluorescence lifetime of the fluorophore.

I(t) = I0 exp(
−t
τ

) (1.3)

If fluorophores with different lifetimes are present within an ensemble of fluorophores,
the situation becomes more complex as this result in multi-exponential decay curves.
This can occur for example when a fraction of the fluorophores within the measure-
ment is affected by a quencher. Fluorescence quenching introduces an additional non-
radiative pathway and therefore lowers the radiative lifetime as well as the QE of
fluorophores. An example of such a double-exponential decay curve is indicated by the
green line in figure 1.6b.
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1.2 Electron microscopy

In Electron Microscopy (EM), the second important technique used in this thesis, elec-
trons are used for imaging instead of photons. As the wavelength of an electron is much
smaller than the wavelength of a photon, EM techniques have a far greater resolution.
Achievable resolutions are in the order of nanometers for regular EM microscopes and
in the order of tens of picometers for dedicated high-resolution systems.

In figure 1.7 a schematic representation of the two most commonly used types of
electron microscopes are shown: the transmission electron microscope or TEM and
the scanning electron microscope or SEM. The design of a TEM (a) is very similar to
that of the light microscope included in figure 1.1. The most important difference is
the presence of an electron source instead of a light source. Furthermore, lenses are of
electromagnetic origin as they are designed to focus and manipulate an electron beam,
and images are collected on a fluorescent screen and the entire setup, or ‘column’, is
placed into a sealed chamber under high vacuum. This high vacuum is necessary as the
electrons would otherwise collide with atoms/molecules present in air before reaching
the specimen and/or fluorescent screen.

The scanning electron microscopy or SEM setup in (b) on the other hand looks very
different as images are collected in a different manner. Apart from the lenses that are
used to create a very narrow electron beam, this setup contains a scanning coil or beam
deflector. This beam deflector is used to change the x/y position of the beam so that
it is possible to scan the surface of the specimen with a focused beam of electrons.
While scanning, a detector is used to collect a fraction of the electrons that is scattered
or released by the specimen. Images are created by correlating this signal with the
position of the electron beam.

The high resolution in EM is great but also comes at a price as the field of view
of an electron microscope is typically very small. This limits the possibility to image
large volumes or areas. Another disadvantage is that the grey scale images collected
with EM do not contain any functional information about the observed structures.
Additionally, under the high vacuum conditions that are encountered in EM, in vivo
or in situ imaging is no longer possible.
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Figure 1.7: Schematic illustration of (a) a transmission and (b) a scanning electron
microscope [2].
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1.3 Correlative Light & Electron Microscopy

In Correlative Light and Electron Microscopy (CLEM), a combination of light and
electron microscopy is used to explore a single specimen. This combination proofs
valuable because it combines the advantages of FM and EM [11]. First, FM is used
to visualize, localize and track specific fluorescent molecules in cells over large areas or
volumes with high sensitivity and specificity. Next, EM is used to gather high resolution
structural information of regions of interest identified by FM. At present, most CLEM
experiments are performed in a non-integrated fashion; FM and EM data is collected
sequentially using two dedicated setups. In this approach, FM data is collected first
because most fluorophores or fluorescent proteins degrade upon interaction with an
electron beam. Also, not all fluorophores and fluorescent proteins remain fluorescent
under the dry and vacuum conditions encountered in an electron microscope. Because
the heavy metals that are introduced to provide EM contrast quench most fluorescence,
FM data is often recorded before specimen are prepared for EM. Another advantage of
this non-integrated CLEM is that the great variety of well-developed labelling agents,
protocols and setups for FM and EM is accessible without having to compromise on
one of them.

An obvious disadvantage of non-integrated CLEM is the need to transfer specimen
from the first to the second microscope. During this transfer, specimens are easily
contaminated or damaged. For cryo measurements, in which the sample has to remain
stable at a temperature around 4 K, this becomes even more challenging as the cryo
conditions should be maintained when the sample is transferred from microscope to
microscope. If a sample is successfully transferred to the second microscope another
challenge appears. Retrieving a region of interest in EM that was first imaged in FM
is not always straight-forward and can be time consuming as the orientation of the
sample changes when the sample is transferred.

To tackle these challenges, various alternative routes were developed by the inte-
gration of a fluorescence microscope in an electron microscope. We refer to this as
integrated CLEM or iCLEM. The first integrated microscope was already presented in
the 1982 by Wouters and Koerten et al. [12]. Together they managed to integrate a
light microscope in a scanning electron microscope. From there on, great developments
were made, see the reviews by Timmermans and Otto [13] and Ando et al. [14]. Two
important developments will be addressed in the following section.

The first important development was presented by Agronskaia [15] and co-workers
in 2008 when a fluorescence microscope was successfully integrated in a transmission
electron microscopy. In the design of this microscope a long working distance, low-NA
objective is placed between the pole pieces of the TEM lens. To switch between FM and
EM, the sample is tilted 90 degrees as illustrated in figure 1.8. The iLEM prototype of
this microscope was commercialized by FEI (now ThermoFisher Scientific) as the iCorr.
This setup is the first commercially available iCLEM microscope. Recently the work by
Agronskaia et al. was extended by Hendriks, Mohammadian and co-workers [16] who
demonstrated that it is also possible to perform integrated correlative super-resolution
measurements with the iLEM setup via single-molecule fluorescence measurements.
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Figure 1.8: The iLEM/iCorr design: an objective is placed between the pole pieces of
the TEM lens. To switch between FM and EM imaging, the sample is tilted. Image
was taken from ref [16].

The second iCLEM setup that is addressed here was presented in 2013 by Zon-
nevylle [17] and co-workers. This microscope is an improvement on the work of Wouters
and Koerten as it also integrates a light microscope in a scanning electron microscope.
In the design of this microscope, a high-NA objective lens is placed below the sample,
paraxial to the SEM as illustrated in figure 1.9. This geometry allows for simultaneous
collection of FM and EM data [18] and allows for sub-5 nm image registration [19].
This microscope was commercialized by Delmic as the SECOM microscope. Nowa-
days also the SECOM-SR, a microscope that combines super-resolution (SR) optical
microscopy and electron microscopy, is also commercially available.

light source

camera

vacuum
chamber

LM
Objective

EM
Column

Figure 1.9: The SECOM design: a high-NA objective is placed below the sample,
paraxial to the SEM. Image was taken from the Delmic website.
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The iCLEM techniques are all based on a 2D electron microscopy technique, i.e.
scanning or transmission electron microscopy. Within the TTW Microscopy Valley
programme, progress has been made to develop the first 3D iCLEM setup by integrating
a confocal microscope in a focused ion beam scanning electron microscope. After the
confocal microscope is used to obtain 3D FM data that can be used to rapidly locate
regions of interest, the system is capable of producing high resolution 3D EM images
by repetitively removing layers by ion-beam milling and recording SEM images (slice
and view). The possibility to only image predefined regions of interest in EM will
significantly speed-up the 3D CLEM workflow.

1.3.1 The challenge of data registration

To gain additional information from CLEM experiments, it is very important to prop-
erly overlay or register (stacks of) images obtained in the two modalities. How chal-
lenging this registration can be is demonstrated by the example CLEM data included
in figure 1.10. In this figure, FM and EM images of a 70 nm thick cryosection of
HT1080 cells stably expressing LAMP-1-GFP are included. The first thing to notice
from these images is that the FM and EM images look completely different. In FM,
fluorescence coming from LAMP-1, DAPI and SiR-Lysosomes is recorded in three sep-
arate channels, depicted in green, blue and magenta. All other cellular structures are
non-fluorescent and therefore not visible. The grey scale image recorded in EM, on the
other hand, shows the entire cellular structure but does not contain any information
about the presence of DAPI, LAMP-1 or SiR-lysosomes. In this example, the unusual
shape of the DAPI labelled nuclei can be recognized in both modalities. This shape
can be used to identify the region imaged in EM and/or to create a first rough overlay;
but often such features are not present. Other possible issues apparent from the images
which can make image registration more difficult are the large difference in scale, field
of view and resolution.

LAMP-1

DAPI

SiR-Lysosomes

Figure 1.10: FM (left) versus EM (right) images of a 70 nm thick cryosection of HT1080
cells stably expressing LAMP-1-GFP. Scale bars indicate 20 and 2 µm.
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One of the ways to overcome the challenge of image registration is the introduction
of particles or fiducial markers that are clearly visible in both modalities. Positions of
the fiducial markers can then be used as reference points to overlay the data obtained
in the two modalities, as shown in figure 1.11.

Registered dataFM data EM data

Figure 1.11: Particles or fiducials markers visible in both, FM and EM, can be used as
anchor points to register data obtained in the two modalities.

Such fiducial markers have to meet several requirements. For EM, it is important
that the particle or nanocomposite has a high EM contrast with respect to the sur-
rounding (biological) specimen, background or support. For FM it is also important
that the particle is bright and photostable. For an integrated approach, the fluorescence
must be preserved even under the vacuum and/or cryo conditions of an electron micro-
scope. A final and very important requirement is the size of the particle. For particles
that are used only as fiducial markers, a relatively large particle diameter of 50-100 nm
would be acceptable. However, if the particles are also used for (immuno)labelling, the
total diameter should be as small as possible, ideally below 50 nm.
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1.4 Evaluating the quality of a light microscope

Much of the work presented in this thesis relies on the quality of light microscopy
measurements. The quality of these measurements is determined by the performance
of the microscope that is used. Therefore, it is important that good methods and
standards are available to quantify and optimize the performance of the microscope.
The performance is not only determined by the specifics of the setup but also highly
depends on the alignment of the optical components within the microscope. Because
microscope alignment can vary over time, the performance should be evaluated on a
regular basis to guarantee a high level of quality of all measurements.

For quantitative measurements, besides performance and alignment, it is also impor-
tant that a microscope is well calibrated. Calibration of the lateral dimensions (x and
y) of the field of view is reasonably straightforward as calibrated stage micrometers or
test targets that are specifically designed for this purpose are commercially available.
In figure 1.12 images of such a test target are included, the different patterns on this
grid can be used for calibration purposes or to for example measure image distortions,
to identify focus errors or to evaluate resolution in two dimensions [20]. Scaling and
calibration of the axial direction (z) on the other hand, is more challenging and easy
commercial solutions are not available.

Figure 1.12: Thorlabs R1L1S1P combined resolution and distortion test targets, 18
mm x 18 mm [20].

Some clever solutions for this are presented in literature. An example of this is the
generally applicable procedure for the axial calibration of a confocal microscope pre-
sented by Besseling et al. [21]. Besseling and co-workers demonstrated that a sample
cell built from ordinary glass cover slips can be used for the axial calibration of a con-
focal microscope. This was achieved by accurately measuring the height of the empty
cell. Next, confocal stacks of the cell filled with solvents with different refractive indices
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and fluorescent dye were recorded. For each refractive index, the measured cell height
was different as changing the refractive index results in linear shrinkage or elongation
of images in the axial direction. By comparing this confocal height with the actual
height of the (empty) cell the axial scaling factor could be deduced as a function of the
refractive index.

A good way to determine how well a microscope performs is by recording the Point
Spread Function (PSF) of the setup [22]. The PSF is obtained by recording a 3D
image of a single sub-resolution object and basically shows the blurring of a point
object by the microscope. By comparing the recorded PSF to a theoretical PSF it is
possible to deduce how well a microscope is performing and/or aligned as distortions or
misalignment effects are absent in the theoretical PSF. Deformations, (large) differences
in size or sudden changes in the experimental PSF are all indications that a setup is
misaligned or not performing as it should.

With the advent of (3D) super-resolution microscopy techniques such as stimulated
emission depletion (STED) microscopy, calibration, alignment and therefore the possi-
bility to record PSFs became even more critical. The success and achievable resolution
of STED measurements strongly depend on the size and shape of the PSF. As this PSF
is the product of the interaction of two laser beams with the specimen, the excitation
and depletion beam, it is important to also determine how these beams are aligned
with respect to one another. Gold beads are frequently imaged in reflection to study
and improve the alignment of the two beams and to increase the quality of the final
PSF.

Another reason to collect PSFs is their use in image post-processing. Experimen-
tally obtained PSFs are frequently used to increase the resolution of images by de-
convolution techniques. This is a mathematical process that (partially) corrects for
the response of the microscope to an object, thereby deblurring images [23]. The
observation that image restoration with an experimentally measured PSF allows for
better image restoration than deconvolution with a theoretical PSF [24] stresses how
important it is that methods are available to reliably measure the PSF of a setup.

At present, good tools are available to measure PSFs and to align (3D) STED
beams close to the cover glass. This used to be sufficient as the majority of images was
collected close to the cover glass. Though, with the development of high-end objectives
that can be used to collect images far away from the cover glass [25] this is no longer
sufficient. To use these objectives at their maximum capacity, it becomes a necessity to
also develop methods to reliably characterise PSFs far away from the cover glass. To
meet this need, test targets should be developed that can be used for calibration and
alignment of (STED) microscopes in three dimensions. Ideally, this would substitute
the multitude of samples that is currently needed to check the full performance of such
a microscope. This could be achieved for example by placing various materials in a
smart (nano)geometry.
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1.5 Outline of this thesis

Throughout this thesis, nanocomposite particles are used for various applications in
(correlative light and electron) microscopy. To facilitate further reading, a brief outline
of the thesis is given below.

Chapter 2 starts with a discussion of the importance of fluorophore labelling density.
Silica particles labelled with different fluorophore densities are used to study how la-
belling density and the brightness and bleaching behaviour of the particles relate to
each other. To explain and learn from this experimental work, simulations are included
as well.

In Chapter 3 nanocomposite particles based on a gold core and a fluorescently la-
belled silica shell are presented as fiducial markers for correlative light and electron
microscopy. Within this nanocomposite particle, the gold core provides contrast for
EM and fluorophores covalently incorporated in the silica shell provide fluorescence for
FM.

Chapter 4 elaborates on the previous chapters as the fiducial markers are tested in an
iCLEM experiment. To this end, cells are labelled in three dimensions by endocytosis
of the fiducial markers. Following uptake, the cells are prepared for EM following the
extremely thin layer plastification protocol. Throughout this procedure the fluores-
cence of the fiducial markers is monitored as it is crucial that (enough) fluorescence
is preserved for iCLEM compatibility. In the final section, 3D iCLEM measurements
of the obtained cellular samples are included. This data is recorded on an integrated
setup that was developed by co-workers within this project.

In Chapter 5 a single sample is presented to check the full performance of a 3D (super-
resolution) light microscope. This sample is composed of a refractive index matched
colloidal crystal of silica beads with a fluorescent or a gold core. The periodicity of
this sample can be used to calibrate the microscope in three dimensions; alignment of
laser lines can be checked using the reflection of the gold cores; and the point spread
function (PSF) can be measured at multiple positions and depths using the fluorescent
cores.





2
A Study of Fluorophore
Labelling Density Effects

In this chapter, theory, measurements and simulations are presented to get a better
understanding of the effects of fluorophore labelling density on brightness and bleaching
of fluorescently labelled particles. In the theoretical model, a combination of energy
transfer and quenching is considered to explain labelling density effects on fluorescence
behaviour. Next, particles labelled with different fluorophore labelling density are
synthesized and characterized to validate the presented model. The fluorophore of
choice for this is rhodamine B as this is a very popular, well studied and commercially
available fluorophore. Silica is chosen as a host material as good methods are available
to synthesize fluorescently labelled, spherical and monodisperse silica particles.
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2.1 Introduction

When fluorescently labelled particles are used in fluorescence microscopy, it is impor-
tant that the particles are well visible. The particles should be so bright that their
fluorescence intensity is well above any background signal. In addition, the particles
should remain visible over a longer period over time, so the bleaching behaviour of the
particles is of importance as well. Because both, brightness and bleaching, depend on
the density or number of fluorophores in the particles, optimization of the labelling
density is necessary. This chapter focusses on optimization of the labelling density of
fluorescently labelled particles.

2.2 Brightness and labelling density

First, we will consider how labelling density affects the brightness of a fluorescently la-
belled particle. As a starting point, it seems reasonable to assume that the brightness of
a particle scales with the number of fluorophores within the particle. This assumption
would hold if fluorophores can be viewed as independent molecules but in reality, the
situation is much more complex. If the distances or separations between fluorophores
become short enough, fluorophores can sense each other and interactions between fluo-
rophores come into play. As short-range interactions between fluorophores often result
in fluorescence quenching, increasing the number of fluorophores often does not result
in the expected (linear) increase of the fluorescence intensity [4, 26, 27, 28, 29, 30].
Concentration-quenching and self-quenching are frequently used terms to refer to this
effect. In the following section, an explanation for this observation is given by consider-
ing which distance dependent interactions can occur between fluorophores. Generally
speaking, three regimes can be identified:

1. Large distances (> 10 nm)
Fluorophores do not sense each other, and the intensity scales with the number
of fluorophores in a particle;

2. Intermediate distance (∼ 1-10 nm)
When separations are in this range, Förster Resonant Energy Transfer (FRET)
between fluorophores can take place and allows the excited state to migrate be-
tween fluorophores. The intensity again scales with the number of fluorophores
in a particle;

3. Close distance (< 1 nm)
Overlap of the electron clouds or orbitals results in strong quenching effects. The
linear relation between intensity and the number of fluorophores in a particle no
longer holds.

In the particles used in this thesis, fluorophores are expected to be randomly dis-
tributed throughout the particles. Therefore, a distribution of distances between fluo-
rophores will be present in every particle. In figure 2.1, a schematic 2D representation



Chapter 2. A Study of Fluorophore Labelling Density Effects 19

of randomly distributed fluorophores is shown; here, labelling density increases from
(a) to (c). If we simplify the system by assuming that all fluorophores have a 100%
quantum efficiency, there are different possibilities after the excitation of a fluorophore
for the different labelling densities.

In (a) there are no interactions between fluorophores because distances between flu-
orophores are large (> 10 nm). Excitation of one of the fluorophores will therefore
always results in the emission of a photon. In (b) separations are within the range of
Förster energy transfer. This allows the excited state to migrate between fluorophores
until a photon is emitted by one of the fluorophores. In (c1 & c2) many of the fluo-
rophores are within the range of Förster energy transfer and some of the fluorophores
are at close distance so that self-quenching takes place. The latter fluorophores act as
quenching centers and are often dimers. After excitation there are two options: the
excited state can either migrate until a photon is emitted (c1) or it can migrate until it
reaches one of the quenching centers (c2). If the excited state reaches a quenching cen-
ters, no photon is emitted which reduces the number of emitted photons and thereby
the fluorscence intensity or brightness of the particles.

ba

c1 c2

Figure 2.1: A schematic illustration of the three labelling density regimes. White and
black spheres represent fluorophores and quenching centers respectively. The wavy blue
and green arrows indicate excitation by and emission of a photon, the straight green
arrows indicate that the excited state is transferred non-radiatively from fluorophore
to fluorophore.
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This figure illustrates how important it is to optimize the labelling density to ob-
tain bright particles. At low labelling densities, increasing the number of fluorophores
results in an increase in the brightness of the particles. When the labelling density
becomes higher, this increase is (partially) counterbalanced because some of the fluo-
rescence is quenched. At very high labelling densities, the probability of formation of
quenching centers (dimers) can be high and the fluorescence can be strongly quenched.
In the following sections, a combination of theory, measurements and simulations is
presented to gain more insight in labelling density effects.

2.2.1 Energy transfer at intermediate distances (∼ 1-10 nm)

Energy can be transferred non-radiatively between fluorophores via Förster Resonance
Energy Transfer by dipole-dipole interaction. A schematic representation of this pro-
cess is shown in figure 2.2. In this representation, a donor is excited by a photon.
This donor returns to its ground state by transferring its energy non-radiatively to a
nearby acceptor. Finally, the now excited acceptor returns to its ground state by the
emission of a photon or via a non-radiative decay process. For FRET to occur, three
requirements must be fulfilled.

Emission

AcceptorDonor

ba

Excitation

Energy
transfer

AD E
n
er
gy

Figure 2.2: In (a) A schematic representation of FRET, in (b) the Jablonski diagram
for this process.

1. The distance between the donor and acceptor

This first requirement is that the donor and the acceptor are in close proximity, typically
within ∼10 nm. The distance dependency of the energy transfer efficiency, EFRET is
given by:

EFRET =
R6

0

R6
0 + r6

(2.1)

Here, r corresponds to the distance between the donor and the acceptor and R0

is the Förster distance of the FRET pair. This Förster distance is defined as the
distance where EFRET = 50% and depends on the photophysical properties of donor
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and acceptor. Förster distances of commonly used fluorophores are between ∼3 and ∼7
nm [4, 31]. The equation shows that the FRET efficiency is inversely proportional to the
sixth power of the donor-acceptor separation. Therefore, this process is very sensitive
to small changes in donor-acceptor separation. This is clearly visible in figure 2.3 where
the energy transfer efficiency is shown as a function of the donor-acceptor separation,
r/R0. FRET occurs when the distance between the donor and the acceptor is less than
approximately two times the Förster radius. When r/R0 is between 0.5 and 1.5, small
variations in the donor-acceptor distance have a large effect on the FRET efficiency.
This strong distance dependency makes FRET ideal to, for example, study protein
folding, dynamics or interactions between molecules [32, 33, 34].
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Figure 2.3: FRET efficiency as a function of the separation (r/R0) between a single
donor and a single acceptor molecule. R0 is the Förster distance of the donor-acceptor
pair.

The same r−6 distance dependency is found in the expression for the energy transfer
rate, kFRET , from a donor to a nearby acceptor:

kFRET =
1

τD

(
R0

r

)6

(2.2)

Here, r and R0 again correspond to the distance between the donor and the acceptor
and the Förster radius and τD is the decay time of the donor.

2. Spectral overlap of donor emission and acceptor absorption

The donor emission spectrum and the acceptor absorption spectrum should overlap
to make energy transfer energetically possible. This shows up in more detail in the
expression for the Förster radius:

R6
0 =

9000(ln10)κ2QD

128π5Nn4
J(λ) (2.3)

Here, QD is the quantum yield of the donor in absence of the acceptor, n is the
refractive index of the medium, N is Avogadro’s number, κ2 the orientation factor (see
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below). The overlap integral, J(λ), is a measure for the degree of spectral overlap
between the donors emission and acceptors absorption. This number is calculated as
follows:

J(λ) =

∫ ∞
0

FD(λ)εA(λ)λ4dλ (2.4)

Here, FD (λ) is the corrected fluorescence intensity of the donor and εA(λ) is the
extinction coefficient of the acceptor at a given wavelength λ. The corrected fluores-
cence intensity is obtained from the emission spectrum by normalizing its total area to
unity.

In figure 2.4a spectra of a fictional FRET-pair are shown. Here, the area in grey
corresponds to the area where there is spectral overlap between donor emission and
acceptor absorption. This is an example of hetero-FRET as energy is transferred be-
tween non-identical fluorophores. Though, FRET can also occur between two identical
fluorophores as long as there is significant spectral overlap between the absorption and
emission spectra. This is illustrated in figure 2.4b where the absorption and emission
spectra of the donor in (a) are included. In this example there is significant spectral
overlap between the spectra. If two of these molecules are within the FRET-range
and one molecule is excited, it can also transfer its energy, as a donor, to another
fluorophore, now acting as an acceptor and vice versa. We refer to this as homo-FRET
because energy is transferred between identical fluorophores.
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Figure 2.4: Absorption (blue/orange) and emission (green/red) spectra for (a) hetero-
and (b) homo-FRET. Spectral overlap is indicated by the grey area.
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3. The relative orientations of donor and acceptor transition dipole mo-
ments

The relative orientations of the transition dipole moments of the donor and acceptor
also plays a role in the energy transfer probability. This effect is usually expressed
by the orientation factor, κ2, which depends on the relative orientations of the donors
emission dipole moment and the acceptors absorption dipole moment. In this work, we
assume the dipole moments to be randomly oriented and that spatial averaging takes
place of their orientations. This results in a κ2 value of 2/3.

2.2.2 Dexter quenching at close distances (< 10 Å)

When the distance between two fluorophores becomes small enough, their electron
clouds will overlap. This overlap allows an excited electron to transfer non-radiatively
from an excited to an unexcited fluorophore. This type of energy transfer is often
referred to as ”Dexter electron transfer” (DET) and results in a high probability of
fluorescence quenching. Therefore it is also referred to as “Dexter quenching”. Dexter
proposed a theory for this mechanism in 1953 when he was studying sensitized lumi-
nescence of atoms in solids [35]. According to this theory, the rate or probability of
energy exchange between an excited and an unexcited atom is given by:

kDET = A exp [
−2r

L
] ∝ J(λ) exp [

−2r

L
] (2.5)

Here, kDET is the transfer rate or probability of energy transfer, A is the Dexter
amplitude, r is the distance between the atoms and L is the effective average Bohr ra-
dius for the excited and unexcited states of the atoms. As we are studying fluorophores
instead of atoms, the van der Waals radius (rw) of the fluorophore is used instead of
the average Bohr radius (L). The dimensions of rhodamine B and its electron cloud,
the fluorophore used in this study, is reported to be around 4 by 10 by 17 Å [36, 37, 38].
Therefore, overlap of the electron clouds and quenching is expected when the separa-
tion between fluorophores is below 10-20 Å.

It is good to finalize this section by stressing that Dexter electron transfer and FRET
(section 2.2.1) are two different mechanisms for the transfer of energy between fluo-
rophores [4]. For Dexter electron transfer close molecular contact is required as this
type of energy transfer originates from a quantum mechanical effect. Energy transfer
via FRET on the other hand finds is origin in dipole-dipole coupling of fluorophores
which is a through-space interaction.
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2.3 Photobleaching and labelling density

When fluorescent probes are excited repeatedly, they tend to lose their ability to fluo-
resce over time [39, 40]. Therefore, FM images fade in time during fluorescence mea-
surements up to the point where fluorescence is completely lost. This fading is caused
by chemical alterations in the fluorescent molecule that result in an often permanent
loss of the ability to fluoresce, a process referred to as photobleaching or bleaching. The
photobleaching rate depends on various factors such as the type of fluorophore, the illu-
mination intensity, time and wavelength and the environment of the fluorophore. The
presence of oxygen, for example, speeds up the process of photobleaching. Therefore,
anti-fading agents are often used that inhibit the generation and diffusion of reactive
oxygen species [40, 41, 42, 43].

Besides the previously stated factors, the photobleaching rate also depends on the
fluorophore labelling density. Imhof et al. reported a decrease in the photobleaching
rate of fluorescein labelled silica particles with increasing fluorophore labelling den-
sity [27]. A possible explanation for this was given by considering the decrease in ra-
diative lifetime with increasing labelling density. The shorter lifetime results in faster
depopulation of the excited state, which lowers the probability of bleaching via excited
state reactions.

Another effect that can occur is that quenching of a fluorophore by a neighbouring
bleached fluorophore becomes less efficient. Bleaching would therefore be counterbal-
anced by an increase in the fluorescence intensity of neighbouring fluorophores. In the
work by Genovese et al., such a mechanism is used to explain the observed reduction
in photobleaching of pluronic silica particles labelled with increasing fluorophore (rho-
damine B) labelling densities [44]. For the highest labelling densities, this mechanism
could even explain the unexpected observation of initial photo brightening of the parti-
cles upon illumination. Acceptor-photobleaching FRET studies are also based on this
principle. In this technique, it is assumed that fluorophores are completely destroyed
upon permanent photobleaching. Therefore, after selective photobleaching of the ac-
ceptor, FRET is no longer possible which results in an increase of the donor intensity.
Despite the successes of this method, the possibility that light absorbing species act as
“dark quenchers” is not taken into account. This leads to a possible underestimation
of the unquenched donor fluorescence [45].

In this chapter, the relationship between photobleaching and labelling density of fluo-
rescent nanoparticles is studied using photobleaching and radiative lifetime measure-
ments.



Chapter 2. A Study of Fluorophore Labelling Density Effects 25

2.4 The distribution of fluorophores

When fluorophore labelling densities are considered, one often refers to the ”average”
fluorophore separation. This value corresponds to the average separation between
fluorophores in case of a fully homogeneous distribution. A schematic representation
of such a homogenous distribution in three dimensions is included in figure 2.5. In this
ordering, the separation between all nearest neighbour fluorophores is the same.

Figure 2.5: A 3D representation of a fully homogenous distribution of fluorophores.
Red spots correspond to fluorophores and all lines are of equal length.

In reality, a more or less random distribution of fluorophores throughout the volume
is expected. This results in the presence of a distribution of fluorophore separations. If
for example the average fluorophore to fluorophore separation is estimated to be around
10 nm, distances smaller as well as larger than 10 nm will be present. This can be
demonstrated by Monte Carlo simulations of fluorophores randomly placed inside the
volume of a sphere, see figure 2.6. This data was obtained by placing 523 fluorophores
inside the volume of a 100 nm diameter sphere. With this number of fluorophores
and volume, a volume of 10x10x10 nm3 is available per fluorophore and an average
fluorophore separation of 10 nm.

To visualize the range of fluorophore separations, nearest neighbour distances were
calculated for all fluorophores. By repeating the simulation, statistically relevant data
was obtained. An example of a simulated distribution is plotted in figure 2.6. This
figure shows that the average nearest neighbour distance is shorter than the average
separation. Another important observation is that distances in both the Förster and
the Dexter regime are present. This reveals that, at this dye concentration, both
homo-FRET and quenching via Dexter electron transfer can take place in the particles.
Homo-FRET now allows the excited state to migrate from an unquenched to a (nearby)
quenched fluorophore, thereby contributing to quenching.
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Figure 2.6: Sample data of Monte Carlo simulations where points, representing fluo-
rophores, are positioned inside the volume of a 100 nm diameter sphere. Here, 523
fluorophores were placed inside the sphere corresponding to an average separation of
10 nm.
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Figure 2.7: Histograms of the nearest neighbour distance between fluorophores inside
a 100 nm diameter sphere obtained from Monte Carlo simulations. Distances in the
legend correspond to average fluorophore separations.
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2.5 Experimental details

2.5.1 Synthesis of the rhodamine B labelled silica particles

The particles were synthesized via the procedure depicted schematically in figure 2.8.
In the first step, non-fluorescent silica cores with a diameter of approximately 30 nm
were synthesized as described by Karg et al. [46] and Reculusa et al. [47]. In the
next step, these cores were used as seeds and coated with a layer of rhodamine B
labelled silica. Seeded growth was the preferred method because this method can be
used to synthesize spherical monodisperse silica particles of any desired size below a
micron [48, 49]. By using the same seeds and by keeping all reactions conditions except
for the fluorophore concentration equal during this seeded growth step, particles of the
same size labelled with different fluorophore densities were synthesized. After growth
of the rhodamine B labelled silica layer, a second seeded growth step was performed
to grow an additional non-fluorescent silica layer. This layer is added for stabilization
since it prevents aggregation of the particles.

Stöber

60°C 

TEOS

Ammonia

Ethanol

TEOS

RITC-APTES

TEOS

Figure 2.8: A schematic representation of the synthesis of rhodamine B labelled silica
nanoparticles. By varying the amount of RITC-APTES added in the first seeded
growth step, particles with different fluorophore labelling densities can be obtained.

Materials

Tetraethyl orthosilica or TEOS (reagent grade, 98%), ammonium hydroxide solution
(ACS reagent, 28-30% NH3 basis), rhodamine B isothiocyanate (mixed isomers) or
RITC, 99% (3-aminopropyl)-triethoxysilane or APTES, sodium hydroxide pellets (ACS
reagent, >97.0%) and Vivaspin 20 centrifugal concentrator tubes (MWCO 100.000 Da)
were purchased from Sigma-Aldrich. Absolute ethanol was purchased from Merck. All
glassware was extensively cleaned with soap, water and ethanol prior to use. Milli-Q
water was used in all experiments.

Synthesis of the non-fluorescent silica cores

50 mL ethanol and 3.75 mL ammonia were transferred to a round bottomed flask
equipped with a condenser. The solution was placed in a 60◦C preheated oil bath for
30 minutes under constant stirring at 300 rpm. After 30 minutes, the stirring speed
was increased to 500 rpm followed by the injection of 1.5 mL TEOS. 10 minutes after
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this addition, the stirring speed was reduced to 300 rpm and stirring and heating was
continued. After approximately 16 hours, the now slightly turbid solution was cooled
down to room temperature and stored in the refrigerator.

Growth of the rhodamine B labelled silica layer

Prior to the seeded growth, RITC-APTES coupling was performed by transferring 10
mg RITC and 1 mL absolute ethanol to a vial. Under constant stirring, 83 µL APTES
was added to this solution. The vial was closed and wrapped in aluminium foil to
protect the fluorophore from photo bleaching and stirred for another 16 hours. After
16 hours, different dilutions ranging from 0 to 40 vol% of the RITC-APTES solution in
ethanol were prepared. These solution were used to synthesize particles with relative
dye concentrations ranging from 0 to 40 (labelled as [Dye] = 0 – 40).

For growth of the rhodamine B labelled silica layer, 180 mL ethanol and 1.8 mL of
the solution of non-fluorescent silica cores were transferred to a vial and sonicated for
15 minutes to ensure homogenization. 15 mL of the obtained solution was transferred
to vials A-J. Under continuous stirring at 600 rpm, 1.5 mL ammonia and 15 µL of a
10 vol% solution of TEOS in ethanol was added to all vials to grow a first thin layer
of non-fluorescent silica. The growth of this layer helps to stabilize the particles before
growth of the rhodamine B labelled silica layer is started. After 90 minutes, growth of
the rhodamine B labelled silica layer was started by the addition of 60 µL of the diluted
rhodamine B solution and 60 µL of 10 vol% TEOS solution to all vials. The different
dilutions of RITC-APTES in ethanol were used for vials A-J to obtain particles labelled
with various rhodamine B concentrations. Both additions were repeated with 180, 500
and 800 µL with time intervals of 90 minutes to grow the entire fluorescently labelled
silica layer. 90 minutes after the last addition, a second stabilization layer was grown
by the addition of 300 µL 10 vol% TEOS solution. 60 minutes after this final addition,
the reaction mixtures were transferred to a dialysis bag that was placed inside a 40
mL vial filled with ethanol. The solution were gently stirred and the ethanol was
replaced three times over a time span of 36 hours. Further cleaning of the particles
was performed via repeated centrifugation in 100.000 MWCO vivaspin tubes.

2.5.2 Characterization of the particles

Determination of the fluorophore incorporation efficiency

Immediately after synthesis of the particles, 3 mL of the reaction mixtures was trans-
ferred to 5 mL Eppendorf tubes. These solutions were centrifuged 10 minutes at 10.000
RCF to separate the particles from the reaction mixture. The supernatants were col-
lected and stored; next the particles were redispersed in 3 mL ethanol. Centrifugation
and redispersion in ethanol was repeated two more times to remove all non-incorporated
fluorophore from the solutions.

The particles were dissolved by transferring 1.5 mL particle solution and 1.5 mL of
a 0.4 M sodium hydroxide solution in water to a clean 5 mL Eppendorf tube. The su-
pernatants were diluted following the exact same procedure to obtain a set of reference
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samples. 48 hours after homogenization of the solutions, transparent solutions ranging
from colourless ([Dye] = 0) to pink ([Dye] = 40) were obtained. Absorption spectra of
all solutions were recorded on a HP8953A spectrophotometer in 1 cm quartz cuvettes.
If necessary, samples were diluted with a 1:1 (volume) mixture of ethanol and 0.4 M
sodium hydroxide solution.

Spectral and radiative decay measurements

Bulk excitation and emission spectra of the particles suspended in ethanol were recorded
in 1 cm quartz cuvettes using an Edinburg Instruments FLS920 fluorescence spectrom-
eter. In all measurements, fluorescence was detected at an angle of 90◦ to the exciting
beam. A 530 nm long pass filter was placed between the sample and the detector in all
measurements to remove residual excitation light. To record excitation and emission
spectra, a 450 W xenon lamp and a double excitation monochromator with a grating
blazed at 500 nm was used for excitation. Spectra were recorded with a Hamamatsu
H74220-60 photo sensor module.

Radiative decay measurements of the particles suspended in ethanol were recorded in
1.50 mm quartz ultra-micro-cuvettes on a homebuilt setup. Briefly, a 20 MHz ps pulsed
supercontinuum STC-500 laser (Fyla, Valencia) in combination with a monochroma-
tor tuned to 525 nm, a 515/30 bandpass filter and a vertical polarizer were used for
excitation of the sample. The emitted light was filtered with a 532 longpass and a
590/60 bandpass filter. In addition, an emission polarizer placed under the magic an-
gle was used to remove polarization artefacts. Emitted photons were detected with a
microchannel plate photomultiplier tube (MCP-PMT, Hamamatsu R3809U-50) and
time correlated spectra were recorded with a TCSPC-module (SPC-150 Becker &
Hickl GmbH). Decay spectra were analysed using an up to 3 exponential Levenberg-
Marquardt fit. The homemade analyses software (TRIX), includes iterative deconvo-
lution to account for the effect of the Instruments Response Function (IRF). The Full
Width Half Maximum of the IRF amounted to 100 ps.

Single particle intensity and bleaching measurements

Fluorescence intensity images were acquired using a Nikon Eclipse Ti widefield micro-
scope equipped with a 40x 0.75 NA Nikon air objective. The accessory perfect focus
unit was used to retain sample focus during the measurements. A mercury arc lamp
in conjunction with a 510-560 nm excitation filter, a 565 nm long pass dichroic mirror
and a 590 nm long pass emission filter were used to select excitation and detection
wavelength bands. An excitation intensity of 12.8 mW was used in all experiments,
corresponding to an intensity of 6.0 W/cm2 in the object plane. Finally, a NEO sCMOS
camera (Andor, Belfast) was used to record images.

Single particle intensities were determined using ThunderSTORM software [50]. For
the single particle intensity measurements, the obtained data (a list of fitted intensities
for every fluorescent spot) was directly analysed in Mathematica. To obtain the average
single particle intensities, for every sample, data obtained from at least 20 images was
plotted in a histogram. The first peak in this histogram was attributed to the single
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particle intensity and a normal distribution was fitted to this peak to obtain the mean
intensity and the standard deviation.

To study bleaching, a series of images of a selected region of a specimen were recorded
over time. Bleaching curves were obtained by plotting the average intensity of every
image as a function of time.

To gain more insight into the bleaching behaviour of the particles, radiative decay mea-
surements were conducted at fixed time intervals over the course of bleaching. These
measurements were carried out on a different microscope, a Nikon Eclipse TE2000-S.
All other experimental conditions were chosen to match the experimental conditions
that were used to obtain the bleaching curves. Briefly, the microscope was equipped
with the same 40x 0.75 NA Nikon air objective and a mercury lamp in conjunction
with the same 510-560 nm excitation filter, 565 nm long pass dichroic mirror and 590
nm long pass emission filter was used for repeated bleaching. With two additional neu-
tral density filters, an intensity of 11.9 mW was measured, matching to the widefield
measurements mentioned above fairly well

Following bleaching for a fixed amount of time, radiative decay curves were recorded
using a fluorescence lifetime module (LiMo) coupled to a Confocal Laser Scanning Mi-
croscope (CLSM, Nikon Instruments Europe BV, Amsterdam ) [51]. For these mea-
surements, a 80 MHz ps pulsed supercontinuum Koheras SuperK laser (NKTphotonics,
Birkerod) was used for excitation of the sample. An Acousto Optical Tunable Filter
(AOTF) tuned to 525 nm in combination with a 535/40 nm bandpass filter and the
CLSM 532 nm longpass dichroic was used to select the excitation wavelength. The
excitation power at the specimen was 3-10 µW. A GaAsP photomultiplier tube (PMT,
Hamamatsu, Germany) in combination with a 532 nm longpass and a 590/60 nm
bandpass filter were used for detection.

The time-gated LiMo (Nikon Instruments, Europe BV, Amsterdam) captures four
intensities per pixel representing the total fluorescent intensity in four consecutive
time gates of approximately 2 ns each. These four-gate intensity decays were fitted
with a monoexponential decay using the LiMo software to generate lifetime images
(160x160pixels). The pixel fluorescence lifetimes were plotted in a histogram and fitted
with a Gaussian function to obtain the radiative decay values.
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2.6 Simulations

Simulations were performed to gain more insight in the fluorescence behaviour of the
nanoparticles. Particles with a geometry that mimics the core-shell geometry of the
synthesized particles were used in all simulations. The size of the non-fluorescent core
was set at 27.4 nm, the TEM diameter of the non-fluorescent silica cores, and the total
particle diameter was set at 81 nm. This total diameter corresponds to the average
particle size after growth of the fluorescently labelled silica shell that was determined
in TEM measurements. The following processes were included in the simulations:

� Radiative decay (kr);

� Non-radiative decay (knr);

� Energy transfer between identical fluorophores via homo-FRET (kFRET , sec-
tion 2.2.1);

� Quenching via Dexter energy transfer (kDET , section 2.2.2);

� The presence of dimers.

For the fluorophore used here, rhodamine B, a single exponential decay with a flu-
orescence lifetime of 3.2 ns and a quantum efficiency of 0.6 was assumed [52]. This
quantum efficiency is determined by the ratio between the radiative decay rate and the
sum of the radiative and non-radiative decay rates. For homo-FRET it is required to
calculate the Förster radius (R0). For this quantum efficiency, a Förster radius of 4.5
nm was calculated based on the spectral overlap between the absorption and emission
spectra of the fluorophore. The van der Waals radius (rw) for Dexter energy transfer
was assumed to be 1 nm, which reasonably matches the dimensions of rhodamine B
and its electron cloud, see section 2.2.2. The strength of the Dexter energy transfer
is not available from literature and is hard to estimate. Therefore, the value of A in
equation 2.5 was varied in the simulations.

Spectral measurements, see 2.7.3, revealed clear indications of the presence of rho-
damine B dimers in the particles. Dimers of fluorescent molecules are known to have
low quantum efficiencies and short lifetimes [4, 30, 53, 54, 55, 56, 57]. Here, we assumed
that the radiative rate of the rhodamine B is not affected by dimerization and that
the short lifetime and low quantum efficiency are caused by quenching. Effectively this
results in an increase in the non-radiative rate. To implement dimers in the simula-
tions, it was assumed that dimers consist of two molecules sitting at the same position.
Furthermore, we assume that once a dimer dye is excited no energy transfer to other
dyes takes place. Therefore, dimers effectively result in traps with low emission and
short lifetimes. In addition, it was assumed that the formation of dimers is a first order
chemical reaction governed by a single chemical equilibrium constant. This constant
was varied in the simulations.

After defining all input parameters, a particle was generated by placing a certain num-
ber of fluorophores randomly inside the volume of the fluorescently labelled shell. Fur-
thermore, randomly placed dyes within a distance of 0.2 nm from each other were
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assumed to be dimers sitting at the same position. Next, the rates of all processes were
calculated for all fluorophores, including processes internal to the molecule (kr, knr) and
transfer processes to all neighbouring molecules (kFRET1, kDET1; kFRET2, kDET2; ...).
To simplify the simulations, energy transfer between fluorophores was only considered
for fluorophores within < 3R0 of one another. This assumption is reasonable as energy
transfer to fluorophores that are further apart is negligible (EFRET (3R0) ∼ 0.1%). The
simulations were initiated by the excitation of a randomly picked fluorophore within
the particle. After excitation, the cumulative rate of all processes related to this partic-
ular fluorophore (ktot = kr + knr +

∑
kFRET +

∑
kDET ) was used to calculate the time

(t) at which one of the possible processes takes place. Here, we assumed an exponen-
tial probability distribution, P(t) = exp(−t/ktot). Next, to determine which processes
takes place, a random number was generated between 0 and ktot to select the process.
Here, the strength of the process (kprocess) is taken into account as weight factor.

Depending on the type of process that was selected, the molecule may return to
its ground state (radiatively, non-radiatively, Dexter) or transfer its excited state to
another dye molecule (homo-FRET). In the case of homo-FRET, the selection of a
new time and process is repeated until an excited molecule returns to its ground state.
The simulation of a complete excitation-decay path may involve multiple homo-FRET
steps at high dye concentrations.

Each randomly generated particle configuration was excited 5000 times to assure
averaging over all dyes in the particle. Furthermore, 1000 particle configurations were
simulated for each dye concentration, to average over different dye distributions. The
timing of all radiative decay events is used to construct radiative decay curves whereas
the number of homo-FRET steps shows to which extend the excited state can migrate
within the particles.

The amplitude for Dexter electron transfer, the fluorescence lifetime of the dimers
and the chemical equilibrium constant for dimer formation were varied in the simula-
tions to find acceptable agreement between simulations and experiments for the whole
dye concentration range used in the experiments. The simulations were carried out on
a PC and usually took between seconds and minutes per set of input parameters. To
enable comparison between the simulated and measured decay curves, the simulated
curves were convoluted with the experimental IRF. Average decay times were obtained
from the simulated curves by fitting using the TRIX software.
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2.7 Results

2.7.1 Synthesis of the particles

In figure 2.9 and table 2.1 representative TEM images and the average diameter and
standard deviations of the synthesized particles are shown. From the TEM image in
(a), it can be concluded that fairly monodisperse (st. dev. ∼10%) non-fluorescent
and almost spherical silica cores with an average diameter of 27.4 nm were successfully
synthesized. In (b) a representative TEM image of the particles after growth of the
rhodamine B labelled silica shell is included. This figure shows that the silica grows
selectively on the existing cores as no secondary nucleation is observed. There are also
no indications of the formation of aggregates during silica growth as nearly spherical
particles are obtained and the particle size of the different samples is almost identical.
On average, the diameter of the particles increases from 27.4 nm to 84 nm. This
increase is accompanied by a decrease in polydispersity as the size standard deviation
drops from ∼10% to ∼5%. A further increase in size is observed after growth of the
second stabilization layer, see 2.9c. The average diameter of the particles after the final
growth steps is 102 nm.

Figure 2.9: Representative TEM images of the particles at the different stages of the
synthesis; (a) the non-fluorescent silica cores used to synthesize all samples after growth
of the first stabilization layer; (b) after growth of the rhodamine B labelled silica layer;
(c) after growth of the second non-fluorescent stabilization layer. All scale bars indicate
200 nm.
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Total particle diameter
[Dye] RITC layer Stab. layer

d (nm) σ (nm) d (nm) σ (nm)
40 84.4 5.0 102.5 3.9
35 85.2 5.1 107.4 5.2
25 85.7 4.6 101.1 5.3
20 84.2 4.6 101.4 5.7

12.5 83.1 3.7 106.0 4.8
7.5 82.1 4.1 102.8 4.9
5 83.8 2.7 100.9 5.5

2.5 85.1 4.1 102.3 6.3
1 83.5 4.9 103.6 5.8
0 80.8 3.8 97.3 5.3

Table 2.1: Particle sizes determined from TEM images after growth of the rhodamine
B labelled silica layer and the second stabilization layer. All samples were based on
27.4 nm (σ = 2.8 nm) non-fluorescent silica cores. In this table, d is the average particle
diameter and σ is the standard deviation of this average value, both determined by
measuring diameters of 100 particles.

2.7.2 The labelling density

To calculate the average fluorophore separations and number of fluorophores per parti-
cle, the fluorophore labelling efficiency during the growth of the fluorescently labelled
silica was determined. This was performed via absorption measurements after dissolu-
tion of the silica particles as described by Imhof et al. [27]. In figure 2.10 absorption
spectra of the sample after silica dissolution and of the supernatant are shown. The
spectra are obtained after a baseline correction that was performed and after subtrac-
tion of the reference sample ([Dye]=0).

The observed maximum in the absorption spectra around 550 nm were used to
calculate the fluorophore incorporation efficiency according to the formula below. The
outcome of this calculation is listed in table 2.2.

Incorporation efficiency =
Abs. sample

Abs. sample + Abs. supernatant
× 100% (2.6)

The outcome of these calculations is listed in table 2.2 and shows that the labelling
efficiency is approximately 2.5% for all samples. This results in a calculated average
separation ranging from 7.7 nm for the highest to 24.9 nm for the lowest labelling
density. This separation in combination with the TEM size of the particles was used
to estimate the average number and corresponding error (

√
N) of fluorophores per

particle. This number ranges from 19 for the lowest to 553 for the highest labelling
density.
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Figure 2.10: Absorption spectra of the samples after silica dissolution (a) and corre-
sponding supernatants (b). The numbers in the legend correspond to the relative dye
concentration ([Dye]) that was used to synthesize the particles

Labelling Average Fluorophores
Dye efficiency separation per particle

(%) (nm) (a.u.)
40 2.7 7.7 553 ± 24
35 2.6 8.2 472 ± 22
25 2.7 9.1 351 ± 19
20 2.4 10.1 290 ± 17

12.5 2.4 11.9 158 ± 13
7.5 2.4 14.1 105 ± 10
5 2.5 15.8 83 ± 9

2.5 2.6 19.8 33 ± 6
1 3.7 24.0 19 ± 4

Table 2.2: The fluorophore labelling efficiency, average separation and the estimated
number of fluorophores per particle for the different samples.
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2.7.3 Spectral and radiative decay measurements

Spectral and radiative decay measurements were carried out to investigate labelling
density effects in the fluorescence of the particles. Excitation and emission spectra were
recorded and show clear labelling density effects even at low dye concentrations, see
figure 2.11. The first indication is the shift of both spectra towards shorter wavelengths
with increasing labelling density. This shift is accompanied by an increase in the height
of the shoulder (peak) in the excitation spectra around 520 nm. Both observations are
indicative for an increase of the number of dimers present in the particles [53, 58, 59,
60, 61, 62, 63].
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Figure 2.11: Emission spectra recorded after excitation at 520 nm (right) and excitation
spectra recorded at 620 nm emission (left). The numbers in the legend corresponds to
the estimated number of fluorophores per particle.

A second indication for the presence of labelling density effects can be found in
the radiative decay curves included in figure 2.12. The curves reveal faster decay
with increasing fluorophore labelling density. This can be attributed to an increase
in quenching as the fluorescence lifetime is directly related to the quantum yield of a
fluorophore, see sections 2.2 and 1.1.1. It is important to note that fluorophores that
are completely quenched do not emit photons and are therefore not visible in the decay
curves. It is therefore only possible to use the decay curves as an indication for the
increase in quenching as the severity of quenching is easily underestimated.
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Figure 2.12: Radiative decay curves after pulsed excitation at 525 nm. The numbers
in the legend corresponds to the estimated number of fluorophores per particle.

2.7.4 Single particle intensities and bleaching

In figure 2.13 the average single particle intensity, determined from wide field fluo-
rescence microscopy measurements, is plotted versus the number of fluorophores per
particle. In this figure, the single particle intensity initially increases almost linearly
when the number of fluorophores increases from 0 to 83. At higher numbers of fluo-
rophores per particle, the increase becomes (strongly) non-linear. Increasing the num-
ber of fluorophore per particles is now clearly counterbalanced by a decrease in the
fluorescence intensity per fluorophore by quenching effects. Note that care was taken
to avoid bleaching effects during these measurements.
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Figure 2.13: Average single particle intensity plotted as a function of the estimated
number of fluorophores per particle. The standard deviation in this plot corresponds to
the standard deviation of the normal distribution that was fitted to the data to obtain
the mean intensity.

From the normalized bleaching curves in figure 2.14 it can be seen that bleaching
rate strongly depends on the fluorophore labelling density. Generally speaking, the
bleaching rate reduces when the number of fluorophores per particle increases. As ex-
plained in section 2.3, a possible explanation for this is that the degree of self-quenching
reduces when more and more fluorophores are bleached. This explanation is partially
confirmed by the radiative decay measurements that are included in figure 2.15. These
measurements demonstrate that the shortened fluorescence lifetime of all particles re-
covers over the course of bleaching. This effect becomes more and more pronounced
with increasing labelling density as the degree of self-quenching is higher for these
particles. The easiest way to understand this effect, is by considering bleaching as
the removal of a fluorophore. These measurements however proof that quenched flu-
orophores are still contributing to the degree of quenching as the increase or recovery
in the fluorescence lifetime flattens out over the course of bleaching.
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Figure 2.14: Normalized bleaching curves measured at an excitation intensity of 6.0 W
cm−2. The numbers in the legend corresponds to the estimated number of fluorophores
per particle.
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Figure 2.15: Average decay times plotted as a function of the bleaching time. The
conditions that were used for bleaching closely match the conditions that were used
to obtain the bleaching curves included in figure 2.14. The numbers in the legend
corresponds to the estimated number of fluorophores per particle.
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2.7.5 Simulations

The amplitude of the Dexter energy transfer turned out to be the parameter with the
biggest impact on the simulations. Values between A = 100 and 250 gave acceptable
results. The example presented in this section is based on a value of 150. The other two
parameters that were varied are both related to the dimers, the equilibrium constant
for dimer formation and the fluorescence lifetime of the dimers. These parameters
both affect the average simulated lifetime, but much less strongly than A. Their effect
mainly shows up in the shape of the fluorescence decay curves. Here, a value for the
equilibrium constant of 3.3·10−3 and a lifetime of 0.4 ns for the dimers gave good
agreement for the fluorescence decay curves. For this equilibrium constant a particle
containing 553 dye molecules is expected to have ∼165 dimers and ∼223 monomers.
This sizable number of dimers is expected from the clearly visible dimer contribution
in the emission spectrum in figure 2.11. We note that the dimer fluorescence lifetime
of 0.4 ns corresponds with a quantum efficiency of ∼0.08.

Figure 2.16 shows measured and simulated average fluorescence lifetimes as a func-
tion of the number of fluorophores per particle. Overall, there is reasonable agreement
between the measurements and the simulations.
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Figure 2.16: Measured (red) and simulated (blue) average fluorescence lifetimes as a
function of the number of fluorophores per particle. In the simulations, single expo-
nential decay of rhodamine B with a fluorescence lifetime of 3.2 ns and a quantum
efficiency of 0.6 was assumed. The equilibrium constant for dimer formation and the
lifetime of the dimers were fixed at 3.3·10−3 and 0.4 ns. The amplitude of the Dexter
transfer, A, was fixed at 150.

In figure 2.17, the simulated and measured radiative decay curve of particles with an
estimated number of fluorophores of 553 is shown. The input parameters as indicated
above were used in the simulations. The correspondence is very good. Here, it was
essential to convolute the simulated decay curves with the instrument response function
of the setup.
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Figure 2.17: Measured (dots) and simulated (drawn) radiative decay curves of particles
with an estimated number of fluoropfores of 553 per particles. The simulated curve
was convoluted with the experimental IRF. The input parameters listed in figure 2.16
were used for the simulation.

The simulations also yield the number of energy transfer steps before a photon is
emitted. In figure 2.18, the number of energy transfer steps is shown for A = 150, with
and without the presence of dimers. Without dimers, the number of energy transfer
steps rapidly increases with the number of fluorophores per particle. In the presence
of dimers, however, the increase in the number of energy transfer steps is very limited
and levels off.
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Figure 2.18: Simulated number of energy transfer steps with (red) and without (blue)
the presence of dimers as a function of the number of fluorophores per particle. The
input parameters listed in figure 2.16 were used for the simulations.
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2.8 Conclusion & Outlook

Monodisperse and spherical core-shell-shell silica particles with different fluorophore
labelling densities were successfully synthesized. These particles consist of a 27 nm
diameter non-fluorescent core and were coated with a rhodamine B labelled silica layer
to obtain a total diameter of ∼83 nm. The number of fluorophores within this shell
varied from 19 for the lowest labelling density to 553 for the highest labelling density.
This corresponds to an average fluorophore-to-fluorophore separation from 24.0 to 7.7
nm. For stabilization an additional non-fluorescent layer was added to obtain a total
diameter of ∼100 nm.

Spectral and radiative decay measurements revealed clear indications for labelling
density effects. First of all, the spectral measurements reveal that more and more
dimers are formed when the labelling density becomes higher. This is accompanied
by a decrease in the fluorescence lifetime of the fluorophores which is indicative for
quenching. This increased quenching is confirmed in the single particle intensity mea-
surements. At first, the fluorescence intensity increases linearly with increasing fluo-
rophore labelling density as the number of fluorophores per particles becomes higher.
However, below an average separation of ∼15 nm the relationship between the number
of fluorophores and the fluorescence intensity become (strongly) non-linear. Now, the
addition of fluorophores is counter-balanced by an increase in fluorescence quenching
as a result of concentration- or self-quenching.

The rate at which fluorophore are bleached also shows a strong dependence on the
labelling density. Generally speaking, a reduction in the bleaching rate with increased
labelling densities was observed. Radiative decay measurements confirmed that the
degree of self-quenching decreases over the course of bleaching, thereby confirming
that bleaching is partially counterbalanced by a decrease in fluorescence quenching.

Simulations were conducted to better understand the observed labelling density ef-
fects. Radiative decay, non-radiative decay, homo-FRET, quenching via Dexter energy
transfer and dimer formation were all taken into consideration in these simulations.
Despite the complexity of the system, it proved to be possible to reproduce the radia-
tive decay curves, and radiative decay times of the fluorescently labelled particles. The
simulations thereby confirm that a combination of energy transfer via homo-FRET,
Dexter quenching an dimer formation can account for the observed labelling density
effects.

The number of energy transfer steps that occured within a particle before a photon
is emitted could also be deduced from these measurements. This number showed a very
strong dependence on the number of dimers present in the particles. In the absence
of dimers, the number of energy transfer steps rapidly increases when the number of
fluorophores inside a particles increases. In the presence of dimers the number of steps
is limited and levels off.
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The most important recommendation for future research is to expand the simu-
lations included in this chapter. As a starting point, one could for example try to
reproduce the relationship between the labelling density and the single particle inten-
sity. From there on, also the relationship between the bleaching rate and the labelling
density can be theoretically studied. Such data can be used for example to determine
optimum labelling densities of rhodamine B in different host materials.

In the result presented in this chapter, the simulations were performed repeatedly to
determine the input parameters that resulted in good agreement between measurements
and simulations. The development of methods to predict the input parameters for the
simulations is therefore another important recommendation for future research. By
developing methods to for example determine how the Dexter amplitude, A, varies from
fluorophore to fluorophore it would be possible to develop a model that is applicable
to a great variety of fluorophores.
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3
Fluorescently Labelled Silica
Coated Gold Nanoparticles as

Fiducials

In this chapter, gold nanoparticles coated with a fluorescently labelled (rhodamine B)
silica shell are presented as fiducial markers for Correlative Light and Electron Mi-
croscopy (CLEM). Prior to the synthesis of the fiducial markers, the distance depen-
dency of the influence of the gold nanoparticles on the fluorophores incorporated in the
silica shell is studied. This study shows that the influence of the gold can be neglected
when the separation between the fluorophores and the gold core is large enough (>15
nm). Next, the synthesis of the fluorescently labelled gold particles is optimized to
obtain homogeneous, spherical core-shell particles of arbitrary size. Particles labelled
with different fluorophore densities are characterized to determine under which con-
ditions bright and (photo)stable particles are obtained. 2D and 3D CLEM examples
are presented where optimized particles are used for correlation. In the 2D example,
fiducials are added to a cryosection of cells whereas in the 3D example cells are imaged
after endocytosis of the fiducials. Both examples demonstrate that the particles are
clearly visible in both modalities and can be used for correlation. Additionally, the
recognizable core-shell structure of the fiducials proves to be very useful in electron
microscopy: it makes it possible to irrefutably identify the particles and makes it easy
to accurately determine the center of the fiducials.
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3.1 Introduction

The field of Correlative Light and Electron Microscopy, or CLEM, has expanded rapidly
during the last decade. Especially in biology it turns out to be very useful to com-
bine these two techniques. Light microscopy or Fluorescence Microscopy (FM) is used
to visualize, localize, and track specific fluorescent molecules in cells over large areas
with high sensitivity, while Electron Microscopy (EM) provides high resolution ultra-
structural information of cells and materials [11, 64]. This opens up the possibility to
visualize rare transient events or specific cells within complex tissues [5, 6].

For the best results in CLEM experiments, data from the different modalities should
be registered with the highest possible precision. This is complicated by the vastly
different fields of view of FM and EM, as well as the different contrast mechanisms
of these techniques. FM requires bright and stable fluorophores, while EM relies on
differences in electron density for contrast, and frequently requires heavy metal staining
to visualize biological structures. Since fluorescent probes (i.e. molecules, proteins) are
typically not electron dense, fluorescent labels can generally not be used for correlation.

Particles visible in both modalities (fiducial markers) can be used to overcome this
problem. The viability of this approach has been demonstrated in literature by using
fluorescent latex beads [65, 66, 67] or quantum dots [68, 69, 70]. However, a shared
problem of these candidate particles is their relatively low EM contrast, making visu-
alization and localization in heavily EM stained samples difficult or even impossible.
An alternative approach to register data between modalities is via a double labelling
procedure. Here, proteins of interest are labelled with a fluorescent probe, followed by
labelling with antibodies or protein A conjugated with colloidal gold [71]. A disadvan-
tage of this approach is that correlation is indirect and based on the assumption that
both labels fully colocalise. Despite great successes achieved by this approach, Miles
et al. [72] and van Elsland et al. [73] recently demonstrated that this assumption not
always holds true, thereby stressing the importance of finding a more direct way for
registering FM and EM data.

Gold core for

EM contrast

Fluorophores in the

silica shell for FM

Figure 3.1: A schematic representation of the here presented fiducial markers. The
scale bar indicates 20 nm.

In this chapter, nanocomposite core-shell particles based on a gold core and a flu-
orescently labelled silica shell (figure 3.1) are deployed as fiducial markers. The gold
core provides contrast for EM and fluorophores covalently incorporated in the silica
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shell provide fluorescence for FM. Rhodamine B is chosen as fluorophore because it
was demonstrated by Karreman et al. [74] that rhodamine like fluorophores behave
well under the dry and vacuum conditions encountered in EM. Using a red emitting
fluorophore is also advantageous because excitation at longer wavelengths results in
reduced autofluorescence [75].

Before the fiducials are presented, the distance dependency of the interactions be-
tween the gold core and the fluorophores incorporated in the silica shell is studied.
This is important as the presence of the gold core can result in quenching of fluores-
cence. Core-shell-shell particles based on a gold core, a non-fluorescent silica shell and
a fluorescently labelled silica shell are specifically designed and synthesized for this. In
this geometry, the non-fluorescent silica layer is used as a spacer between the gold core
and the fluorescently labelled silica layer. Next, to obtain the fiducials, an optimized
synthesis of the nanocomposite particles to obtain spherical and highly monodisperse
core-shell particles of arbitrary size is presented. A thorough study is performed to
optimize the fluorophore labelling density within the silica shell to obtain bright and
(photo)stable particles. Finally, particles labelled with this optimum fluorophore la-
belling density are tested as fiducials in a 2D and a 3D CLEM experiment.
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3.2 Experimental details

3.2.1 Synthesis of the nanocomposite gold-silica particles

In this section, the synthesis and characterization of the particles that are presented
throughout this chapter is described. Next, a description of the 2D and 3D CLEM
experiments that were conducted to test the particles as fiducial markers is included.

Materials

Hydrogen tetrachloroaurate(III)trihydrate or chloroauric acid (ACS reagent) and sodium
hydroxide pellets were obtained from ACROS Organics. Sodium citrate tribasic dihy-
drate, sodium silica solution (wt 26.5% in water) or water glass, amberlite cation
exchange resin, tetraethyl orthosilica or TEOS (reagent grade, 98%), ammonium hy-
droxide solution (ACS reagent, 28-30% NH3 basis), rhodamine B isothiocyanate (mixed
isomers) or RITC, 99% (3-aminopropyl)triethoxysilane or APTES, polyvinylpyrroli-
done or PVP (Average Mw 10.000 g mol−1), dialysis tubing cellulose membrane (av.
flat width 33 mm) and Vivaspin 20 centrifugal concentrator tubes (MWCO 100.000
Da) were purchased from Sigma-Aldrich. Absolute ethanol was purchased from Merck.

All glassware and stirring beans used for the gold synthesis were rinsed with aqua re-
gia and mili-Q water prior to use. All remaining glassware was extensively cleaned with
soap, water and ethanol prior to use. Milli-Q water was used in all the experiments.

Synthesis of 15 nm diameter citrate stabilized gold particles

All gold particles presented in this chapter were synthesized via the extensively stud-
ied citrate reduction or Turkevich method [76, 77], see figure 3.2. Particles obtained
via this procedure are spherical, charge (citrate) stabilized and have a diameter of
approximately 15 nm.
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Figure 3.2: A schematic representation of the synthesis of the gold nanoparticles.

Gold and citrate stock solutions were prepared by transferring 0.1 g chloroauric acid
and 0.1 g sodium citrate to two separate vials. 10 mL water was added to both
vials to obtain 1% (w/v) stock solutions. In a typical synthesis, 300 mL water and 3
mL of the 1% (w/v) gold solution were transferred to a two necked round bottomed
flask equipped with a condenser. This flask was placed in a 140◦C oil bath to ensure
homogeneous heating and was heated until boiling under constant vigorous stirring
(600 rpm). When boiling commenced, 9 mL of the 1% (w/v) sodium citrate solution
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was added. Within the first few minutes after the sodium citrate addition, the color
of the solution gradually changed from blue to purple to deep red indicating particle
formation. After 15 minutes boiling no change in color was observed anymore and the
deep red solution was cooled down to room temperature.

Particles to study gold-fluorophore interactions

To study distance dependent gold-fluorophore interactions, the previously obtained
citrate stabilized gold particles were coated with a very thin and dense silica layer fol-
lowing the procedure by Liz-Marzán et al. [78]. Next, a seeded growth procedure was
used to coat these particles with a non-fluorescent and a rhodamine B labelled silica
layer, see figure 3.3. The non-fluorescent silica layer in this core-shell-shell geometry
was used as a spacer layer. By varying the thickness of this layer the distance depen-
dency of the gold fluorophore interactions were studied.
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Figure 3.3: A schematic representation of the synthesis of the rhodamine B labelled
silica coated gold nanoparticles to study distance dependent gold-fluorophore interac-
tions. By varying the amount of silica precursor, TEOS, added in the first seeded
growth steps, the thickness of the non-fluorescent silica layer, and thereby the spacing
between the gold core and the fluorescently labelled silica layer, was varied.

Prior to the first silica coating step, the gold particles were APTES functionalized by
transferring 25 mL citrate stabilized gold particles and 187.5 µL of a 1 mM solution
of APTES in water to a vial. The obtained solution was stirred to ensure complete
complexation of the amine groups with the gold surface. After 30 minutes, a solution
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of active silica was prepared by lowering the pH of a 0.53 wt% sodium silica solution
in water to 10-11 by progressive addition of amberlite cation exchange resin. pH
indicator paper was used to check the pH between additions. 750 µL of the obtained
solution was added to the 25 mL of APTES functionalized gold nanoparticles under
constant stirring. After one minute, the obtained solution was allowed to stand, so
that the active silica could polymerize onto the particles. After 16 hours, the solution
was centrifuged 15 minutes at 15.000 rcf in 5 mL eppendorf tubes. The supernatant
(water) was removed and the particles were redispersed in an equal amount of ethanol.
Homogenization of the solution was ensured by placing the obtained solution is a
sonication bath (∼ 1 minute).

Prior to the silica shell growth, APTES-dye coupling was performed by transferring
10 mg RITC and 1 mL absolute ethanol to a vial. This solution was stirred and
8.3 µL APTES was added. The vial was wrapped in aluminum foil to protect the
fluorophore from photobleaching and stirred for 16 hours. Next, 2.4 mL of the gold
particle solution in ethanol was transferred to vials A-G. Under constant stirring, 100
µL ammonia was added to all solutions followed by the addition of various amounts
(0-200 µL) of 10 vol% TEOS solutions in ethanol to grow the non-fluorescent silica
shell. After 90 minutes, 20 µL of 10 vol% TEOS solution in ethanol and 20 µL of a
ten times diluted solution of the APTES-RITC solution in ethanol was added to the
particles to grow the rhodamine B labelled silica layer. 90 minutes after this addition,
the particles were cleaned by repeated centrifugation and redispersion in ethanol to
remove all non-incorporated rhodamine B from the solution.

Synthesis of the fiducial markers

To synthesize the fiducial markers, the citrate stabilized gold particles were coated with
a nonionic polymer, polyvinylpyrrolidone or PVP, so that they could be transferred into
ethanol following the procedure described by Graf et al. [79]. Once the particles were
transferred to ethanol, they were coated with a fluorescently labelled silica shell via a
seeded growth procedure similar to the procedure described by H. Giesche [48, 49]. This
seeded growth procedure is based on the traditional Stöber method [80] to synthesize
silica particles of a specific size obtained via the addition of silica precursor, TEOS, to
mixtures of water, ammonia and alcohol.
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H
2
O

Figure 3.4: A schematic representation of the synthesis of the (rhodamine B labelled)
silica coated gold nanoparticles.
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Fluorescent dyes were covalently incorporated within the silica matrix during shell
growth following the procedures described by A. Imhof et al. [27] for fluorescein isoth-
iocyanate (FITC) and Verhaegh et al. [81] for rhodamine B isothiocyanate (RITC).
Covalent incorporation is ensured by linking a fluorophore with an active amine reac-
tive group such as an isothiocyanate group with an aminosilane; (3-aminopropyl)tri-
ethoxysilane or APTES. After coupling, this complex was introduced during the silica
shell growth and part of it was incorporated within the silica shell.

For PVP functionalization of the gold particles, 120 µL of a 10 vol% (w/v) PVP
solution (1 g in 10 mL water) was added per 5 mL of gold nanoparticle solution under
constant stirring. The obtained solution was stirred for at least 12 hours to ensure
functionalization of the gold nanoparticles. After 12 hours, the solution was centrifuged
15 minutes at 15.000 rcf in 5 mL eppendorf tubes. The supernatant (water) was
removed as much as possible with a glass pipette and the particles were redispered in
an equal amount of ethanol. Homogenization of the sample was ensured by placing the
obtained solution in a sonication bath (∼ 1 minute).

APTES-dye coupling was performed by transferring 10 mg RITC and 1 mL absolute
ethanol to a vial. This solution was stirred and 8.3 µL APTES was added. The vial was
wrapped in aluminum foil to protect the fluorophore from photobleaching and stirred
for 16 hours. The APTES-dye ratio during this coupling reaction was calculated such
that there was a two times excess of APTES compared to the amount of fluorophore.
Different dilutions of this dye solution in absolute ethanol were used to synthesize
particles labelled with different dye labelling densities. Solutions with relative dye
concentrations ranging from 0 to 30 (labelled as [Dye] = 0 - 30) were prepared by
preparing dilutions of 0 to 30 vol% of APTES-dye solution in ethanol. For example, to
obtain a relative dye concentration of 30, 300 µL APTES-dye solution (30 vol%) and
700 µL absolute ethanol (70 vol%) were transferred to a vial.

To coat the gold particles with a fluorescently labelled silica shell, 15 mL solution
of PVP stabilized gold nanoparticles was transferred to a 20 mL closed vial. Under
continuous stirring (700 rpm), 1500 µL 28-30% ammonium hydroxide solution was
added to this solution. Next, 30 µL of a 10 vol% of TEOS solution in absolute ethanol
was added to grow a first, very thin, silica layer. This layer helps to stabilize the
particles since the immediate addition of APTES-dye solution results in the formation
of clusters of gold nanoparticles. This layer also serves as a spacer layer between the
gold cores and the fluorophores embedded in the silica shell. 60 minutes after the
first TEOS addition an additional 150 µL of the 10 vol% TEOS solution was added.
After approximately one minute of stirring, 150 µL of diluted APTES-dye solution was
added as well. Both additions were repeated with 300 µL after 90 minutes of stirring.
Finally, after another 90 minutes, 60 µL of 10 vol% TEOS was added to grow a final
stabilization layer around the fluorescently labelled particles. 60 minutes after the final
addition, the reaction mixture was transferred to a dialysis bag that was placed inside
a 40 mL vial filled with ethanol. The solution was gently stirred and the ethanol was
replaced three times over a time span of 36 hours. Further cleaning of the particles
was performed via repeated centrifugation in 100.000 MWCO vivaspin tubes.
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3.2.2 Characterization of the particles

Determination of the fluorophore incorporation efficiency

Immediately after synthesis of the particles, 3 mL of the reaction mixture was trans-
ferred to a 5 mL eppendorf tube. This solution was centrifuged 15 minutes at 15.000 rcf
to separate the particles from the reaction mixture. The supernatant or reaction mix-
ture, that contained all non-incorporated rhodamine B, was collected and stored. The
particles were redispersed in 3 mL absolute ethanol and centrifugation and redispersion
in ethanol was repeated two more times. 1.5 mL particle solution and 1.5 mL of a 0.4
M sodium hydroxide solution in water were transferred to a clean 5 mL eppendorf tube.
After homogenization, solutions were stored for 48 hours to ensure complete dissolution
of the silica shell of the particles. Next, the solutions were centrifuged 30 minutes at
20.000 rcf to remove the non-dissolved gold cores from the solution. Solutions ranging
from transparent and colorless for the blanco ([Dye] = 0] to transparent pink for high
labelling densities ([Dye] = 30) were separated from the red to black pellets and stored.
Absorption spectra of all solutions were recorded on a HP8953A spectrophotometer in
1 cm quartz cuvettes. If necessary, samples were diluted with a 1:1 (volume) mixture
of ethanol and 0.4 M sodium hydroxide solution.

Spectral and radiative decay measurements

Bulk excitation and emission spectra and radiative decay measurements of the parti-
cles suspended in ethanol were recorded in 1 cm quartz cuvettes using an Edinburgh
Instruments FLS920 fluorescence spectrometer. In all measurements, fluorescence was
detected at an angle of 90◦ to the exciting beam. Furthermore, a 530 nm longpass filter
was placed between the sample and the detector in all measurements to remove resid-
ual excitation light. To record excitation and emission spectra, a 450 W xenon lamp
and a double excitation monochromator with a grating blazed at 500 nm was used for
excitation. Spectra were recorded with a Hamamatsu H74220-60 photo sensor module
with a grating blazed at 500 nm. For the radiative decay measurements a picosecond
pulsed diode laser (EPL-515) emitting at 509.8 nm with a 50 ns pulse period and a
204.4 ps pulse width was used for excitation. Radiative decay curves were recorded
with a Hamamatsu R928 PMT detector with a grating blazed at 500 nm.

Single particle measurements

Measurements were carried out on a Nikon Eclipse Ti widefield microscope equipped
with a 40x 0.75 NA Nikon air objective. A Nikon TI-ND6-PFS perfect focus unit was
used to retain sample focus during the measurements. A mercury arc lamp in conjunc-
tion with a 510-560 nm excitation filter, a 565 nm long pass dichroic mirror and a 590
nm long pass emission filter ensured proper illumination and detection wavelengths.
An excitation intensity of 6.0 W/cm2 was used in all experiments. Finally, an Andor
NEO sCMOS camera was used to record images. Single particle intensities were de-
termined using ThunderSTORM [50]. For the single particle intensity measurements,
the obtained data was directly analyzed in Mathematica. To obtain the average sin-
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gle particle intensities, for every sample, data obtained from at least 20 images was
plotted in a histogram. The first peak in this histogram was attributed to the sin-
gle particle intensity and a normal distribution was fitted to this peak to obtain the
mean intensity and the standard deviation. For the bleaching measurements, a second
analysis was performed in MatLab to trace the intensity of single particles from frame
to frame. Furthermore, the data was filtered based on the single particle intensities
determined from the first frame to remove clusters from the data set. The filtered data
was averaged per frame to obtain bleaching curves.

3.2.3 CLEM experiments

Cell culture

HeLa cells and HT1080 cells stably expressing LAMP-1-GFP were cultured in a 37◦C,
5% CO2 incubator, in T75 culture bottles (Corning). Cells were maintained in Dul-
becco’s Modified Eagle’s Medium (DMEM; Gibco) supplemented with 10% fetal bovine
serum, 2 mM L-glutamin, 100 U/mL penicillin, 100 µg/mL streptomycin (referred to
as complete DMEM). Cells were passaged when confluency reached 85% to 90%.

2D CLEM: Widefield and TEM imaging of fiducials on thin cryosections

HT1080 cells stably expressing LAMP-1-GFP were incubated in complete DMEM
containing 5 nm diameter colloidal gold particles conjugated to bovine serum albu-
min (BSA-Au5) for 3 hours. Following incubation, cells were processed for cryosec-
tioning according to previous protocol [82]. Briefly, cells were chemically fixed using
formaldehyde and glutaraldehyde, scraped from the culture substrate and pelleted in
12% gelatin. Samples were infiltrated overnight in 2.3 M sucrose for cryoprotection,
and plunge frozen in liquid nitrogen. 70 nm thick cryosections were sectioned and
picked up on copper support grids coated with formvar and carbon. Sections were
treated with DAPI (4 µg/mL) diluted in PBS to label nuclei. After labelling, sec-
tions were washed with PBS, incubated with a diluted solution (1/500) of the fiducial
markers in water, followed by rinses with PBS and dH2O. The grids were sandwiched
between a microscope slide and a #1.5 coverslip in a drop of 50% glycerol in dH2O.
Fluorescence imaging for DAPI, GFP and the fluorescent nanoparticles was performed
with a Deltavision RT Core widefield microscope (GE Healthcare) equipped with a
Cascade II EM-CCD camera (Photometrics), using a 100x/1.4 NA objective. Follow-
ing fluorescent imaging, the sections were washed in dH2O, stained with uranyl acetate
and embedded in methylcellulose as previously described [82]. ROIs determined in
FM were retraced and imaged in a Tecnai T12 TEM (Thermo Scientific). Following
imaging, the x and y positions of the fiducials in fluorescence data were registered
using ThunderSTORM [50]. Fiducials not properly resolved in ThunderSTORM were
not considered as reference points for registration of data. In TEM data, positions of
the fiducials were registered manually using the center of the gold core. Correlation
of fluorescence and TEM data based on the positions of the particles was performed
using eC-CLEM [83].
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3D CLEM: Confocal and FIB-SEM imaging of endocytosed nanoparticles

HeLa cells were grown on gridded glass coverslips, prepared as described by Fermie
et al. [84]. Cells were incubated with fiducial markers at a concentration of 1 µg/ml
dissolved in complete DMEM and incubated for 3 hours, and fixed overnight in 1x
PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2, pH =
6.9) containing 4% paraformaldehyde (Sigma) and 0.1% glutaraldehyde (Merck) at 4◦C.
Following fixation, coverslips with cells were washed in 1x PHEM buffer and mounted
in live-cell coverslip holders filled with 1x PHEM buffer to prevent dehydration of the
samples. Fluorescence imaging was performed using a Zeiss LSM700 CLSM equipped
with 63x/1.4 NA oil immersion objective. Nanoparticles were excited using the 555
nm laser line at 2% power. Z-stacks were collected with 200 nm step size. The position
of cells relative to the grid of the coverslips was recorded using polarized light. Cells
were prepared for electron microscopy according to a protocol described earlier [85],
with minor modifications. Briefly, samples were postfixed using 1% osmium tetroxide
(w/v) with 1.5% potassium ferrocyanide (w/v) for 1 h on ice, incubated with 1%
thiocarbohydrazide in dH2O (w/v) for 15 min, followed by 1% osmium tetroxide in
dH2O for 30 min. Samples were en-bloc stained with 2% uranyl acetate in dH2O for 30
minutes and stained with Waltons lead aspartate for 30 min at 60◦C. Dehydration was
performed using a graded ethanol series. Samples were embedded in Epon resin and
polymerized for 48-60 h at 65◦C. Polymerized resin blocks were removed from the glass
coverslips using liquid nitrogen, mounted on aluminum stubs and rendered conductive
using conductive carbon paint and a sputter coated layer of 5 nm Pt. Following sample
preparation, automated serial imaging was performed using a Scios FIB-SEM (Thermo
Scientific), according to a previously described workflow [84]. Briefly, trenches were
prepared surrounding the region of interest using the FIB, after which automated
serial imaging was performed using 5 nm isotropic voxels. Electron microscopy images
were collected at an acceleration voltage of 2kV and a current of 0.2 nA, using the
T1 backscattered electron detector. Following imaging, correlation of fluorescence and
FIB-SEM data was achieved by manual registration using Fiji and eC-CLEM [83].
FIB-SEM images are presented with inverted contrast, to resemble TEM contrast.
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3.3 Results

3.3.1 Distance dependent gold-fluorophore interactions

In figure 3.5 TEM images of the as-synthesized gold particles after growth of the first
non-fluorescent silica layer are included. From these images it can be seen that the gold
particles are homogeneously coated with a very thin silica layer. The gold particles have
an average diameter of 17 nm and the thickness of the first silica layer is approximately
4 nm.

Figure 3.5: Representative TEM images of gold particles after growth of a very thin
silica layer. The scale bars indicate 200 nm.

TEM images of some of the samples after growth of the non-fluorescent and the
rhodamine B labelled silica shell in ethanol are included in figure 3.6 a, b and c. From
these images it becomes clear that the silica grows grows homogeneously and selectively
on the existing particles (i.e. no secondary nucleation is observed). These images also
demonstrate that particles of different sizes can be synthesized. After growth of the
rhodamine B labelled silica shell around the particles in a, b and c the slightly larger
particles included in d, e and f were obtained.

In figure 3.7 the thickness of the silica shell is plotted against the volume of added
10 vol% TEOS for samples A-G. In this figure, the red line corresponds to the shell
thickness before growth of the rhodamine B labelled silica layer and the blue line cor-
responds to the shell thickness after growth of this layer. The shaded area between
these two lines now corresponds to the rhodamine B labelled silica shell. This data
was used to calculate the average distance between the gold core and the fluorophores
incorporated in the silica shell. This average separation was found to range from 7.0
(A) to 23.3 nm (G) and is indicated by the black line in the figure. It is important
to note that a homogeneous distribution of fluorophores throughout this silica shell is
assumed for this calculation.
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Figure 3.6: Representative TEM images of the gold particles after growth of the non-
fluorescent silica layer (a-c) and growth of the rhodamine B labelled silica layer (d-f).
The scale bars indicate 200 nm.
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Figure 3.7: The average shell thickness of samples A-G is plotted versus the volume of
added 10 vol% TEOS. Red and blue lines correspond to shell thicknesses before and
after growth of the rhodamine B labelled silica layer. The black line corresponds to
the average gold to fluorophore distance.

To determine whether the gold has any influence on the fluorophores incorporated in the
silica shell, the excitation and emission spectra included in figure 3.8a were recorded.
These measurements do not show any indications of any distance dependent influence
of the gold core as no spectral changes are observed. This in line with expectations as
quenching and/or enhancement of fluorescence by the gold core does not necessarily
cause spectral changes.

The radiative decay curves included in figure 3.8b do reveal a distance dependency
as faster decay curves are recorded when the average fluorophore to gold distance be-
comes shorter. The biggest effect is observed when the separation between the gold and
the fluorophores is below 10 nm (red, orange and yellow curves). Above 18.0 nm no
significant changes in the radiative decay curves are observed anymore. An explanation
for this behavior can be found by taking in consideration the possibility of fluorescence
quenching by the gold core. This quenching occurs because the energy of the excited
fluorophore can be transferred non-radiatively to the gold particles when the distance
between the two are in close proximity [86, 87, 88, 89].
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Figure 3.8: (a) Emission spectra recorded after excitation at 525 nm (right) and ex-
citation spectra recorded at 600 nm (left). (b) Radiative decay curves after pulsed
excitation at 509 nm and detection at maximum emission. The distances indicated in
the legend correspond to the average distance between the edge of the gold core and
the fluorophores incorporated in the silica shell.

It is beyond the scope of this thesis to fully characterize this distance dependent quench-
ing. However, a brief explanation based on the work by Reineck et al. [86] is given
because it is important to realize how severe quenching by the gold core can be. In this
work the distance and spectral dependence of fluorescence quenching of fluorophores
by similarly sized gold is studied. Similar gold-silica nanocomposite particles with
fluorophores attached to the outer surface are used here to study the distance and
spectral dependence of fluorescence quenching. It is experimentally and theoretically
demonstrated that fluorescence is almost fully quenched for distances below 10 nm.
Additionally, it is demonstrated that for a rhodamine B like fluorophore, ATTO565,
quenching becomes negligible for gold to fluorophore distances above 20 nm, see fig-
ure 3.9. From this figure it can also be appreciated how well the relative intensity
of the fluorophores scale with the relative fluorescence lifetime. This confirms that
(more) shortening of the radiative decay curves corresponds to (more) quenching of
fluorescence.
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Figure 3.9: Experimental (black squares) and theoretical results (solid and dashed
lines) for the relative fluorescence intensity (left) and the relative fluorescence lifetime
τ/τ 0 (right) of Atto565 as a function of the nanoparticle-dye separation. Here τ 0 is
the fluorescence lifetime of the dye molecule bound to a silica nanoparticle, which is
slightly shorter than the lifetime of the free dye in solution (right). Images were taken
from ref [86].

3.3.2 A calibration line to synthesize particles of a desired size

To synthesize particles of a desired size, a multistep silica coating of the gold nanopar-
ticles was performed. Increasing volumes of TEOS were added to 5 mL of PVP func-
tionalised gold nanoparticles in a solution of water, ammonia and absolute ethanol. 90
minutes after every addition, TEM samples were prepared, see figure 3.10.

From the TEM images it becomes clear that the silica shell is already homogeneous
after the first TEOS addition (b). Furthermore, one can conclude that the thickness
of the silica shell is increasing from (b) to (f) after every TEOS addition. Average
particle diameters of all samples were determined by measuring the diameter of 100
particles, corresponding size histograms are presented in figure 3.11a.

In figure 3.11b the average particle diameters are plotted versus the cube root of the
total volume of added 10 vol% TEOS. From this plot it becomes evident that there is
a linear relationship between these two parameters after the first TEOS addition. This
is in line with expectations since TEOS is converted directly into silica. Therefore, if
silica grows only on the existing particles, there should be a linear relationship between
the volume of added TEOS and the increase in volume of the particles. This linear
relationship demonstrates that particles with every desired size can be synthesized with
high control simply by varying the amount of added TEOS. From figure 3.11b it can
be derived how much TEOS should be added to synthesize particles of a desired size
starting from the same solution of gold particles.
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Figure 3.10: Representative TEM images of samples taken at different stages of silica
coating. Sample (a) is prepared before TEOS addition. From (b) to (f) volumes of 20,
40, 80, 160 and 320 µL of 10 vol% TEOS are added. The scale bars indicate 100 nm.
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Figure 3.11: In (a) size histograms of particles synthesized by the addition of different
TEOS volumes are included. The added volume of 10 vol% and the average particle
diameters are indicated in the legend. In (b) the added volume of 10 vol% TEOS is
plotted versus the average particle diameter.

3.3.3 Optimization of the fluorophore labelling density

A series of ∼90 nm diameter particles with relative dye concentrations from 0 to 30
were synthesized, see table 3.1. Transmission Electron Microscopy (TEM) measure-
ments were carried out to determine particle sizes at different stages of the synthesis.
Representative images of particles are shown in figure 3.12. The images illustrate that
the particles are successfully coated with a very thin silica layer after the first growth
step (a). The silica layer becomes thicker and more homogeneous after growth of the
rhodamine B labelled silica layer (b) and the second stabilization layer (c). It is impor-
tant to note that silica grows selectively onto the existing particles, i.e. no secondary
nucleation takes place. Average particle diameters and standard deviations at the dif-
ferent stages of the synthesis were determined from TEM images. Average particle
sizes are almost identical for all samples at different stages of the reaction justifying
the assumption that the volume of rhodamine B labelled silica per particle is similar
for all samples. By ensuring that the number of particles is the same in all reactions,
it is ensured that we are truly studying fluorophore labelling density effects.
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Total particle diameter
[Dye] RITC layer Stab. layer

d (nm) σ (nm) d (nm) σ (nm)
30 79 4.5 89 4.9
25 86 5.4 88 4.8
20 83 5.0 88 5.4
15 82 4.3 88 4.8

12.5 82 4.3 87 5.0
10 82 4.7 89 4.5
7.5 83 4.8 89 4.7
5 81 4.7 88 5.1

2.5 83 5.6 89 5.3
1 82 4.8 89 4.5
0 76 4.8 89 5.4

Table 3.1: Particle sizes determined from TEM after growth of the rhodamine B
labelled silica layer and growth of the second stabilization layer. All samples were
based on 15 nm (σ = 1.4 nm) diameter gold cores coated with a thin silica shell to
obtain a total diameter of 25 nm (σ = 2.7 nm). In this table, d is the average particle
diameter and σ is the standard deviation of this average value, both were determined
by measuring diameters of 100 particles.

Figure 3.12: Representative TEM images at different stages of the silica coating proce-
dure; (a) after growth of the first stabilization layer; (b) after growth of the rhodamine
B labelled silica layer; (c) after growth of the second stabilization layer. The scale bars
indicate 100 nm.



Chapter 3. Fluorescently Labelled Silica Coated Gold Nanoparticles as Fiducials 63

Determination of the fluorophore labelling density

To calculate the average fluorophore separations, fluorophore labelling efficiencies were
determined. This was performed via absorption measurements after dissolution of the
silica shell of the particles as described by Imhof et al. [27]. In figure 3.13 absorption
spectra of the samples after silica dissolution and of the supernatant (the reaction
mixture that contains all non-incorporated rhodamine B) are included. These spectra
are obtained after a baseline correction was performed and after subtraction of the
reference sample ([Dye]=0).
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Figure 3.13: Absorption spectra of (a) the samples after silica dissolution and (b)
corresponding supernatants. The numbers in the legend correspond to the relative dye
concentration ([Dye]) that was used to synthesize the particles.

The observed maximum in the absorption spectra in figure 3.13 around 550 nm
were used to calculate the incorporation efficiencies according to the formula below.
All values used in the calculation and the calculated fluorophore labelling efficiencies
are listed in table 3.2.

Incorporation efficiency =
Abs. sample

Abs. sample + Abs. supernatant
× 100% (3.1)

Next, the average separation between fluorophores was calculated as the cube root
of volume available per fluorophore. This value increases from 7.7 nm for the highest to
28.5 nm for the lowest labelling density (see table 3.2). The estimated average number
and corresponding error (

√
N) of fluorophores per particle ranges from 12 for the lowest

to 558 for the highest labelling density and is also included in this table.
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Max. absorption Labelling Average Fluorophores
[Dye] Sample Supernatant efficiency separation per particle

(a.u.) (a.u.) (%) (nm) (a.u.)

30 0.21 5.37 3.7 7.7 558 ± 24
25 0.19 4.45 4.1 7.9 662 ± 26
20 0.16 3.48 4.5 8.2 530 ± 23
15 0.12 2.64 4.3 9.2 358 ± 19

12.5 0.08 2.12 3.8 10.2 265 ± 16
10 0.06 1.72 3.2 11.7 175 ± 13
7.5 0.04 1.24 3.5 12.4 151 ± 12
5 0.02 0.83 2.9 15.2 77 ± 9

2.5 0.01 0.44 2.7 19.6 39 ± 6
1 0.004 0.19 2.2 28.5 12 ± 4

Table 3.2: Absorption maxima around 550 nm and calculated fluorophore labelling
efficiencies, average separation between fluorophores and the number of fluorophores
per particle for samples labelled with different relative dye concentrations.

Spectral measurements and radiative decay curves

To study fluorophore density effects, excitation and emission spectra and radiative de-
cay curves were recorded (see figure 3.14a and b). Both spectra exhibit a small blue
shift with increasing fluorophore density that is accompanied by an increase in the
height of the shoulder around 520 nm in the excitation spectrum. Radiative (or fluo-
rescence) decay curves were measured using the time-correlated single-photon counting
technique after excitation with a pulsed laser [4]. These curves reveal faster decays with
increasing labelling density which is indicative for fluorescence quenching. The radia-
tive decay of particles labelled with the lowest dye labelling density, [Dye] = 2.5, is
already slightly faster than the decay of the fluorophore, rhodamine B isothiocyanate
(RITC), in ethanol. This can be attributed to a change in the local medium of the
fluorophores, silica versus ethanol, and the APTES-dye coupling.
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Figure 3.14: (a) Emission spectra recorded after excitation at 520 nm (right) and
excitation spectra recorded at 610 nm (left). (b) Radiative decay curves after pulsed
excitation at 509 nm and detection at maximum emission. The numbers in the legend
correspond to the relative dye concentration ([Dye]) that was used to synthesize the
particles.

Similar observations at increasing fluorophore densities in solid matrices were made
by Genovese et al. [44] (rhodamine B in pluronic silica) and Imhof et al. [27] (fluorescein
in Stöber silica) and for fluorophores on antibodies by Szabó et al. [26]. An explanation
for these observations can be found by taking into account concentration effects includ-
ing self quenching. Increasing the fluorophore density results in the formation of an
increased number of dimers [53, 58] or other species acting as quenching centers. Addi-
tionally, resonance energy transfer (homo-FRET) between fluorophores becomes more
efficient because the average separation between fluorophores shortens [4]. This combi-
nation of energy transfer and quenching successfully explains the effects of fluorophore
concentration on the fluorescence quantum yield of fluorophores in solution [55, 56]
and can also be applied to the work presented here. When increasing the fluorophore
density in the particles, energy transfer between fluorophores becomes possible and
the number of quenching centers within the particles increases. This energy transfer
allows the excited state to migrate within the particle which makes it possible for the
excited state to migrate from an unquenched fluorophore to a nearby quenching center,
thereby contributing to quenching of fluorescence.

Single particle intensity and (photo)chemical stability

Widefield fluoresence microscopy measurements were performed to determine the single
particle intensity and photostability of the particles. In figure 3.15a the average single
particle intensity is plotted as a function of the number of dyes per particles. It can be
seen that initially the single particle intensity increases when the number of dyes per
particles increases. After this first increase, the single particle intensity remains more
constant and eventually a small drop in intensity is observed. This optimum can be
explained by the counterbalance between increasing the number of fluorophores versus
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the increase in self quenching. This becomes more evident when the single particle
intensity is plotted as a function of the average fluorophore separation, see figure 3.15b.
At large separations (> 15 nm) the single particle intensity increases when the number
of fluorophores per particle increases (i.e. shortening of the average separation) because
the fluorophores do not sense each other. Next, a more constant regime between 10-
15 nm with an optimum around 12 nm is observed. In this regime, the addition of
fluorophores is counterbalanced by an increase in self quenching. Finally, when average
separations drop below 10 nm self quenching becomes dominant which results in the
aforementioned drop of intensity.

# fluorophores per particle

a b

Figure 3.15: Average single particle intensity plotted as a function of the number of
dyes per particle (a) and as a function of the average fluorophore separation (b). The
standard deviation in the intensity per particle in this plot corresponds to the standard
deviation of the normal distribution that was fitted to the data to obtain the mean
intensity. The area in gray corresponds to non-stable particles.

The photostability of the particles was studied by measuring their photobleaching
behavior. From the photobleaching curves in figure 3.16 it becomes clear that, generally
speaking, the intensity loss reduces when the fluorophore density increases. This can
be explained by the shortening of the radiative decay lifetime at higher fluorophore
densities. The fluorophores spend less time in the excited state, thereby decreasing the
bleach rate. In addition, photobleaching reduces the effective dye concentrations which
decreases the effect of concentration quenching thereby counterbalancing bleaching.

Another observations made throughout the experiments was that particles with a
relative dye concentration above 15 tend to cluster over time (gray area, figure 3.15).
This clustering can result from a reduction of the negative zeta potential caused by
the incorporation of positively charged fluorophores and amine groups. For CLEM
applications non-clustered particles are preferred, therefore these high concentrations
should be avoided.
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Figure 3.16: Normalized bleaching curves measured at an excitation intensity of 6.0 W
cm−2. The numbers in the legend correspond to the relative dye concentration ([Dye])
that was used to synthesize the particles.

Based on the results included in this section, a relative fluorophore concentration of
10 (separation 11.7 nm) was chosen as the optimum labelling density. The average
single particle intensity is maximum around this concentration. In terms of bleaching,
it might be desirable to go for a higher labelling density. However, because of particle
stability, a relative fluorophore concentration well below 15 (separation 9.2 nm) is
desired.
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3.3.4 2D CLEM experiment: Widefield and TEM imaging of
fiducials on thin cryosections

The nanocomposite particles with the optimum dye concentration were first tested as
fiducials in a 2D CLEM experiment. This experiment was performed by the addition
of the particles to a cryosection of cells on a TEM grid in a correlative workflow.
Results of this experiment are included in figure 3.17 and demonstrate that the fiducials
are clearly visible in both modalities. The FM/EM overlay included in (d) and (e)
is purely based on the positions of the fiducials and is used to correlate LAMP-1-
GFP fluorescence to the ultrastructure of late endosomes and lysosomes. The inset
in figure 3.17f clearly shows the core-shell structure of the fiducials. This core-shell
structure was also apparent at the lower magnification TEM image in figure 3.17 and
proved to be very useful to identify the fiducials. The core-shell also proved to be very
useful to accurately determine the center of the fiducials and having a distinguishable
well defined structure opens up possibilities for automatic registration of the particles.
It should be noted that the EM magnification should be high enough to observe the
core-shell structure of the fiducials. At too low magnifications, the core-shell structure
is no longer visible which complicates discriminating fiducials from dirt and automatic
registration of the fiducials.

Figure 3.17: 2D CLEM experiment of 81.9 nm diameter fiducials on top of a 70 nm thick
cryosection of HT1080 cells stably expressing LAMP-1-GFP. (a) Widefield fluorescence
microscopy image. (b) Region selected for TEM imaging. (c) TEM image of the
selected region (fiducials encircled in red). (d) Overlay of FM and EM data based on
the positions of the particles. In (e) and (f) higher magnification CLEM and TEM
images of the in (d) highlighted region are included. The GFP fluorescence perfectly
overlaps with the position of late endosomes and lysosomes, which were identified in
TEM by their ultrastructural characteristics and the presence of endocytosed BSA-
Au5 (arrowheads). In the inset of (f) one of the fiducials is enlarged, highlighting the
core-shell structure of the particles.
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Recognition of the fiducials

In this section it is demonstrated how the unique signature of the particles can be
used to identify the fiducials in EM. To do so, specific areas of the EM image of
the 2D-CLEM example presented in the main text are enlarged in figure 3.18. This
demonstrates that already in this low magnification image the core-shell structure can
be used to distinguish between fiducials (encircled in green) and other dark spot that
are excluded as fiducials (encircled in orange). This is also confirmed by FM data since
no fluorescence is observed from the dark spots that are excluded as fiducials.

Figure 3.18: Low Magnifcation TEM image of 81.9 nm diameter fiducials on top of a
70 nm thick cryosection of HT1080 cells stably expressing LAMP-1-GFP.

This becomes even more apparent in the higher magnification EM image of the
same region of interest included in figure 3.19. Again, the particles encircled in green
correspond to fiducials whereas regions encircled in orange are excluded as fiducials
because of the absence of the distinct core-shell structure.

Figure 3.19: TEM image of 81.9 nm diameter fiducials on top of a 70 nm thick cryosec-
tion of HT1080 cells stably expressing LAMP-1-GFP.
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3.3.5 3D CLEM experiment: Endocytosed nanoparticles as
fiducials for correlative confocal fluorescence and 3D
electron microscopy

In biological samples, correlating regions of interest (ROIs) between fluorescence and
electron imaging can prove challenging due to the heterogeneous content of the cell and
limited resolution of fluorescence imaging. Several organelles can be located within
the same fluorescent spot, causing the risk of misidentification. The use of fiducials
improves the registration accuracy between FM and EM, and can aid in alleviating
this issue, especially when imaging in 3D. Due to their unique gold core silica shell
architecture, we hypothesized that the nanoparticles could function as well-defined
fiducials to correlate fluorescence and 3D electron imaging data. Previous research on
silica particles has demonstrated that, under the right conditions, cells readily take up
silica particles through endocytosis without cytotoxic effects [90, 91, 92, 93], indicating
that endocytosed particles could serve as a useful and functional fiducial.

To examine the viability of the nanoparticles as 3D fiducials, we incubated HeLa
cells with the nanoparticles diluted in medium, allowing uptake of the particles into
the cells. After three hours the samples were fixed and imaged using confocal fluo-
rescence microscopy. Endocytosed nanoparticles were detected throughout the cells
(figure 3.20a), indicating successful endocytosis. Following fluorescence imaging, we
selected a region of a cell containing both large, bright spots and smaller, dimly flu-
orescent spots for FIB-SEM imaging (figure 3.20a, inset). Samples were postfixed,
stained and embedded for imaging by focused ion beam scanning electron microscopy
(FIB-SEM). In FIB-SEM, samples are imaged by scanning the surface of a ROI us-
ing the electron beam, after which a thin layer is ablated from the surface using the
FIB. This cycle is repeated until the ROI has been imaged, allowing 3D reconstruction
of a sample. FIB-SEM on biological samples requires relatively severe staining with
heavy metals to obtain sufficient detail of cellular structures, which comes at the risk
of obscuring fiducials, and exaggerating biological features that may be mistaken for
fiducials. In our FIB-SEM data, we found that the combination of the electron-dense
gold core and the electron-lucent silica shell made for easy, unequivocal identification of
the compartments containing nanoparticles, even in heavily stained samples, allowing
easy correlation of fluorescence and FIB-SEM data.

The nanoparticles were found in endocytic compartments (figure 3.20b), and could
be resolved at an individual particle level. The unique structure of the particles proved
helpful in identification, meaning that any fluorescent spot seen in the confocal data
could be linked to corresponding particles detected using FIB-SEM (figure 3.20b).
Interestingly, brightly fluorescent spots were correlated to compartments containing
up to 40 particles (figure 3.20c, blue outline), whereas only 1 or 2 nanoparticles could
be found in compartments corresponding to dimly fluorescent spots (figure 3.20c, purple
outline), indicating a high level of sensitivity. Thanks to the high resolution and small
sectioning distance employed by FIB-SEM, even single particles could be detected, and
fitted to the fluorescent data.

In the FM (figure 3.20a) and FIB-SEM data, particles, and clusters of particles were
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also observed outside the cells. Thorough testing, including Dynamic Light Scattering
measurements, proved that initially non-clustered particles were presented to the cells.
The observation of clusters outside the cells can be explained by taking into account
that this data is recorded after 3 hours of uptake, after the addition of fixative and
after overnight fixation. Within this time frame, particles still present in the medium
can aggregate, in particular after the addition of fixative. This aggregation is not ex-
pected to affect the initial uptake of the particles but this could complicate automatic
registration strategies.

Combined, our data shows that the nanoparticles are taken up by HeLa cells and are
useable as 3D fiducials, owing to their bright fluorescence and ease of identification in
FIB-SEM data.

Figure 3.20: 3D CLEM experiment of 99.2 nm diameter fiducials after cellular uptake
in HeLa cells. (a) Confocal fluorescence microscopy slice of cells after fixation. White
areas indicate coarse outlines of two cells. The enlarged region highlighted in green is
chosen as ROI for FIB-SEM imaging. The white arrowheads indicate fiducials visible
in the corresponding FIB-SEM slice shown in (b). (b) Virtual slice of the reconstructed
FIB-SEM data, corresponding to the focal plane used for fluorescence imaging. Red ar-
rowheads indicate compartments visualized in fluorescence microscopy, which contain
various amounts of fiducials. The organelles encircled in blue and purple containing
fiducials are enlarged in (c). (c) FIB-SEM slices through organelles of interest at dif-
ferent heights of both compartments, clearly showing the different amounts of fiducials
present. The numbers below the figures correspond to the number of the FIB-SEM
slices. (d) Overlay of FM and EM data based on the positions of the fiducials indicated
by the arrowheads in (a) and (b). The scale bars in (a) correspond to 20 and 2 µm,
the scale bars in (b) and (d) correspond to 2 µm.
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3.4 Conclusions and outlook

15 nm gold particles coated with a fluorescently labelled silica shell (rhodamine B
isothiocyanate) were successfully synthesized. A relative dye concentration of 10, corre-
sponding to an average fluorophore-fluorophore separation of 11.7 nm yielded optimum
brightness and (photo)stability. Particles labelled with this optimum dye concentration
were successfully used as fiducials in a 2D CLEM experiment to correlate widefield FM
and TEM images by addition of the fiducials to a cryosection of cells on a TEM grid,
demonstrating high registration accuracy in both FM and EM. After endocytosis of
the fiducials by HeLa cells, the particles could also be used as well-defined fiducials
to correlate confocal FM and FIB-SEM. In both experiments, the unique core-shell
signature of the fiducials proved very useful to identify the fiducials and to accurately
determine the center of the fiducials. This was especially evident in the FIB-SEM data,
where a fiducial with only an electron-lucent shell or only a small electron-dense core
would be at risk of being misidentified as a cellular structure.

In future research, automatic registration procedures can be explored were the dis-
tinct core-shell structure of the here presented particles can be used to detect the fidu-
cials in EM. Furthermore, we plan to use the offset between EM and FM positions of
the fiducials to correct for FM/EM sample distortions. This opens up the possibility to
use the fiducials to test and quantify the accuracy of different data correlation methods.
Such a method can for example include nonlinear effects such as sample deformation
caused by shrinkage of the sample in EM. Furthermore, the unique architecture of the
nanoparticles can aid in devising automated correlation strategies, based on accurate
localization of the nanoparticles within complex biological specimens. Finally, we note
that due to the silica shell the particles are non-toxic and compatible with live cell
imaging experiments, opening up imaging strategies for live-cell correlative imaging.
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4
3D (i)CLEM: Endocytosed
Fiducials as Dual-Modality

Probes

In this chapter, the potential of the fluorescently labelled silica coated gold nanoparti-
cles presented in chapter 3 for three dimensional iCLEM measurements is explored. To
this end, entire HeLa cells and P388D1 mouse macrophages were labelled via endocy-
tosis of the fiducial markers. The fluorescence intensity of the particles was monitored
while the samples were prepared for EM. This was important as the procedure con-
tained various fixation, staining and embedding steps that are expected to reduce the
fluorescence intensity of the particles. Following this procedure, heavily stained, thin-
layer plastic embedded cells were obtained. We observed that, despite a large decrease
in fluorescence intensity, the fiducial markers remained visible in FM which makes them
well suited for iCLEM measurements.

In the final section of this chapter, 3D iCLEM measurements of cellular samples
with endocytosed fiducial markers are presented. It is demonstrated how the fiducial
markers can be used to identify and target regions of interest in FM for further study
by EM. A brief description of the iCLEM setup used for these measurements is also
included. This setup was developed by co-workers within the same project.
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4.1 Introduction

The success of iCLEM experiments, where a light (fluorescence) microscope is inte-
grated in an electron microscope, strongly depends on the availability of good perform-
ing integrated microscopes. On the other hand, the compatibility of samples, labels and
the procedures to prepare samples for both FM and EM are also of great importance.
It is not straightforward to prepare samples that can be imaged with both modalities.
Extensive protocols involving many steps are required to prepare biological sample for
EM. These protocols all aim at the preservation of cellular ultra-structures and ensur-
ing that samples show good contrast and are conductive enough to prevent charging
effects during EM measurements [13, 94, 95, 96, 97, 98]. Often there is a trade of be-
tween FM and EM compatibility of samples at some point in these procedures. To get
a better understanding of this trade off, the most important EM sample preparation
steps and their effect on the FM compatibility of samples is discussed below.

The visibility of materials in an electron microscope (TEM or SEM) is mainly de-
termined by the atomic number of the elements present in the material. Generally
speaking, heavy elements, i.e. atoms with a high atomic number, scatter electrons
more efficient than lighter elements (low atomic number) and are therefore better vis-
ible. This difference can be explained by the difference in size of the nucleus of these
elements as it is the nucleus that scatters most of the electron that are used to collect
images. To maximize contrast, it is best to have regions of heavy elements next to
regions with light elements [99]. Following the same reasoning, black ink on a white
paper is better visible than grey ink. EM staining protocols therefore always aim at
providing a well-balanced mix between these regions.

Biological tissue is almost exclusively comprised of comparatively light elements and
thus barely visible in an electron microscope. Therefore, a wide variety of protocols
to add contrast to specific regions of tissues has been developed. This is achieved
by the addition of heavy metals that specifically bind or enhance contrast of various
macromolecular components of cells such as lipids, proteins, polysaccharides, nucleo-
proteins, or lipoproteins [100, 101]. We refer to this process as staining and osmium,
uranyl and lead are examples of heavy metals that are frequently used for this [97].
Osmium, added as osmium tetroxide, is widely used for fixation and staining of lipid-
containing membranes as it is known to react with the double bonds present in lipid
molecules [96, 100, 102, 103, 104, 105]. Uranyl on the other hand, added as uranyl ac-
etate, is mainly associated with staining of proteins but also interacts with lipids [96].
Finally, lead, which can be added as lead citrate or aspartate, enhances contrast of a
wide range of cellular structures such as ribosomes, lipid membranes, cytoskeleton and
other compartments of the cytoplasm [106]. Lead also interacts with uranyl acetate
thereby enhancing the contrast of uranyl stained materials if it is added after materials
are stained with uranyl acetate [96].

The heavy metals added for staining are known to be incompatible or only partially
compatible with fluorophores and other labels for FM as they quench most fluores-
cence [15, 74, 107, 108, 109]. This quenching makes it impossible to detect fluorescent
proteins or tags after samples are prepared for EM via standard protocols. Apart
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from this heavy metal quenching, also the number of suitable fluorophores and fluo-
rescent proteins is limited as not all of them remain fluorescent under the dry vacuum
conditions encountered in standard electron microscopes [74, 110, 111].

Despite these challenges it has been demonstrated that it is possible to produce
biological samples that are suitable for iCLEM measurements. This can be achieved
by choosing the right fluorophores and/or fluorescent proteins and labelling procedure
and by minimizing heavy metal staining to yield maximum fluorescence. Karreman
et al. [74], for example, demonstrated that it is possible to perform two dimensional
iCLEM measurements on sections of EM stained resin embedded cells immuno-labelled
with fluorophores. After a careful evaluation of fluorophores and labelling procedures
in combination with milder heavy metal staining she managed to prepare sections that
were well contrasted for EM and remained fluorescent under the vacuum conditions of
the TEM.

In this chapter, the possibility to use the fiducial markers presented in chapter 3 in
three dimensional iCLEM measurements is explored. For iCLEM, it is important that
(enough) fluorescence of the fiducial markers is preserved after samples are prepared
for EM. To test this, the fluorescence intensity of cellular samples with endocytosed
fiducial markers is monitored during a procedure to prepare cellular samples for FIB-
SEM measurements. To this end, first the endocytosis itself is followed and optimised in
two types of cells; HeLa cells and macrophages. Next, cells with endocytosed fiducial
markers are fixed, stained and embedded following the procedure developed by van
Donselaar and co-workers [98]. The cells are embedded in an extremely thin layer of
plastic, and heavily stained with heavy metals to yield optimal imaging conditions for
EM.

Endocytosis
of the

fiducial markers
EM sample
preparation

Figure 4.1: A schematic representation of the procedure to obtain iCLEM samples by
endocytosis of the fiducial markers. After endocytosis, the first FM data is collected.
Next, samples are prepared for EM while monitoring the fluorescence intensity of the
endocytosed particles.

Not all plastics are suitable for iCLEM measurements and thin-layer embedding
of biological tissue. Therefore, three frequently used plastics were tested prior to the
experiments presented in this chapter: Epon, Lowicryl HM20 and Spurr’s resin. The
first one, Epon, is known to be very robust and proved to be very stable throughout
the FIB-SEM measurements. However, the high viscosity and autofluorescence made
this material unsuitable for thin-layer embedding and FM measurements. The sec-
ond one, Lowicryl HM20, was nearly transparent which is advantageous for FM but
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was not stable during FIB-milling and EM imaging. Also, a lot of structural defects
were introduced as the plastic was too viscous to uniformly cover all biological tissue
throughout the embedding procedure. The final one, Spurr’s resin can be considered a
good compromise: it is robust enough for FIB-SEM imaging and its autofluorescence
is low enough for FM imaging. Moreover, it has a good viscosity for thin-layer embed-
ding of biological tissue which makes is possible to reproducibly produce high quality
iCLEM compatible samples.

In the final section of this chapter, 3D iCLEM measurements of the cellular samples
with endocytosed fiducial markers are presented. It is demonstrated how the fiducial
markers can be used to identify and target regions of interest in FM for further EM
imaging. A brief description of the iCLEM setup that is used for these measurements
is also included. This setup was developed by co-workers within this project.



Chapter 4. 3D (i)CLEM: Endocytosed Fiducials as Dual-Modality Probes 81

4.2 Experimental details

4.2.1 Endocytosis of the fiducial markers

In this section, the possibility to use the fiducial markers for three-dimensional la-
belling of cells via endocytosis is explored. This approach was tested in two cell
lines: P388D1 mouse macrophage and HeLa cells. Macrophages are a type of white
blood cell and are known as ”big eaters”. The cells are specialized to engulf and kill
pathogens like bacteria and viruses [112]. Uptake of (large) particles by these cells is
frequently reported [113, 114, 115]. As the P388D1 cells exhibit characteristics typical
for macrophages, rapid uptake of the fiducial markers by these cells is expected. HeLa
cells on the other hand, are a type of cancer cells and are the most studied human
cells [116]. For these cells, the size of particles in uptake studies is more critical but
endocytosis of particles by HeLa cells is also reported [91, 117].

In figure 4.2 representative TEM images of the fiducial markers that were used
for the cellular uptake experiments are included. These particles were synthesized
following the procedures described in chapter 3. For cellular uptake by macrophages,
the 128.8 ± 5.8 nm diameter particles in (a) were used whereas the smaller, 90.8 ±
4.9 nm diameter, particles in (b) were used for uptake by the Hela cells. The number
of fluorophores scales with the volume of rhodamine B labelled silica. Therefore, the
larger particles are brighter than the smaller particles.

Figure 4.2: TEM images of the fiducial markers for cellular uptake by (a) P388D1
mouse macrophages and (b) HeLa cells. Both scale bars indicate 100 nm.

Cellular uptake experiments

HeLa cells were cultured in a 37◦C, 5% CO2 incubator, in T75 culture bottles (Corn-
ing). Cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco)
supplemented with 10% fetal bovine serum, 2 mM L-glutamin, 100 U/mL penicillin,
100 µg/mL streptomycin (referred to as complete DMEM). Cells were passaged when
confluency reached 85% to 90%. For cellular uptake, Hela cells were grown on gridded
glass coverslips, prepared as described by Fermie et al. [84].
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Cells from the P388D1 mouse macrophage cell line were cultured in RPMI1640
medium supplemented with 10% fetal bovine serum, 2 mM L-glutamin, 100 U/mL
penicillin and 100 µg/mL streptomycin, under 37◦C, 5% CO2 conditions. For time-
lapse imaging, P388D1 cells were seeded in 8-well chambered microscope slides (Ibidi
GmbH, #80826) coated with poly-L-lysine.

Both cell types were incubated with various concentrations of fiducial markers dis-
solved in complete DMEM for a fixed amount of time.

Live-cell imaging and in situ fixation

Live imaging was performed on a Deltavision RT widefield microscope (GE Healthcare)
equipped with a conditioned imaging chamber set to 37◦C and 5% CO2. Time-lapse
imaging was performed using a 100X/1.4 numerical aperture (NA) oil immersion ob-
jective and images were recorded using a Cascade II EM-CCD camera (Photometrics)
with a gain value of 290 using the Acquire3D module in Softworx 6.5.2. To evalu-
ate the endocytosis of the fiducial markers, fluorescence images of the particles were
recorded every 2 s with an exposure time of 50 ms. A rhodamine B filter set was used
to selectively excite (555/25 bandpass) and detect (605/52 bandpass) the particles. In
addition, differential imaging contrast (DIC) images were collected simultaneously.

Cells were fixed in situ by the addition of 1 mL of fixative containing 4% paraformalde-
hyde (Sigma) and 0.05% glutaraldehyde (25% solution in dH2O, Merck) in 1X PHEM
buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2, pH=6.9) to the
coverslip holder. Movement in cells ceased within several seconds after addition of the
fixative. After 10 minutes, cells were stored in fresh buffer with fixative.

Confocal imaging

After fixation and/or storage, coverslips were washed three times with 1x PHEM buffer
to remove excess fixative, followed by two washes with dH2O. Next, the coverslips
were mounted on standard microscope slides using Prolong Gold antifade mountant
containing DAPI (Thermo Fisher, P36930) which was cured overnight.

Fluorescence confocal imaging was performed using a Zeiss LSM700 CLSM equipped
with 63x/1.4 NA oil immersion objective. The fiducial markers were excited using the
555 nm laser line at 2% power, while DAPI was visualized using the 405 nm laser line
at 2% laser power. Z-stacks were collected with 200 nm step size. The position of cells
relative to the grid of the coverslips was recorded using polarized light.
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4.2.2 EM sample preparation: postfixation, dehydration and
resin embedding

In this section, the procedure to prepare cellular samples with endocytosed fiducial
markers is described. HeLa cells and macrophages were incubated for 3 hours with
10 µg/mL solutions of 90.8 ± 4.9 nm and 128.8 ± 5.8 nm diameter fiducial markers
respectively and used in all experiments described here. The aim of the experiments
is to determine how the fluorescence intensity of the fiducial markers is affected by the
different steps of the EM preparation procedure. Therefore, samples were prepared
at different points in time within the EM sample preparation procedure (EM step 1-
5). At these points, the fluorescence intensity of the fiducial markers was monitored.
Radiative decay curves of the fiducial markers were recorded as well, as these can
provide additional insight in the quenching of the fluorophores incorporated in the
fiducial markers.

EM sample preparation

After primary (in situ) fixation of the cells, the coverslips were transferred to 35 mm
dishes. Next, the cells were postfixed in 2.5% glutaraldehyde and 2% paraformaldeyde
in 0.1 M sodium cacodylate buffer (CB) (EM step 1).

The samples were prepared for EM according to the extremely thin layer plasti-
fication or ETLP protocol that was developed by van Donselaar et al. [98]. Briefly,
samples were contrasted using 1% osmium tetroxide (w/v) with 1.5% potassium ferro-
cyanide (w/v) for 90 minutes on ice (EM step 2). Next, the coverslips were incubated
with 1% thiocarbohydrazide (TCH) in dH2O (w/v) for 15 min. After the samples were
washed in dH2O, a second staining with osmium was performed by incubation with
1% osmium tetroxide in dH2O for 90 or 30 minutes. The samples were en-bloc stained
with 2% uranyl acetate in dH2O for 30 minutes (EM step 3) and stained with Walton
lead aspartate for 30 min at 60◦C (EM step 4). In between and after the final staining
and incubation steps, the samples were washed 5 times in dH2O. Finally, dehydration
was performed using a graded ethanol series and samples were embedded in Spurr’s
resin and polymerized for 48-60 h at 65◦C (EM step 5).

4.2.3 Osmium exposure experiments

A large drop of fluorescence intensity of the endocytosed fiducial markers is typically
observed when the cellular samples are stained with osmium. A possible way to improve
on this, is to reduce the osmium staining time. To test this whether this approach
could be successful, the fluorescence intensity of the fiducial markers is determined
after exposing the particles to an osmium tetroxide solution for various amounts of
time.

To do so, glass substrates with a homogeneously distributed layer of fiducial markers
were prepared by diluting a solution of the fiducial markers in ethanol 10.000 times in
a solution of polyvinyl alcohol in water (10 mg/mL). The polymer, polyvinyl alcohol,
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was added here to prevent drying effects that would otherwise result in the formation of
aggregates of particles on the substrate [118]. 20 µL of this solution was drop casted on
twelve 1 cm diameter spherical glass substrates. A pipette tip was used to spread the
solution so that it uniformly covered the glass substrates and the water was evaporated
on air.

Next, an osmium tetroxide solution was prepared by transferring aqueous solutions
of 6.5 mL sodium cacodylate (0.1 M), 1 mL potassium ferrocyanide (15 wt%) and
osmium tetroxide (4 wt%) to a vial. The substrates were transferred to twelve separate
vials and osmium exposure was started by the addition of 1 mL of the osmium tetroxide
solution (t=0) to ten of these vials. After this addition, the vials were transferred to an
ice bath that was placed on a shaker. After 5 minutes (t=5), the first two samples were
removed from the ice bath, the osmium tetroxide solution was removed with a pipette
and 1 mL water was added to the vials. This cleaning procedure was repeated five more
times with time intervals of five minutes before samples were dried on air. The same
procedure was repeated to obtain samples that were exposed to the osmium tetroxide
solution for 15, 30, 60 and 90 minutes (t=15/30/60/90). The two substrates that were
not exposed to the solution were cleaned following the same procedure. These sample
were used to determine the fluorescence intensity of the fiducial markers that were not
exposed to the osmium tetroxide solution (t=0).

Fluorescence imaging and radiative decay measurements

Widefield fluorescence microscopy measurements were carried out on a Nikon Eclipse Ti
widefield microscope. A mercury arc lamp in conjunction with a 510-560 nm excitation
filter, a 565 nm long pass dichroic mirror and a 590 nm long pass emission filter
ensured well defined illumination and detection wavelength bands. The same objective,
excitation intensity and diaphragm settings were used in all experiments. Finally, an
Andor NEO sCMOS camera was used to record images.

For the endocytosed particles, it was not possible to determine the single particle
intensity of the fiducial markers as clusters of particles were present in the cells. There-
fore, the average intensity throughout a large set of cells was taken as a measure for
the intensity. The values that are determined here, can only be used as a rough indi-
cation for the fluorescence intensity as the particles are not homogeneously distributed
throughout the cells.

For the osmium exposure experiments, single particle intensities were estimated with
the ThunderSTORM [50] and Otsu [119] plugins in ImageJ.

Radiative decay measurements were carried out on a Nikon Eclipse TiE microscope
equipped with a 40x 0.75 NA Nikon air objective. The fluorescence lifetime module
(LiMO) of the Confocal Laser Scanning Microscope (CLSM) [51] was used to record
average fluorescence decay times. An NKT laser set at 525 nm was used for pulsed
(10ps, 80 MHz) excitation. Before reaching the sample, the excitation light was filtered
with a 535/40 bandpass filter and the intensity was further reduced with an acousto
optical tunable filter (AOTF). A GaAsP photomultiplier tube (PMT) in combination
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with a 50x Philips preamplifier and a 532 nm long-pass filter (RazorEdge) were used
for detection. To obtain average fluorescence lifetimes, the obtained time traces were
fitted with double-exponential decay curves in commercially available Becker & Hickl
GmbH software

4.2.4 3D iCLEM measurements by the integration of a CLSM
with a FIB-SEM

3D iCLEM measurements were performed using an integrated setup that was developed
within this project by Loginov and co-workers [120]. In this setup, a Confocal Laser
Scanning Microscope (CLSM) equipped with a high numerical aperture (NA) objective
is integrated in a commercial FIB-SEM. The FIB-SEM and the CLSM in the integrated
setup observe the sample from the same direction and switching between the modalities
is accomplished by shuttling the specimen using an accurate mechanical stage. In
figure 4.3 a schematic representation of the iCLEM setup is included. This section
continues with a brief description of the setup. Details of the process of integration
and a full characterization of the performance of the iCLEM microscope are presented
in the work by Loginov et al. [120].

FIB-SEM stage

piezo stage

SEM

FIB tilt axis

objective

mirror

vacuum
window

to scanner

tube
lense

Figure 4.3: A schematic representation of the integrated CLSM FIB-SEM setup. The
CLSM scan area is situated roughly 90 mm from the SEM working point. The objective
lens, the mirror and the tube lens are situated inside the vacuum chamber. The confocal
scanner is located behind the vacuum window. A 1D-piezo stage is mounted on top of
the FIB-SEM stage for sub-micrometer axial positioning. Adapted from ref [120].

For EM imaging, a Scios FIB-SEM (ThermoFischer) with an Everhard-Thorley
Detector (ETD), an in-lens detector of Back Scattered Electrons (BSE), and an in-
column detector of Secondary Electrons (SE) was used. For FIB milling, The Scios
was equipped with a Ga-ion source. Control of 3D EM acquisition was performed with
the Slice&View version 3 software.

For confocal imaging, a Nikon industrial inspection objective lens (ELWD series,
Plan Apo 100x NA 0.9), a mirror and a tube lens were placed inside the vacuum
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chamber of the Scios. The other compartments of the CLSM setup were placed outside
the vacuum by passing the optical path through a vacuum window, see figure 4.3. For
lateral scanning, a Yanus scan-head (FEI Munich) equipped with a 50 mm focal length
scan-lens was used. A single axis piezo-stage (E-601.1SL, Physik Instrumente) was
mounted on top of the FIB-SEM stage to achieve sub-micrometer axial positioning
and scanning.

For excitation of the specimen, a 532 nm laser (LightHUB with an AOM, Omicron)
was used. A fiber was used to guide the light to a stand-alone detection module. Here, a
dichroic mirror was used to split the light into a fluorescence and a reflection signal. The
reflection signal was detected by a PMT operating in current mode (PMMA01, Thor-
labs). The fluorescence signal was, after bandpass filtering (ET585pxr-65, Chroma),
detected by a photon counting PMT (H7422P-40, Hamamatsu).

The integrated measurements were performed on the extremely thin layer plastified
samples described in section 4.2.2. For the iCLEM experiments included in this chapter,
HeLa cells incubated for 3 hours with a 10 µg/mL solution of fiducial markers with a
total diameter of 90.8 nm were used. After polymerization, the coverslips containing
ETLP samples were mounted on aluminium stubs using conductive carbon tape and
coated with 10 nm carbon in a Leica ACE600 sputter coater to ensure conductivity.

After mounting the sample in the FIB-SEM and pumping the system down to
vacuum, confocal fluorescence and reflection images were recorded. Next, the sample
surface was imaged with the SEM in 2D. This data shows great similarities with the
CLSM reflection data and was used to create a first rough overlay. This overlay was
then used to navigate over the sample and to select a region of interest for further
FIB-SEM processing based on the fluorescence data.

After identification of region(s) of interest, automated serial imaging was performed
according to a previously described workflow [84]. Briefly, trenches were prepared
surrounding the region of interest using the FIB, after which automated serial imaging
was performed using 5 nm isotropic voxels. All SEM images were collected at an
acceleration voltage of 2 kV and a current of 0.2 nA, using the T1 backscattered
electron detector.
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4.3 Results

4.3.1 Endocytosis of the fiducial markers

A first set of cellular uptake experiments was performed to determine whether the
fiducial markers are endocytosed by the macrophages and HeLa cells. These experi-
ments were also used to determine which conditions (i.e. concentration and incubation
time) should be used to obtain cells that are properly labelled in three dimensions. To
this end, different concentrations (0, 5, 15 and 50 µg/mL) of particles dispersed in cell
culture medium were added to cells grown on gridded glass coverslips that were placed
on well plates. Live cell widefield imaging was used to follow endocytosis over time
and cells were fixated when endocytosis of the particles was clearly visible. Follow-
ing fixation, confocal images were recorded to determine how well the particles were
distributed throughout the cells.

Live-cell data

In the live-cell data successful uptake of the fiducial markers by both cell types and at
all concentrations of fiducial markers was observed. To illustrate this, live-cell data of
two macrophages and of a Hela cell after three hours incubation with 15 respectively 5
µg/mL fiducial markers are included in figure 4.4a and b. The fluorescent rhodamine
B spots observed in these images indicate that (groups of) fiducial markers are present.
This assumption is justified by the absence of fluorescent spots in live-cell data of cells
that were not incubated with the fiducial markers.

In the live-cell data of the macrophages (figure 4.4a), one can see a rough outline of
two cells. Over time, movement of the cell as well as the fluorescent spots within the
cells is observed. This indicates the presence of endocytosed fiducial markers within
the cells. Within the observation time, also live endocytosis of the group of particles
encircled in green is observed. This group of particles crosses the boundary of the cell
(60 s) and gradually moves from the exterior to the interior of the cell.

For the HeLa cell in figure 4.4b, similar observations were made. To visualize how
the endocytosed fiducial markers are moving inside the cell, some of the fluorescent
spots were tracked within the live-cell data. In the final panel, the trajectories of these
fluorescent spots and a rough outline of the cell are included. In this data set, live
uptake is observed as well. The fiducial markers indicated by the white trajectory are
for example moving from the exterior to the interior of the cell.
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Figure 4.4: Live-cell FM images of (a) macrophages and (b) a HeLa cell after three
hours incubation with 15 µg/mL and 5 µg/mL fiducial markers. In the green circles
in (a) a group of particles is observed that is endocytosed by one of the macrophages
within this time frame. In (b) particles are followed over time, trajectories and a rough
outline of the cell are included in the final panel. Scale bars indicate 10 µm.
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Widefield data after primary fixation

In figure 4.5 fluorescence and DIC images of the macrophages and HeLa cells after
three hours of incubation with different concentrations of fiducial markers are shown.
Figure 4.5a shows macrophages incubated with 0 µg/mL fiducial markers; here, no
fluorescent spots are observed. The DIC images on the other hand prove that cells
are present within the imaged region. For the HeLa cells, similar observations were
made when no fiducial markers were added during incubation. Therefore, it can be
concluded that the fluorescent spots observed in the other images can be attributed to
the fiducial markers present at these positions.

For the macrophages, significant uptake of the fiducial markers is observed after
incubation with the lowest concentration of fiducial markers, 5 µg/mL. The DIC images
are used here to verify that fluorescence is observed within the cells as the outline of
cells is clearly visible in these images.

For the HeLa cells, uptake of the fiducial markers is also observed after incuba-
tion with 5 µg/mL fiducial markers. However, uptake is not as distinct as for the
macrophages. When the concentration of fiducial markers during uptake is increased,
no pronounced increase of endocytosed particles is observed. When comparing the
images after incubation with 5 and 15 µg/mL, the distribution and number of fluo-
rescent spots within the cells seems to be more or less constant. Additionally, more
fluorescence of non-endocytosed fiducial markers around the cells is observed. When
the cells are incubated with a fiducial marker concentration of 50 µg/mL, the cells are
surrounded by (clusters) of non-endocytosed fiducial markers. Again, no increase in
endocytosis is observed. An explanation for this can be the increased probability of
clustering of the fiducial markers with increasing concentration. The increased size of
clusters of particles compared to the original size of the particles is expected to hinder
uptake by the HeLa cells. For the iCLEM measurements it is best to reduce the number
of non-endocytosed particles to reduce the signal by clusters which can be considered
as background.

The results presented here show that the optimum concentration of fiducial markers
is between 5 and 15 µg/mL when an incubation time of 3 hours is used. Therefore,
it was decided to use a concentration of 10 µg/mL fiducial markers and an incubation
time of 3 hours for further experiments.

Confocal data after primary fixation

For successful labelling in three dimensions, it is important that the fiducial markers are
well distributed throughout the cells after endocytosis. To determine whether this is the
case, confocal stacks of the macrophages (figure 4.6a and b) and HeLa cells (figure 4.6c
and d) were recorded after three hours incubation with 10 µg/mL fiducial markers.
These measurements demonstrate that (groups of) particles are present throughout
the entire volume of the cell that is not occupied by the nucleus which proofs that
labelling was successful.



90 4.3. Results

P388D1 Macrophages

HeLa cells5 µg/mL 15 µg/mL 50 µg/mL

T
R

IT
C

D
IC

0 µg/mL 5 µg/mL 15 µg/mL

T
R

IT
C

D
IC

a

b

Figure 4.5: Fluorescence (top) and DIC (bottom) images of (a) P388D1 macrophages
and (b) HeLa cells after incubation with different concentrations of fiducial markers.
The concentration of fiducial markers during incubation is indicated above the images,
all scale bars indicate 20 µm.
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Figure 4.6: In (a) and (b) a confocal slice of HeLa cells and P388D1 macrophages after
three hours incubation with 10 µg/mL fiducial markers. In (c) and (d) an orthogonal
view of the areas encircled area in (a) and (b) are included. Both scale bars indicate
20 µm.



92 4.3. Results

4.3.2 Fluorescence preservation during EM sample prepara-
tion

To use the fiducial markers in iCLEM experiments, it is important that (enough of) the
fluorescence is preserved after the samples are prepared for EM. To study whether this
is the case, the fluorescence intensity of the endocytosed fiducial markers was monitored
after the different EM sample preparation steps (also indicated in section 4.2.2). To
this end, five sets of samples were prepared throughout the EM sample preparation
procedure as follows:

1. After fixation;

2. After the first osmium staining;

3. After the second osmium staining and staining with uranyl acetate;

4. After lead staining;

5. After resin embedding.

In figure 4.7 representative FM images of samples prepared after the aforementioned
steps of endocytosed particles are included. The fluorescence intensity decreases grad-
ually from (1) to (4) for the macrophages and from (1) to (3) for the HeLa cells. After
the final EM sample preparation step(s) a small increase in fluorescence is observed in
(5).
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Figure 4.7: Wide field fluorescence images of (a) macrophages after cellular uptake of
128.8 nm diameter fiducial markers and (b) HeLa cells after cellular uptake of 90.8 nm
diameter recorded after EM sample preparation steps (1)-(5). In both subfigures, the
intensity of the first five images is scaled identically as indicated by the intensity scaling
in the top right corner. Panel (5b) shows the same image as panel (5a), but rescaled
to better show the fluorescent spots present in this image. All scale bars indicate 20
µm.
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Both observations are confirmed when the estimated normalized fluorescence inten-
sity of the fiducial markers is plotted as a function of the number of the EM sample
preparation step, see figure 4.8a.

a b

I
o

Figure 4.8: In (a) estimated values of the normalized fluorescence intensity and in
(b) average radiative decay times are plotted versus the number of the EM sample
preparation step. Red and blue lines correspond to data of particles endocytosed by
macrophages and HeLa cells respectively.

To gain more insight in the severity of quenching, a plot of the average radiative
decay time of the particles versus the number of the EM sample preparation step is
included in figure 4.8b. This radiative decay time or fluorescence lifetime is related to
the quantum yield of a fluorophore (see section 4.1) and corresponds to the time that a
fluorophore remains (on average) in its excited state before decaying back to the ground
state. Figure 4.8b also confirms earlier the observed trends: from (1) to (4) for the
macrophages and from (1) to (3) for the HeLa cells, the fluorescence lifetimes becomes
shorter which is indicative of increased quenching. A small recovery of the fluorescence
lifetime is observed after the final EM sample preparation step(s). However, these
measurements do not only reveal quenching effects. The fluorescence lifetime only
drops to approximately two-thirds of its original value where the fluorescence intensity
drops to below 5% of its original value.

An explanation for this underestimation is that fully quenched fluorophores do not
contribute to these measurements as they no longer emit photons. In addition, exci-
tation of fluorophores and the detection of emitted photons is less efficient for more
heavily stained samples. Staining darkens the samples which makes them less trans-
parent. Photons that could enter or exit the sample before staining are now blocked or
absorbed by the heavy metals that are introduced throughout the staining procedure.
The wide field transmission images recorded after the first four EM sample prepara-
tion steps shown in figure 4.9 confirm this. The cells clearly become darker and darker
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(i.e. less transparent) after each EM sample preparation steps. The biggest decrease
in transparency is observed after the second osmium staining and staining with uranyl
acetate in (3). After this step, also the largest decrease in fluorescence intensity is
observed.

(4)(3)

(2)(1)

Figure 4.9: Wide field transmission images of HeLa cells after cellular uptake of fiducial
markers recorded after EM sample preparation steps (1)-(4). The intensity scaling is
identical for all four images and all scale bars indicate 50 µm
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4.4 Osmium exposure experiments

In the previous experiments it was observed that most of the fluorescence intensity of
the particles is lost in the first three steps of the ETLP procedure to prepare samples
for EM. Both, the second and third step, involve exposure of the sample to a solution of
osmium tetroxide in water. Therefore, it is hypothesized that the loss in fluorescence
intensity can be reduced by reducing the time that the samples are exposed to this
solution. To test this hypothesis, the fluorescence intensity of fiducial markers on a
glass substrate is measured as a function of the osmium tetroxide exposure time. The
results of this experiment are sumarized in figure 4.10.

The data in figure 4.10 confirms that the loss in fluorescence intensity of the fiducial
markers can be reduced by reducing the osmium exposure time. The largest decrease in
fluorescence intensity is observed between 30 and 60 minutes exposure time. Therefore,
the osmium staining time to prepare samples for EM is reduced from 90 to 30 minutes.

I
o
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Figure 4.10: In (a) normalized single particle fluorescence intensities determined with
Thunderstorm (red) and Otsu (blue) and in (b) average radiative decay times are
plotted versus the osmium treatment time.

To determine whether this approach is successful, a representative SEM image of
HeLa cells prepared following to the ETLP procedure with the reduced osmium staining
time of 30 minutes is included in figure 4.11. This image shows that membranes and
morphological details are clearly visible throughout the entire volume that was imaged.
No differences in contrast are observed when comparing regions that are closer to the
glass coverslip and regions that are further away from it. This indicates that 30 minutes
of heavy metal staining is enough to uniformly penetrate the entire specimen. An
explanation for this can be the limited thickness of this sample. The HeLa cells are
only a few micrometers thick and are only covered by a very thin layer of Spurr’s resin
after thin-layer embedding.
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Figure 4.11: HeLa cells imaged in the FIB-SEM prepared according to the ETLP
protocol with a reduced osmium staining time of 30 minutes. The glass coverslip is at
the bottom of this image and the scale bare indicates 2 µm.
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4.5 Fiducial markers in 3D iCLEM

In figure 4.12 2D projections of the fluorescence (a) and reflection (b) images of the
endocytosed fiducial markers in HeLa cells are included. These images are constructed
from a 3D stack that was recorded with the earlier presented iCLEM setup were the
CLSM is integrated into the Scios FIB-SEM chamber. The measurements were per-
formed under the vacuum conditions required for SEM operation to test whether the
particles remain fluorescent under these conditions. In the fluorescence data, distinct
fluorescent spots indicating the presence of (groups of) particles are observed. This
proofs that fluorescence is preserved throughout the final EM sample preparation steps
and that the particles remain fluorescent under the vacuum conditions that are required
for SEM.

In the fluorescence images, only the particles are visible and information about
cellular structures or the outline of cells is absent as no other fluorescent labels are
present. In the reflection image in (b) on the other hand, the outline of a cell is clearly
visible. Therefore, this data can be used to navigate over the sample. Within the cell,
the 3x3 µm region of interest indicated by the green square in (a) and (b) is selected
for further EM processing. Based on the fluorescence image, this region should contain
(at least) three (groups of) particles.

In figure 4.12c a SEM image of the same cell is included. Before this image was
recorded, the sample was transferred between the CLSM and SEM positions. Typically,
this transfer has an accuracy of 2 µm. To select which 3x3 µm region should be imaged
in FIB-SEM it is therefore necessary to first improve the correlation accuracy. As there
are great similarities between the reflection data in (b) and the SEM image in (c), the
reflection data could be used to correct for this transfer error. Finally, the region of
interest that was originally selected in the fluorescence data could be identified in the
corrected SEM image.
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Figure 4.12: 2D projections of a 3D stack of fluorescence (a) and reflection (b) images
of HeLa cells after 3 hours incubation with fiducial markers. The stack was recorded
under vacuum conditions using the iCLEM setup. The area indicated by the green
square is chosen as the region of interest for further FIB-SEM investigation.
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In figure 4.13a, a representative 2D slice (X,Y) through the 3D FIB-SEM data
stack selected in figure 4.12 is included. In this slice, three groups of particles can be
recognized as indicated in (b). In (c) a magnified image of the fluorescence data of the
same region is included, also showing that three fluorescence spots are present within
this region. Finally, in (d) an overlay of the fluorescence and FIB-SEM data is created,
here the fluorescence signal perfectly overlaps with the position of the fiducial markers.

a b

c d

Figure 4.13: Correlation between the fluorescence and the 3D FIB-SEM data. (a) A
virtual 2D slice (X,Y) through the 3D FIB-SEM data stack. Three groups of particles
can be identified in the virtual FIB-SEM slice. The groups are indicated by the green
squares in (b). (c) shows a magnified view of the region of interest in the fluorescence
image 4.12a. In (d) an overlay of the fluorescence and FIB-SEM data is shown.
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4.6 Conclusion and Outlook

In this chapter the use of the fiducial markers presented in chapter 3 is explored in
3D (i)CLEM experiments. To this end, first, the possibility to label cells with the
fiducial markers via cellular uptake is investigated. 3D labelling proved to be possible
for both cell lines that were tested; P338D1 mouse macrophage cells and HeLa cells
were successfully labelled with 129 nm and 91 nm diameter particles respectively. For
both cell lines, good three-dimensional labelling was achieved by incubation of the cells
with 10 µg/mL of fiducial markers dispersed in cell culture medium.

After labelling and fixation, the cells were prepared for EM following the extremely
thin layer plastification or ETLP protocol developed by van Donselaar et al. [98].
Following this procedure, the cells were stained with heavy metals (osmium, uranyl
and lead) and embedded in a thin layer of Spurr’s resin. Throughout this procedure a
large drop in fluorescence intensity of the fiducial markers was observed. Less than 5%
of the original fluorescence intensity was preserved after carrying out all steps of the
protocol. The largest drop in fluorescence intensity was observed when samples were
stained with osmium. A similar drop in intensity was also observed when the fiducial
markers were exposed to an osmium tetroxide solution for an increasing amount of time.
Therefore, the osmium staining time in the ETLP protocol was shortened from 90 to
30 minutes to prepare the final iCLEM samples. This did not lead to any observable
decrease in the image quality of the FIB-SEM images; all morphological features of the
cells remained visible and well-contrasted.

The next step was to test the particles in a realistic cellular iCLEM experiments.
To this end, HeLa cells with 90 nm fiducial markers were studied with the iCLEM
setup that was developed by co-workers within this project. In this setup, a CLSM is
integrated into the Scios FIB-SEM chamber. The measurements prove that the ∼100
nm particles can be used as fiducial markers in cellular experiments. The particles
can be clearly recognized in the FIB-SEM images by their distinct core-shell structure.
And more importantly, enough fluorescence was preserved to detect the particles in
fluorescence images. This observation shows that the particles are very promising for
biological iCLEM experiments.

The workflow presented here can be expanded to also include fluorescence labelling
steps for the recording of fluorescence images of, for instance, specific proteins in cells.
The fluorescence of these labels in general do not survive EM sample preparation.
However, fluorescence images recorded both before and after EM sample preparation
will show the fiducial markers. As the fiducial markers are also visible in the EM images
they can be employed as a set of reliable reference points in both FM images and the
EM image. They can help to mitigate the effect of distortions of the specimen due to
EM preparation but also due to shrinkage by the e-beam of the EM and transfer of
the specimen. The use of these fiducial markers offers the potential to greatly enhance
the accuracy and reliability of the correlative analyses, both in integrated and non-
integrated CLEM approaches.
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Despite the (commercial) availability of integrated CLEM setups, the majority of
CLEM measurements is still performed in a non-integrated fashion. An explanation
for this is that the easiest way to circumvent the trade-off between FM and EM com-
patibility of samples is simply by recording FM data before preparing samples for
EM [64]. In non-integrated CLEM, the particles can be used to detect and correct
sample distortions that are easily introduced as samples are very fragile before fixation
and plastification.

There is plenty of room to improve the results presented in this chapter. A very heavy
staining protocol was employed in the EM preparation. For many experiments, milder
staining suffices. Therefore, it would be interesting to test milder staining conditions
as this can increase the fluorescence signal of the particles. Additionally, strategies to
protect the fiducial markers from the added heavy metals are worthwhile to explore.
The addition of an outer non-fluorescent silica shell can, for example, prevent quenching
of fluorophores. In the current situation, excited state migration allows the excited state
to move from fluorophores inside the particles towards fluorophores closer to the outer
surface (see chapter 2). As the particles are surrounded by heavy metals, this increases
the probability of fluorescence quenching. The addition of a non-fluorescent outer shell
could prevent this as this shell acts as a quenching barrier. If the fiducial markers are
fully penetrated by the heavy metals, this approach does not work. If this is the case,
it might be necessary to explore methods to make the particles less permeable for the
heavy metals. The particles presented here can be used as fiducial markers but are too
big for fluorescent labelling. By protecting the particles form the heavy metals and by
reducing the amounts of heavy metals that are added for staining it may be possible
to drastically reduce the size of the fiducial markers and employ them for labelling.

Up to this point, all SEM images of endocytosed fiducial markers were based on
the detection of backscattered electrons. In these images, the gold core appears as a
distinct bright spot as the heavy gold atoms scatter electrons very efficiently. The shape
of the surrounding silica core can also be recognized and it is this distinct core-shell
structure that enables a user to reliably identify the fiducial markers, see figure 4.14a.
In figure 4.14b an image of the same cellular region is obtained by the detection of
secondary electrons with the in-column detector. There are great differences in contrast
between these two images and apparently, a large number of secondary electrons are
produced by the glass coverslip and the silica shell of the fiducial markers with respect to
the surrounding cellular tissue. This observation is of great interest as the high contrast
opens up possibilities for automated detection of the fiducial markers within the FIB-
SEM data which turned out to be problematic when only backscattered electrons were
taken into consideration.
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Figure 4.14: SEM images of a FIB polished cross-section of the endocytosed particles
in HeLa cells imaged in backscattered electron (a) and secondary electron (b) mode.
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5
A Single Sample to Check
the Performance of a Light

Microscope

At present, a multitude of samples is required to monitor and optimize the quality and
reliability of quantitative measurements of 3D (super-resolution) light microscopes.
In this work, one sample is presented to substitute this multitude of samples. The
sample is composed of a refractive index matched colloidal crystal of silica beads with
fluorescent and gold cores and can be optimized for different objectives. The microscope
can be calibrated in three dimensions using the periodicity of the crystal; the alignment
of the laser lines can be checked using the reflection of the gold cores; and the point
spread function (PSF) can be measured at multiple positions and depths using the
fluorescent cores. It is demonstrated how this sample can be used to visualize and
improve the quality of confocal and super-resolution images. In addition, it is discussed
how the sample can be adjusted to meet different requirements and how it can be used
to evaluate refractive index mismatches as a function of depth quantitatively.
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5.1 Introduction

Reliable quantitative 3D light microscopy measurements require a well calibrated setup.
Moreover, proper alignment of the microscope contributes to a higher resolving power,
thereby enabling analysis at a smaller scale [121]. Calibration and alignment have
become even more critical with the advent of super-resolution microscopy techniques,
such as stimulated emission depletion (STED) microscopy [122, 123, 124]. Additionally,
it has been demonstrated that image restoration with an experimentally measured
’point response function’, referred to as the point spread function (PSF), allows for
better image restoration than deconvolution with a theoretical PSF [23, 24, 121, 125,
126, 127]. Therefore, is it also important to be able to reliably measure the PSF of a
setup.

Currently, a multitude of different samples and methods are needed for a complete
evaluation of a light microscopy setup. First of all, calibration of the microscope in the
lateral directions can be performed with commercially available stage micrometers. For
calibration in the axial direction various methods have been reported [21, 128, 129, 130].
Secondly, the alignment of excitation beams is commonly checked with ∼100 nm gold
beads [131]. For STED, the same gold beads can be used to check the alignment
of the depletion beam with the excitation beam, which is crucial to maximize the
performance of the system. Finally, measurements of the PSF of a confocal microscope
can be performed by imaging sub-diffraction sized (<175 nm in diameter) fluorescent
beads [22] or larger beads in combination with deconvolution software [21] in 3D. For
STED this is more challenging, since smaller fluorescent probes (<50 nm in diameter)
are required, as the size of the probe needs to be close to, or below, the resolving power
of the technique. Some suitable probes are available: DNA origami techniques for
example have been demonstrated to produce sub-30-nm fluorescent beads that can be
used as fluorescent probes for PSF measurements and as rulers for the calibration of a
STED microscope [132, 133]. In addition, it has been demonstrated that photostable
quantum dots can be imaged with STED [134, 135] and could therefore be used as
fluorescent probes for PSF measurements of a STED microscope. However, to the best
of our knowledge, a simple method to ensure enough separation between the probes in
2D or a method to produce 3D samples is not yet available.

While the PSF measurement and alignment methods used so far are good tools to
check the performance of a microscope, these methods usually only apply to measure-
ments close to the cover glass. With recent work using (3D) STED in combination with
glycerol objectives, sub-resolution imaging far from the cover glass was demonstrated
in life science specimens, where the refractive index is close to 1.45 [25, 121, 136].
In addition, knowledge of the depth dependent PSF has shown to be important for
accurate 3D image reconstruction [127].

In this work, a sample for the 3D calibration and alignment, as well as the PSF
measurement of a confocal (STED) microscope is presented. The sample is composed
of a colloidal crystal consisting of a mixture of highly monodisperse silica beads with a
gold or fluorescently labelled silica core. The crystal is refractive index matched with
an embedding solvent mixture, resulting in optimal imaging and an effective refractive
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index similar to life science specimens optimized for glycerol objectives. The period-
icity of the crystal in the lateral and axial directions is used to perform calibrations.
The gold cores are used to image the excitation and depletion spots in reflection and
to align the STED microscope. The fluorescent cores are individually resolvable as
they are separated by a non-fluorescent silica shell and can therefore be used for PSF
measurements at different positions and depths in the sample.

We will first show how the sample can be used for the calibration of lateral and
axial distances of a microscope. Second, we demonstrate the alignment and PSF mea-
surement of a confocal and STED microscope, also at different depths. Next, we
demonstrate the importance of proper alignment of the excitation and depletion lasers
of a STED microscope and how this can be achieved using the presented sample. In
addition, we will discuss how the sample can be tailored by adjusting the synthesis of
the silica beads and composition of the sample for different objectives. We will discuss
how the sample can also be used to study the effects of refractive index mismatching
on the PSF by intentionally mismatching the particles and the solvent mixture, as well
as between the sample, cover glass and the immersion liquid of the objective.
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5.2 Experimental details

5.2.1 Synthesis of the particles

In this section, a description of the synthesis of the particles two types of core-shell
particles that were used for the calibration sample is described. The synthesis was
performed in various steps that were partially performed in parallel as illustrated in
figure 5.1.

Gold

Fluorescently
labeled silica

Growth
to > 200 nm

Growth
to > 200 nm

Growth
to 500 nm

Mixed in a
1:100 ratio

Figure 5.1: A schematic representation of the synthesis of the particles that were used
to grow a colloidal crystal. Gold and fluorescently labelled silica cores were coated
with silica to obtain 200 nm diameter particles. Next, the aforementioned particles
were mixed in a 1:100 ratio and silica growth was continued to reach a final size of 500
nm.

In the first step, 80 nm diameter citrate stabilized gold nanoparticles were func-
tionalized with PVP, transferred to ethanol and coated with silica [79]. In parallel,
fluorescently labelled silica spheres were synthesized in a reverse micro-emulsion. This
method was chosen because of its simplicity, its reproducibility and because of the high
monodispersity in shape en size of the particles obtained via this method. Covalent
incorporation of the fluorophore was ensured by linking a fluorophore that contains
an active amine reactive group such as an isothiocyanate group, with an aminosilane;
(3-aminopropyl)triethoxysilane or APTES [27, 81, 137]. This procedure was originally
used by van Blaaderen, Imhof and Verhaegh to synthesize fluorescently labelled silica
spheres via the traditional Stöber method. However, it is demonstrated that fluo-
rophores and nanoparticles are also successfully incorporated in the particles when the
spheres are synthesized in a reverse micro-emulsion [138, 139, 140]. These fluorescent
cores are also coated with a layer of non-fluorescent silica via seeded growth. Silica
growth of both types of particles was continued to obtain particles with a final diameter
of at least 200 nm.
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To obtain the 500 nm diameter particles that were used to grow the colloidal crystal,
a second growth step was performed. This growth can be divided into two steps: first
silica coating of the fluorescent cores was continued until a total diameter close to the
diameter of the silica coated gold particles was reached. Ones this size was reached, the
silica coated gold particles were added to the reaction mixture to obtain a 1 to 100 ratio
of particles with a gold versus particles with a fluorescent core. After homogenization
of the reaction mixture, silica growth was continued until the particles have a total
diameter of ∼500 nm.

Materials
A stabilized suspension of 80 nm diameter gold nanoparticles in citrate buffer (OD 1),
tetraethyl orthosilica or TEOS (reagent grade, 98%), polyvinylpyrrolidone or PVP (av-
erage Mw 10.000 g mol−1), ammonium hydroxide (ACS reagent, 28-30 w% NH3 basis)
Cyclohexane (laboratory reagent, 99.8%), Igepal CO-520, N,N -dimethylformamide or
DMF (anhydrous, 99.8%), Rhodamine B isothiocyanate (mixed isomers) or RITC and
99% (3-Aminopropyl)triethoxysilane or APTES were purchased from Sigma-Aldrich
and used as received. Absolute ethanol was purchased from Merck.

Silica coating of 80 nm diameter gold nanoparticles
PVP functionalization of the gold nanoparticles was performed by transferring 20 mL
of the gold nanoparticle solution and 400 µL of a 10% (w/v) PVP solution (1 g in
10 mL water) to a vial. The obtained solution was stirred for 16 hours to ensure
functionalization of the particles. Next, the solution was transferred to 5 mL eppendorf
tubes and centrifuged 5 minutes at 5.000 rcf. The supernatant was removed as much
as possible with a glass pipette and the gold nanoparticles were redispersed in 2.5 mL
ethanol and collected in a 4 mL glass vial.

Silica coating was performed in a closed 4 mL vial under constant stirring at 600
rpm and was initiated by the addition of 250 µL ammonia and 25 µL of a 10 vol%
solution of TEOS in ethanol. These additions were followed by the addition of 50,
100 and 200 µL of 10 vol% after 90, 270 and 360 minutes. 90 minutes after the final
addition, the solution was transferred to a 20 mL vial and diluted with ethanol to
obtain a total volume of 20 mL. This solution was centrifuged 15 minutes at 1.000
rcf and after removal of the white turbid supernatant the particles were redispersed
in 20 mL ethanol by sonication. Centrifugation and redispersion of the particles was
repeated to remove empty silica spheres formed by secondary nucleation. After the
final centrifugation step, the particles were redispersed in 10 mL ethanol.

Synthesis of fluorescent cores coated with a non-fluorescent silica shell
Dye-APTES coupling was performed prior to the synthesis by transferring 6,00 mg
RITC, 500 µL absolute ethanol and 12 µL APTES to a vial. The vial was wrapped
in aluminium foil and stirred for 5 hours. A reverse micro-emulsion was prepared by
transferring 50 mL cyclohexane and 6.5 mL Igepal CO-520 to a vial under vigorous
stirring (700 rpm). As soon as a clear solution was obtained, 400 µL TEOS was added
to the solution. After 2 minutes stirring, 50 µL of dye-APTES solution was added
resulting in the formation of a colourless solution. After an additional 5 minutes of
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stirring to ensure complete homogenisation, 750 µL ammonia was added to initiate the
reaction. Immediately after this addition, the solution turned pink. After an additional
minute of stirring the solution was stored in dark place for the reaction to proceed.

After 24 hours, the reaction mixture was transferred to a round bottomed flask.
The cyclohexane was evaporated under reduced pressure (∼ 10 mbar) using a rotary
evaporator. Evaporation was performed under vacuum and the flask was placed in
a room temperature water bath. After 20 minutes, a very viscous, pink solution of
fluorescent silica particles dispersed in the non-ionic surfactant, Igepal CO-520, was
obtained. 10 mL DMF and 10 mL absolute ethanol were added to this liquid which
resulted in the formation a clear, non-scattering, pink solution.

Further silica coating of the fluorescent cores was performed by transferring 5 mL
of the fluorescent core solution, 3.45 mL absolute ethanol, 1.11 mL water and 0.45 mL
ammonia to a three necked round bottomed flask. Under gentle stirring (200 rpm) and
nitrogen flow a 3 times diluted solution of TEOS in ethanol was added to the solution
using a syringe pump. A water/ammonia/ethanol solution was added simultaneously
to keep the water and ammonia concentrations constant. The addition rate was set
at 0.32 mL/h. After 20 hours (6.54 mL added), the addition rate was doubled. After
10.98 mL of TEOS solution was added, the syringes were refilled and the addition of
TEOS and water/ammonia/ethanol was continued until a total volume of 30.13 mL
was added.

After silica growth, the solution was transferred to two 50 mL eppendorf tubes
and centrifuged 30 minutes at 2000 rcf. Particles were redispersed in 20 mL absolute
ethanol by sonication, collected in one vial and stored in the fridge.

Further silica growth of a mixture of the two types of particles
93 mL ethanol, 1.8 mL of silica coated fluorescent cores and 12.4 mL water were
transferred to a 250 mL round bottomed flask. The obtained solution was sonicated
for an hour before growth was started. Under gentle stirring (200 rpm) and nitrogen
flow, 3 mL of a 3 times diluted solution of TEOS in ethanol was added to the solution
using a syringe pump with an addition rate of 0.65 mL/h. A water/ammonia/ethanol
solution was added simultaneously to keep the water and ammonia concentrations
constant.

After this first growth step, a TEM sample was prepared to determine whether the
size of the particles matched the size of the silica coated gold particles. The TEM
measurements showed a good match: the diameter of the the particles was determined
to be 313.3 ± 5.8 nm while the silica coated gold particles have an average diameter of
321.5 ± 13.7 nm (see section 5.3). 8.8 mL of the solution of silica coated gold particles
was sonicated for an hour and added to the reaction mixture. The concentration of
gold particles and the weight fraction of the fluorescently labelled silica cores was used
here to determine how much of this solution should be added to obtain the desired
1:100 ratio between the two types of particles. Next, growth was continued by the
simultaneous addition of 17.16 mL of the diluted 3 times dilutes solution of TEOS in
ethanol and the water/ammonia/ethanol solution with an addition rate of 1.00 mL/h.
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After silica growth, the solution was transferred to three 50 mL eppendorf tubes
and centrifuged 30 minutes at 500 rcf. After repeated centrifugation and redispersion
of the particles, all particles were redispersed in 40 mL absolute ethanol by sonication,
collected in one vial and stored in the fridge.

5.2.2 Colloidal crystal growth and characterization

Colloidal crystals growth is performed following a procedure based on the method de-
veloped by Jiang et al. [141]. In the work by Jiang et al. it is demonstrated that
colloidal crystals of silica spheres can be obtained by placing a microslide vertically in
a diluted solution of colloids in ethanol. During the controlled evaporation of ethanol
at room temperature, the silica spheres spontaneously crystallize onto the microslide
into long range (∼ 1 cm) close-packed arrays. It is demonstrated that the thickness,
or number of layers, of these colloidal crystals can be controlled from two to several
hundreds of layers by varying the particle size and the concentration of particles in
the solution used for colloidal crystal growth. Typically, for higher volume fractions
and smaller particles, thicker (i.e. more layers) crystals are obtained. It is also demon-
strated that thicker crystals can be obtained by repeating the growth procedure, i.e.
by performing multiple dipping’s.

The method of Jiang et al. is very successful for small particles. However, when
larger particles, such as the 500 nm diameter particles in this work, are used and when
it is desired to grow thick crystals, adjustments are necessary. The main reason for
this is that sedimentation of the particles happens already in the first (few) hours of
the colloidal crystal growth making it impossible to grow thick colloidal crystals in
one dipping. Various methods to overcome this problem can be found in literature,
key point in these methods is to speed up the evaporation of the process by increasing
the evaporation speed, either by increasing temperature [142, 143] or decreasing the
pressure of the surrounding medium [144]. In this work, colloidal crystal growth was
performed at elevated temperature by performing the growth inside a preheated oven.

Materials
Absolute ethanol was purchased from Merck. 24×50 mm #1.5H cover glasses were
ordered from Marienfeld Superior and cleaned with soap and rinsed with water and
ethanol prior to use.

Methods
For crystal growth, 8.00 mL of a 1.0 vol% solution of the ∼500 nm diameter particles
in ethanol were transferred to a 20 mL glass vial. This vial and a 100 mL beaker
filled with ethanol were placed inside a 50◦C preheated oven (RS-IF-203 Incufridge,
Revolutionary Science) and covered with a large beaker. After approximately 16 hours,
the cover glass was removed from the solution. An opaque deposition of particles was
observed on one side of the cover glass. Under the right illumination angle Bragg
reflections were observed which indicates the formation of a crystalline structure. For
the growth of thicker crystals, growth steps were performed by repeating this process
up to three times.
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FIB-SEM to study the crystal structure
Focused ion beam scanning electron microscopy (FIB-SEM) tomography measurements
were used to characterize the structure of the colloidal crystal [145]. For this, a col-
loidal crystal with slightly larger particles (d = 531 nm, < 2% PDI) then used in
the calibration sample was studied. After growth, the colloidal crystal was infiltrated
with the resin Lowicryl HM20. Infiltration of the crystal improves the finish of the
milling process. Moreover, embedding the individual particles into a matrix prevents
the particles to fall out of the crystal whilst slicing. The resin was composed of a 3:17
weight ratio mixture of Crosslinker D (Electron Microscopy Sciences) and Monomer E
(Electron Microscopy Sciences). As initiator 0.5 w% dibenzoyl peroxide (Merck) was
added. The crystal was infiltrated with resin which was subsequently cured at 65◦C in
an oven overnight.

The glass slide with the embedded crystal was attached to an aluminium SEM
stub with carbon tape. A strip of carbon tape made contact between the crystal on
top of the glass slide and the SEM stub to create an electrically conductive pathway.
Subsequently, the ensemble was coated with a 5 nm thick layer of platinum, using a
Cressington HQ280 sputter coater.

A standard FIB-SEM tomography (Scios, AutoSliceAndViewG3 1.7.2, Thermo Fisher,
former FEI) routine was carried out after protecting an area of interest with in-situ
platinum deposition (∼1 µm thickness) and preparing side trenches and an alignment
marker. Milling conditions during the tomography run were 30 kV, 300 pA. The slice
thickness was 75 nm. Images were recorded in BSE mode with 3.5 kV, 25 pA. The
scan resolution was 3904×4096 which corresponded to a (horizontal) pixel size of 6.2
nm. The pixel dwell time was 10 µs. The series were recorded with the build-in auto-
focus routine to ensure a high quality focus during the series. The coordinates of the
particles in the crystal were determined from the FIB-SEM tomogram as described in
ref. [146].
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5.2.3 Refractive index matching to minimize scattering

To optimize the imaging conditions, the colloidal crystals should be infiltrated with
a liquid with the same refractive index as the silica spheres. This refractive index
matching minimizes scattering by the silica spheres as can be seen from the formula
below for backward reflection of a dielectric material [147]. In this formula, R is the
ratio of reflected beam power to incident beam power, n1 is the refractive index of the
liquid that is used for immersion, and n2 is the refractive index of the dielectric solid
(i.e. the silica spheres). When n1 = n2, R = 0 indicating that no light is reflected by
the silica spheres.

R =

∣∣∣∣∣1−
n1

n2

1 + n1

n2

∣∣∣∣∣
2

(5.1)

A study was carried out to determine the refractive index of the particles. Because
this refractive index is temperature and wavelength dependent [148] this study was
carried out under the same conditions as used during confocal/STED measurements.
Therefore, all measurements were carried out at 21◦C, the estimated temperature in
the confocal/STED setup, and transmittance is determined at 550 nm, the excitation
wavelength used for confocal measurements.

The refractive index of the particles is determined by dispersing a fixed amount of
particles in solutions with increasing refractive index. These solutions are prepared by
mixing two solvents with different refractive indices in various ratios [149]. Next, the
transmittance of these solutions is determined because it will reach a maximum when
the refractive index of the particles and the solution match. The region of refractive
indices that was studied, was chosen to be around nD = 1.45 because for Stöber silica,
nD values ranging from 1.43 to 1.462 are reported in literature [137, 150]. Two non-
volatile solvent with refractive indices above and below 1.45 were selected for this:
dimethyl sulfoxide or DMSO (n25

D = 1.4768 [151]) and 1-pentanol (n20
D = 1.4100 [152])

Materials
Dimethylsulfoxide or DMSO (99.99%) and 1-pentanol (99%) were purchased from
Sigma Aldrich and used as received.

Methods
First, the relationship between the vol% DMSO in 1-pentanol and the refractive index
at 550 nm and 21◦C (n21

550) was determined. To do so, a range of solutions going from
0 to ∼85 vol% DMSO in 1-pentanol to pure DMSO was prepared. With an Atago
3T refractometer, the n21

D and the corresponding Cauchy’s equations of these solutions
were determined. The Cauchy’s equations were used to calculate the refractive index
at 550 nm (n21

550) [148].

For refractive index matching of the particles, 6.51 mL of a 1.92 vol% solution
of particles in ethanol was transferred to a 20 mL glass vial and the ethanol was
evaporated by placing this vial in a 50◦C preheated oven for 16 hours. Next, the
particles were redispersed in 5 mL 1-pentanol by by sonication to obtain a 2.5 vol%
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stock solution of particles in 1-pentanol. 0.5 mL of the stock solution of particles and
various volumes of DMSO and 1-pentanol were transferred to separate vials to obtain a
range of 0.25 vol% solutions of particles dispersed in different 1-pentanol/DMSO ratios
(0-85 vol%). Absorption spectra of these solution were measured at 21◦C to determine
the transmittance at 550 nm.

5.2.4 Assembling the calibration and alignment sample

Using the colloidal crystal, the calibration and alignment sample was prepared as de-
picted in figure 5.2. Two spacers (Menzel #00 cover glass) were glued onto a microscope
slide using UV-glue (Norland 68 Optical Adhesive), about 5 mm apart. Next, the cover
glass containing the crystal was glued onto the spacers, such that the crystal was inside
the created channel. This channel was then infiltrated with a mixture of n-butanol and
glycerol (n21

D = 1.4286, measured using a Atago 3T refractometer) in order to refractive
index match the particles to the surrounding liquid, to reduce scattering and optimize
the imaging conditions. The use of water in the matching solvent mixture was omitted,
as it has been reported to change the refractive index of silica particles [150], because
it is small enough to enter the interior of the silica network, while molecules larger
than 0.3 nm cannot. Finally, the channel was closed using UV-glue. While curing the
glue, the crystal was covered with aluminum foil as protection from the UV radiation
to prevent bleaching of the dye in the particles.

Microscope Slide

S
p
ac

er

S
p
acer

(1)

Cover glass
+

Colloidal
crystal

(2)

Optical glue

Optical glue

(3)

Figure 5.2: A schematic representation of sample assembly; (1) spacers are glued onto
a microscope slide; (2) the cover glass containing the colloidal crystal is glued onto the
spacers; (3) the channel is infiltrated and closed with optical glue.
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5.2.5 Confocal and STED measurements

Calibration and alignment measurements were performed on an inverted Leica TCS
SP8 STED 3X confocal microscope, equipped with a Leica HC PL APO 100×/1.40
OIL STED WHITE or a Leica HC PL APO 93×/1.30 GLYC motCORR STED WHITE
objective with a correction collar. In case of the oil objective Type F immersion oil
(n23

546 = 1.518, Leica Microsystems) was used as immersion liquid, while for the glycerol
objective a 85 w% glycerol/water mixture (n20

D = 1.452) was used.

To image the fluorescent cores of the particles, a pulsed (80 MHz) supercontinuum
white light laser (SuperK, NKT Photonics) was tuned at 543 nm, while the emission
was detected using a gated (0.3-6.0 ns) HyD detector (553-650 nm). For STED imaging
of the fluorescent beads a continuous wave (CW) depletion laser with a wavelength of
660 nm was used. The depletion laser was either fully focused into a ’donut’-shaped
spot (2D STED) or into an axial depletion spot (3D STED). The gold cores were imaged
by detecting the reflection of the excitation or depletion laser using a photomultiplier
tube (PMT). The correction collar of the glycerol objective was used to compensate
for the refractive index mismatch between the sample (1.43) and the objective (1.45),
and allowed to fine tune the depletion laser pattern, as discussed in more detail in the
supplementary information of [136].

A HeLa cell sample (Active Motif/Leica Microsystems) was used for evaluation of
the alignment of 2D STED imaging of a realistic biological sample, where the α-tubulin
was stained with BD Horizon V500-streptavidin (BD Biosciences) for imaging. The
cells in the sample were mounted using Mowiol 4-88 on a 170 ± 10 µm thick cover glass
(Hecht Assistent #1014), resulting in a sample refractive index of n ≈ 1.52.

Acquisition parameters of the confocal and STED images are listed in Table 5.1.

The confocal 3D stack of the fluorescent beads was deconvoluted using Huygens Soft-
ware (Scientific Volume Imaging, 17.04). Any image filtering was done using Fiji [153]
(ImageJ 1.52d).

Calibration measurements

For the lateral calibration Fast Fourier transforms of the XY slices were calculated
using iTEM (Soft Imaging System GmbH, 5.0) and a 1 pixel Gaussian blur was applied
using Fiji [153] to reduce noise. To measure the ∆X and ∆Y distances (see Fig. 5.7e)
intensity profiles parallel to the direction of interest were drawn through the origin.
Using OriginPro (v8.0891, OriginLab Corporation) Gaussian functions were fitted to
the peaks nearest to the origin in the intensity profiles, to obtain the distance of these
peaks to the origin ∆X and ∆Y .

For the axial calibration Fiji was used to plot the intensity of the deconvoluted con-
focal z-stack as a function of Z -height. Using OriginPro the peaks in the profile were
fitted with Gaussian functions. The peak positions were plotted as a function of peak
number and fitted using a linear function using OriginLab. The slope of this function
was used as interlayer distance.
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Measuring the scaling factor of a 93×/1.3 NA glycerol objective for n=1.43
samples
To determine the scaling factor of the axial distances in our sample as measured by
confocal microscopy, we used the method described by Besseling et al. [21]. A sample
cell was constructed by gluing two Menzel #00 cover glasses as spacers on a microscope
slide, after which a channel was created by bridging the spacers with a Menzel #1.5
cover glass. The Fabry-Pérot fringes were measured using a Fourier-transform infrared
(FTIR) spectrometer (Vertex 70, Bruker) and fitted to determine the cell height: 94.257
± 0.008 µm. Next, rhodamine B dyed poly(methyl methacrylate) spheres (70 nm
diameter) were deposited from hexane on the inside of the cell and the height of the cell
was measured in fluorescent mode on a confocal microscope equipped with a 20×/0.7
NA air objective: 98.0±0.2 µm, resulting in a miscalibration of the microscope stage
of 4.0 ± 0.2%. After filling the cell with the glycerol/n-butanol mixture (n21

D = 1.4286)
and closing it with UV-glue a height of 99.9 ± 0.2 µm was measured, which was
corrected for the mis-calibration of the microscope stage: 96.0 ± 0.3 µm. This gives a
scaling factor of 0.982 ± 0.003 for axial distances in a sample with a refractive index
of 1.43 recorded with a 1.3 NA glycerol objective.
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5.3 Results

5.3.1 Synthesis of the particles

TEM images of the particles after the different steps in the synthesis are included in
figure 5.3. The silica coated gold nanoparticles in (b) have an average diameter of
321.5 ± 13.7 nm after silica coating. The fluorescent cores in (c) have an average
diameter of 44.7 ± 2.3 nm and the particle size after silica coating in (d) was found to
be 240.1 ± 4.1 nm. Sizes were obtained by measuring the diameter of 100 particles.

In (e) and (f) TEM images after the final silica growth step of the mixture of core-
shell particles are included. By adjusting the contrast of the images it was possible
to demonstrate that a gold core is present in some of the particles (see insets). From
the TEM pictures, the final particle size was determined to be 505.1 ± 9.2 nm. This
demonstrates that the particles are very monodisperse in size (st.dev. <2%) which is
critical to grow high quality colloidal crystals. This value was obtained by measuring
the diameter of 368 particles.

c

d

a b

e f

Figure 5.3: Representative TEM images of the synthesized particles. (a,b) 80 nm gold
nanoparticle before and after silica coating. (c,d) Fluorescently labelled silica cores
before and after further silica coating. (e,f) Images after the final growth step to ∼500
nm of the mixture of the two types of core-shell particles, in the inset the contrast of
the area encircled in red is adjusted to show that some particles contain a gold core.
Scale bars represent 200 nm in (a-d) and 500 nm in (e,f).
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5.3.2 Refractive index matching

In the left side of figure 5.4 the refractive index at 550 nm and 21◦C (n21
550) is plotted

as a function of the vol% DMSO in 1-pentanol. A linear equation is used to fit this
data. This linear relationship was used to calculate the refractive index of the particle
suspensions that were used for the refractive index matching study. On the right side
of the figure, the outcome of this study is presented. In this graph the transmittance
at 550 nm and 21◦C of suspensions of particles with different refractive indices is
plotted. By fitting a quadratic equation to this data, the refractive index of maximum
transmittance was determined: n21

550 = 1.43025.

1.40 1.42 1.44 1.46 1.48
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Refractive index (n550
21 )

E
x
ti
n
ct

io
n
 a

t 
55

0 
n
m

 (
a.

u
.)

0 20 40 60 80 100
1.41

1.42

1.43

1.44

1.45

1.46

1.47

1.48

Vol% DMSO

R
ef

ra
ct

iv
e 

in
d
ex

(n
55

0
21

)

Figure 5.4: In the left image, the refractive index at 550 nm and 21◦C (n21
550) is plotted

as a function of the vol% of DMSO in 1-pentanol. A linear equation is fitted to the
data (red line). In the right image, the percentage of light transmitted at 550 nm it
plotted as a function of the refractive index measured at 21◦C (n21

550). The black dots
correspond to measurements of dispersions of particles in DMSO/1-pentanol mixtures
with various refractive indices. A quadratic equation is fitted to the data (red line) to
determine the refractive index of maximum transmittance: n21

550 = 1.43025.

5.3.3 Colloidal crystal growth and sample preparation

In figure 5.5a pictures of the final calibration and alignment are included. From figure
(a) it becomes apparent that bright Bragg reflection are observed when the sample is
illuminated from the side. This is a first indication of the crystallinity of the colloidal
crystal. Another important observation is that the sample is fully transparent under
available light which is an indication for successful refractive index matching of the
crystal.
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Figure 5.5: Calibration and alignment sample after assembly. (a) Top view of the
sample illuminated from the side (top) and under available light (bottom), scale bars
indicate 0.5 cm. (b) Schematic side view of the sample.

FIB-SEM characterization of the colloidal crystal

As mentioned in section 5.2.2 FIB-SEM tomopgraphy measurements were used to char-
acterize the structure of colloidal crystals obtained via the crystal growth method used
in this work. In figure 5.6a example data of a FIB-SEM slice is included. The raw data
was processed for optimal particle identification. Next, the coordinates of the particles
were determined using recently developed particle tracking routines as described by
van Hoeven et al. [146].

From the coordinates of the particles it was possible to identify the crystal structure
of the colloidal crystal using bond orientation order parameters [154], see figure 5.6b
and c. The colloidal crystal structure was found to be face-centered cubic (FCC) with
hexagonal close-packed (HCP) stacking faults. It was also observed that the hexagonal
arrangement of the particles in the (111) plane of the FCC crystal is not perfectly
hexagonal. In the direction of the crystal growth (Y in figure 5.6a) the distance to the
nearest neighbour was ∼4% smaller than in the two other nearest neighbour directions
of the hexagon. This is in agreement with earlier studies using X-ray diffraction where
a similar crystal growth method was used [155].

Figure 5.6: FIB-SEM tomogram of the colloidal crystal. (a) A slice from the FIB-SEM
tomogram as recorded (left), after filtering (middle) and with overlay of fitted particle
coordinates (right). (b) Histogram of the w̄4 bond orientational order parameter values
calculated from the FIB-SEM coordinates. (c) Computer rendering of particles from
coordinates obtained by particle identification is included. The particles are coloured
according to their w̄4 value. (d) Histogram of the distances of the identified particles
from the glass substrate. (e) Linear fit of the peak positions in (d) conforming close to
perfect linearity.
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For calibration purposes, it is important that the spacing between layers is constant
throughout the entire colloidal crystal. To study this, a histogram of the distances of
the identified particles from the glass substrate is plotted in figure 5.6d. The distinct
peaks observed in this plot corresponds to the different layers of particles of the crystal
perpendicular to the (111) plane. In figure 5.6e the peak number is plotted versus the
peak position. This data can be fitted with a linear fit almost perfectly (R2 = 0.99996)
which proofs that the linear spacing is constant throughout the crystal.

5.3.4 Lateral and axial calibration

A z-stack of the silica beads with rhodamine B labelled cores was recorded in fluores-
cent mode using a HC PL APO 93×/1.30 GLYC motCORR STED WHITE objective
(Fig. 5.7a). The periodicity of the crystal in both the lateral as well as the axial direc-
tion becomes visible after deconvolution of the z-stack (Fig. 5.7b-d). The (111) plane
of the FCC crystal is parallel to the lateral plane, while the (110) and (112) planes
are parallel to the XZ and YZ directions, respectively, of the confocal z-stack. The
growth direction of the crystal was parallel to the Y scanning direction of the confocal
microscope.

For calibration in the lateral direction the Fast Fourier transforms (FFT) were
calculated of three XY slices from the deconvoluted 3D confocal stack, respectively
1.3, 3.6 and 5.9 µm away from the cover glass. Figure 5.7e shows the FFT of the XY
slice 3.6 µm away from the cover glass, with the arrows pointing at the two characteristic
distances of the crystal in both the X (green) and Y (magenta) directions (see inset).
From the three slices the characteristic distances ∆X and ∆Y were determined to be
481±4 nm and 269±2 nm, respectively. These values can be used to calibrate the two
lateral directions of the microscope.

Figure 5.7: Images recorded for the calibration of a confocal microscope.
(a) Close-up of a slice 3.6 µm from the cover glass from a confocal stack of the col-
loidal crystal (1 pixel gaussian blur) acquired using a HC PL APO 93×/1.30 GLYC
motCORR STED WHITE objective and a pinhole of 0.7 Airy units. The scale bar is
1 µm. (b) Average projection of the XZ planes of the confocal z-stack shown in (a)
after deconvolution, showing the ABC stacking in the (110) plane of the FCC crystal.
(c) Average projection of the XY planes of the deconvoluted confocal z-stack, showing
the (112) plane of the FCC crystal. (d) Overlay of an XY slice of the confocal stack of
both reflection (cyan) and deconvoluted fluorescence (red) 3 µm from the cover glass.
The arrow points at a gold core bead imaged in reflection mode. The scale bars are
5 and 1 (inset) µm. (e) Fast Fourier transform of the confocal image included in (d)
demonstrating long range hexagonal order. The arrowheads in (e) point to the peaks
in the FFT image used for calibrating distances in the X (green) and Y (magenta)
direction. The scale bar is 3 µm−1. In (f) the characteristic distances ∆X (green) and
∆Y (magenta) in the real space crystal corresponding to the peaks in the FFT image
are shown.
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Since the hexagonal arrangement is slightly distorted by a shrinkage in the direction
of crystal growth, Y in this case, the orientation of the hexagonal arrangement (and
therefore the crystal growth direction) with respect to the confocal scanning direction
should be taken into account during the calibration.

As the particles are touching in the Y direction the effective particle diameter σeff
can be estimated by 2∆Y . We find that σeff = 538±4 nm and therefore σeff ∼ 1.07
σTEM . This slightly larger effective diameter compared to the diameter as measured
in TEM is expected because the particles shrink due to electron beam exposure during
the TEM measurements [156].

For axial calibration of the setup, the intensity of the deconvoluted confocal z-stack is
plotted as a function of the Z height (Fig. 5.8a). The relative positions of the peaks
in this intensity profile display almost perfect linearity (R2 = 0.9998, Fig. 5.8b) and a
linear fit results in a distance of 448±2 nm between the lateral layers of the crystal. It
should be noted that axial distances, as recorded by confocal microscopy using high NA
objectives, are sensitive to refractive index mismatches between the sample medium
and the immersion medium of the objective. This results in an elongation or shrinkage
of measured distances [21, 157]. The presented sample has a slightly lower refractive
index (1.43) than the refractive index of the immersion liquid (1.45). Therefore, the
axial scaling factor was determined using the method described by Besseling et al. [21]
(see section 5.2.5). A scaling factor of 0.982±0.003 was determined, resulting in a
(111 ) layer spacing d111 of the sample of 440±2 nm. For a perfect FCC crystal d111
can be calculated using: d111 =

√
6σ/3, where σ is the particle diameter [155]. Using

σeff as estimated before, a value of d111 of 439±3 nm is found, which corresponds to
the measured value.
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Figure 5.8: Axial calibration of the microscope. In (a) the intensity profile in the z-
direction it plotted, demonstrating the periodicity in the axial direction. (b) Shows a
linear fit of the peak positions in (a).
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5.3.5 PSF measurements and laser alignment

Using the fluorescent cores of the beads in the colloidal crystal, the PSF of a confocal
microscope can be recorded. Figure 5.9a shows the sub-resolution fluorescent cores close
to the cover slip, imaged in confocal mode with a HC PL APO 100×/1.40 OIL STED
WHITE objective and the pinhole set to 0.7 Airy units. The PSF of this microscope
has an expected ellipsoidal shape in the axial planes, but is slightly rotated in the YZ
plane.
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Figure 5.9: Alignment of confocal STED microscope. (a) Slices from confocal z-stack
of fluorescent cores in colloidal crystal close to the cover glass, recorded with a HC
PL APO 100×/1.40 OIL STED WHITE objective (2 pixel 3D median filter), showing
the response function of the microscope in the lateral plane (left), XZ plane (middle)
and YZ plane. The two axial planes are marked by the dashed lines in the lateral
plane (left). Alignment of 2D (b) and 3D (c,d) STED excitation (cyan) and depletion
(magenta) lasers in the lateral plane, as imaged using a HC PL APO 93×/1.30 GLYC
motCORR STED WHITE objective in reflection mode (left) using a gold core particle
close to (b,c) and 50 µm (d) from the cover glass, and the resulting STED images (2
pixel median filter) of the fluorescent cores in the crystal (right), showing increased
resolvability of the particles in the crystal as compared to a). All scale bars indicate
500 nm.
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The gold cores in the crystal were used to check the shape of the depletion laser
spot and the overlap with the excitation laser spot, which are both critical for an
optimal STED resolution. Figure 5.9b shows the excitation spot (cyan) and the 2D
STED ’donut’-shaped depletion spot (magenta) imaged in reflection mode using a HC
PL APO 93×/1.30 GLYC motCORR STED WHITE objective with the pinhole set to
4.7 Airy units. Subsequent imaging of the fluorescent cores with the pinhole set to 1
Airy unit shows an increase in lateral resolution of the STED microscope as compared
to confocal (Figure 5.9a), even when using a lower NA objective. Since 2D STED
microscopy only improves the resolution in the lateral plane compared to confocal mi-
croscopy, it is primarily employed on thin samples, close to the cover glass. 3D STED,
however, enables imaging at sub-diffraction resolution in both lateral and axial direc-
tions, which allows imaging of samples at sub-diffraction resolutions also far away from
the cover glass [158]. Figure 5.9 shows the excitation and depletion laser spots of a
3D STED confocal microscope equipped with a HC PL APO 93×/1.30 GLYC mot-
CORR STED WHITE objective as imaged in reflection mode close to the cover glass
(Fig. 5.9c) and ∼50 µm away from the cover glass (Fig. 5.9d). The correction collar
of the objective was used to keep the intensity of the top and bottom depletion spots
balanced when imaging more than ∼30 µm from the cover slip. This was necessary
because the refractive index of the sample (1.43) is slightly lower than the ideal index
for a glycerol objective (1.45). To check the results of the alignment of the lasers,
the fluorescent cores were imaged using our confocal microscope in 3D STED imaging
mode at a pinhole size of 1 Airy unit (Figure 5.9c,d). The improved axial resolution is
visible from the decreased aspect ratio of the ellipsoidal fluorescent spots as compared
to the confocal PSF (Figure 5.9a).

To show the importance of a proper alignment of the excitation and depletion spots
in STED microscopy, fluorescently labelled α-tubulin in HeLa-cells was imaged using
2D STED microscopy using a HC PL APO 100×/1.40 OIL STED WHITE objective
(Figure 5.10). When the two laser spots were properly aligned using our sample, an
increase of the lateral resolution is visible (Figure 5.10a-d). When the minimum of
the depletion spot is slightly off-center with respect to the maximum of the excitation
spot, the depletion of the fluorophores by the depletion beam results in a higher level
of noise in the resulting image and no improvement in the resolution compared to the
confocal image (Figure 5.10f-h).
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Figure 5.10: The importance of a proper alignment of the STED microscope. Results
of alignment of the laser beams in STED microscopy on imaging of α-tubulin (HeLa-
cell) with a HC PL APO 100×/1.40 OIL STED WHITE objective. (a) Confocal
micrograph. (b) 2D STED image at same region as (a) after aligning the minimum of
the ‘donut’-shaped depletion laser spot to the maximum of the excitation laser spot. (c)
Intensity profiles along the lines in (a) and (b), showing the increased resolving power
of the STED compared to confocal microscopy. (d) Alignment of excitation (cyan)
and STED (magenta) lasers in b). (e) Confocal micrograph. (f) 2D STED image at
same region as (e) with slightly misaligned excitation and depletion laser spots. (g)
Normalized intensity profiles along the lines in (e) and (f), showing no increase in the
resolving power of the (2D) STED compared to confocal microscopy. (h) Alignment of
excitation (cyan) and STED (magenta) lasers in (f). All Scale bars indicate 500 nm.
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5.4 Discussion

The test sample as presented here is a robust standard for the quality control of a
laboratory’s confocal and STED microscopes. By the time of writing the shelf life
of the sample is on the order of months. Although the small fluorescent cores tend
to bleach upon prolonged excitation the sample can be used repeatedly because the
crystal contains over 1010 particles due to its larger size (close to 2 cm2 see Fig. 5.5a).

In the measurement of the characteristic lateral length scales ∆X and ∆Y an error
below 1% is found (obtained by measuring at three depths). In addition, for the axial
interlayer spacing an error of less than 0.5% is found (obtained from a linear fit of
the intensity peaks of the crystal layers). This low error is supported by the perfect
linearity of the axial interlayer spacing as found by FIB-SEM tomography and particle
tracking. These low errors make the sample suitable for the calibration of microscopes
at a high precision.

Due to the bottom-up assembly, the sample is highly tunable. This makes it possible
to adjust the sample to for example meet the requirements for different high NA lenses
(e.g. oil immersion) and/or different techniques. This can be achieved by changing
the core, the ratio between different types of cores, the shell and the total size of the
particles, which will be discussed below.

While it was demonstrated that rhodamine labelled silica cores can be used, the
synthesis method of these cores allows for the incorporation of a wide variety of dyes [27,
81, 159, 160, 161, 162, 163]. This can be useful because by mixing cores with different
dyes in the non-fluorescent silica growth step, to accommodate microscope setups with
multiple laser lines. This can also be used to produce a sample where fluorescent
cores labelled with two different dyes are combined at a strongly asymmetric number
ratio. Within such a geometry, one of the two fluorescent particles can be used for the
calibration measurements whereas the other core allows for PSF measurements. The
axial tails of the PSFs can then be well separated by ensuring that the ratio of the
second type of core particle is low enough compared to the first type. This separation
is required for some restoration routines as e.g. used in commercial software often used
in biology (see methods). Depth dependent PSFs are important for accurate 3D image
reconstruction, especially if the index of the mounting medium does not exactly match
that for the objective used.

Instead of keeping the gold and dye separated within the sample, the two can also
be combined within a single particle, by growing a fluorescent layer around the gold
core. Another option is to use a silver core instead of a gold core. This flexibility opens
up the possibility to design nanocomposite particles where the fluorescence is enhanced
by the presence of the metal core [87], which has recently been demonstrated to be
compatible with STED microscopy [164].

The possibility to exchange the fluorescent cores with quantum dots is also worth-
while exploring, since quantum dots have excellent photostability, are only a few
nanometer in size and have shown to be compatible with STED microscopy [134, 135].
As the absorption and emission wavelengths of quantum dots are size dependent [165],
they can be tailored to the wavelength of the excitation and STED lasers. When mea-
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suring a PSF using quantum dots, the challenge is to ensure there is enough separation
between them which can be achieved by coating the quantum dots with silica [166, 167].
This seeded growth method is directly compatible with the work presented here, be-
cause silica coating is performed in the same reverse micro-emulsion system used to
synthesize the fluorescent cores. The most promising quantum dots to use are so-called
CdS/CdSe/CdS quantum well dots, as these can be coated with silica while maintaining
a high photoluminescence quantum yield [168, 169].

Next to quantum dots, a variety of nanometer sized probes have been put to
use in STED imaging [170], such as fluorescent nanodiamonds [171], upconversion
nanocrystals [172] and carbon dots [173]. Although these probes can be coated with
silica [174, 175, 176], and could be integrated in our demonstrated sample, to the best
of our knowledge, no STED microscopy has been demonstrated on these probes after
silica coating.

Another method to tune the sample is by tuning the silica shell that is used to ensure
separation between the cores. While in this work the focus was on a refractive index
of 1.43 compatible with glycerol objectives, it can also be tuned to a higher refractive
index. This can be achieved by synthesizing a shell of titania/silica composite with
a higher refractive index [177, 178, 179]. Doing so, the refractive index can easily be
increased to match the refractive index of oil objectives (1.52), or any other intermediate
refractive index that is comparable to the refractive index of life science specimens of
interest. Another option is to increase the size of the shell to increase the spacing
between the probes. This makes the sample compatible with lower NA objectives,
where the axial resolving power is smaller. For this, the assembly method needs to be
adjusted due to a faster settling rate of the particles, as has been demonstrated for
close to 1 µm silica particles [180].

Finally, by introducing a refractive index mismatch between the particles and the
embedding solvent, the effect of the mismatch on the PSF can be measured as a function
of the distance to the cover glass. Moreover, the periodicity of the crystal in the axial
direction and the known refractive indices of the beads and the embedding mixture
can be used to test effective refractive index theories developed in the photonic crystal
community.
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5.5 Conclusion and Outlook

In this chapter we demonstrated a robust sample that can be used as a standard to
assure the quality of (STED) confocal microscopes equipped with high NA objectives.
The sample is composed of a crystal of fluorescently labelled silica colloids, mixed
with a small amount of gold core silica colloids. As the sample is infiltrated with
a refractive index matched solvent mixture, it is perfect for imaging with (STED)
confocal microscopy, far from the cover glass. The periodicity of the crystal in all three
dimensions can be used to calibrate the microscope setup. In addition, the gold cores
can be used to align the excitation and depletion lasers of a STED microscope. The
effect of the alignment can then be check on the fluorescent cores by measuring the
point spread function (PSF). As the sample has a refractive index of n = 1.43, the
sample is optimized for glycerol objectives, which have been shown to be ideal for deep
super-resolution imaging of life science specimens [136].

The bottom-up assembly of the sample allows for tailoring of the sample to its users
needs. As the reported labelling method is compatible with a wide variety of dyes, the
sample can be made suitable for different laser lines. Moreover, the synthesis methods
allows for the incorporation of different metal cores, as well as quantum dots. Next to
modification of the cores of the particles, the particles themselves can be grown larger
to make the sample compatible with lower NA objectives. In addition, by incorporating
Titania into the particle shells and matching with higher refractive index solvents, the
sample can be tailored for use with oil objectives. Finally, by introducing a mismatch
between the particles and the embedding solvent mixture, the sample can be used to
test effective refractive index theories and the effect of the mismatch on the PSF.
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T. C. Verrips, T. Boekhout, C. T. Schneijdenberg, A. T. Xenaki, T. P. van Der
Krift, and W. H. Müller, “Extremely thin layer plastification for focused-ion
beam scanning electron microscopy: an improved method to study cell surfaces
and organelles of cultured cells,” Journal of Microscopy, vol. 270, no. 3, pp. 359–
373, 2018.

[99] D. Williams and C. Carter, Transmission Electron Microscopy: A Textbook for
Materials Science. Springer, 2nd ed., 2009.

[100] A. M. Seligman, H. L. Wasserkrug, and J. S. Hanker, “A New Staining Method
(Oto) for Enhancing Contrast of Lipid-Containing Membranes and Droplets in
Osmium Tetroxide-Fixed Tissue with Osmiophilic Thiocarbohydrazide (Tch),”
Journal of Cell Biology, vol. 30, no. 2, pp. 424–432, 1966.
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and P. Tinnefeld, “DNA origami-based standards for quantitative fluorescence
microscopy,” Nature Protocols, vol. 9, no. 6, pp. 1367–1391, 2014.
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Summary

The field of Correlative Light and Electron Microscopy (CLEM), has expanded rapidly
in the last decade. Especially in biology it turns out to be very useful to combine these
two techniques. Light microscopy, or more specifically Fluorescence Microscopy (FM),
is used to visualize, localize, and track specific fluorescent molecules in cells over large
areas with high sensitivity, while Electron Microscopy (EM) provides high resolution
ultrastructural information of cells and materials. At present, most CLEM experiments
are performed in a non-integrated fashion; FM and EM data is collected sequentially
using two dedicated setups. The biggest advantage of this approach is that the great
variety of well-developed labelling agents, protocols and commercially available setups
for FM and EM is accessible without having to compromise on one of them.

To gain additional information from CLEM experiments, it is very important to
properly overlay or register (stacks of) images obtained in the two modalities. This
process is complicated by the vastly different fields of view of FM and EM, as well
as the different contrast mechanisms of these techniques. FM requires bright and
stable fluorophores, while EM relies on differences in electron density for contrast,
and frequently requires heavy metal staining to visualize biological structures. Since
fluorescent probes (i.e. molecules, proteins) are typically not electron dense, fluorescent
labels can generally not be used for correlation. Particles, or fiducial markers, that
are visible in both modalities can be used to overcome this problem. In this work,
nanocomposite core-shell particles based on a gold core and a fluorescently labelled
silica shell are deployed as fiducial markers. Within this particle, the gold core provides
contrast for EM while fluorophores covalently incorporated in the silica shell provide
fluorescence for FM.

For FM, it is important that the fiducial markers are bright as their signal should
be well above any background signal present. In addition, the particles should remain
fluorescent over a longer period of time, so the bleaching behaviour is of importance
as well. As both properties are strongly influenced by the fluorophore labelling den-
sity this topic is addressed in Chapter 2. In this chapter, theory, measurements and
simulations are included to get a better understanding of the effects of fluorophore la-
belling density on brightness and bleaching of fluorescently labelled particles. For the
theoretical model, it seems reasonable to assume that the brightness of a fluorescently
labelled particle scales with the number of fluorophores within the particles. This as-
sumption would hold if fluorophores can be viewed as independent molecules but in
reality the situation is much more complex as interactions between fluorophores come
into play when the distances between fluorophores become short enough. Generally
speaking, interactions can result in energy transfer between fluorophores at intermedi-
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ate distances (∼ 1-10 nm) or fluoresecence quenching at even shorter distances (< 1
nm). As a result, increasing the number of fluorophores does not result in the expected
(linear) increase of the fluorescence intensity.

To study how labelling density and the brightness and bleaching behaviour relate
to each other, silica particles labelled with different fluorophore densities (rhodamine
B) were synthesized. A combination of absorption, spectral, radiative decay and single
particle measurements was used to fully characterize the particles. From there on, sim-
ulations were performed to proof that a combination of energy transfer and quenching
can be used to explain the observed trends in the experimental data. For future re-
search it is recommended to expand the simulations included in this chapter. Ideally,
this results in the development of a generic model that can be used to predict labelling
density effects of a great variety of fluorophores.

Chapter 3 is the first chapter that solely focuses on the development of the fiducial
markers. In this chapter, the synthesis of 15 nm gold nanoparticles coated with a
rhodamine B labelled silica shell is optimized to obtain homogeneous, spherical and
(photo)stable particles. From there on, the particles are tested in 2D and 3D CLEM
experiments. In the 2D CLEM experiment, 81.9 nm diameter fiducials are added to a 70
nm thick cryosection of HT1080 cells stably expressing LAMP-1-GFP. Next, wide field
FM and Transmission Electron Microscopy (TEM) images of selected regions of interest
are collected. For the 3D CLEM experiment HeLa cells are labelled in three dimensions
by endocytosis of 99.2 nm diameter fiducial markers. Next, 3D FM (confocal) and EM
(Focused Ion Beam Scanning Electron Microscope (FIB-SEM)) data of selected regions
of interest is collected. Both examples demonstrate that the particles are clearly visible
in both modalities and, more importantly, that it is possible to use the particles for
correlation. Additionally, the core-shell structure of the fiducials proves to be very
useful in electron microscopy: it makes it possible to irrefutably identify the particles
and makes it easy to accurately determine the center of the fiducials.

So far, all CLEM experiments in this work were performed in a non-integrated
fashion. An obvious disadvantage of this approach is the need to transfer specimen
from the first to the second microscope. During this transfer, specimens are easily
contaminated or damaged. If a sample is successfully transferred, another challenge
appears. Retrieving a region of interest in EM that was first imaged in FM is not
always straightforward and can be time consuming as the orientation of the samples
changes when the sample is transferred. To tackle these challenges, various alternative
routes were developed by the integration of a fluorescence microscope in an electron
microscope. As all commercially available integrated CLEM (iCLEM) setups are based
on 2D EM techniques, Loginov and co-workers within this project focused on the
development of the first 3D iCLEM setup. This was achieved by integrating a confocal
microscope in a FIB-SEM. In this setup, the confocal microscope is used to obtain 3D
FM data that can be used to rapidly locate regions of interest. Next, high resolution 3D
EM images of these regions are obtained by repetitively removing layers by ion-beam
milling and recording scanning electron microscopy images (slice and view). As this
allows the user to only image predefined regions of interest in EM, this significantly
speeds-up the 3D CLEM workflow.
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The success of iCLEM experiments not only depends on the availability of good per-
forming integrated setups. The compatibility of samples, labels and the procedures to
prepare samples for both FM and EM is also of great importance. It is not straightfor-
ward to prepare samples that can be imaged with both modalities. Extensive protocols
involving many steps are required to prepare biological samples for EM. Often there
is a trade of between FM and EM compatibility of samples as the heavy metals that
are required for EM staining quench most fluorescence of standard fluorophores and
other FM labels. Despite this contradiction it has been demonstrated that it is possible
to produce biological samples that are suitable for iCLEM measurements. This was
achieved by choosing the right fluorophores and/or fluorescent proteins and labelling
procedure and by minimizing heavy metal staining to yield maximum fluorescence.

In Chapter 4 the possibility to use the fiducial markers in three dimensional iCLEM
measurements is explored. For iCLEM it is important that (enough) fluorescence of the
fiducial markers is preserved after samples are prepared for EM. In this experiments,
HeLa cells and P388D1 mouse macrophages are labelled in 3 dimensions with the fidu-
cial markers via endocytosis of the particles. Next, the cells were embedded in an
extremely thin layer of plastic, and heavily stained with heavy metals to yield optimal
imaging conditions for EM. Throughout this procedure a large drop in fluorescence
intensity of the fiducial markers was observed. Despite this large drop, it remained
possible to detect the particles in FM. As there is plenty of room for improvement,
the particles are very promising for biological iCLEM experiments. Suggestions for
improvement include the exploration of milder staining conditions or the addition of
an additional silica layer to protect the fiducial markers from the added heavy metals.

This work closes with Chapter 5 where a single sample based on core-shell nanocom-
posite particles is presented to check and optimize the full performance of a high-end
3D super-resolution (STED) light microscope. The sample is composed of a colloidal
crystal consisting of a mixture of highly monodisperse ∼ 500 nm diameter silica beads
with a gold (1%) or a fluorescently labelled silica core. The crystal is refractive index
matched with an embedding solvent mixture, resulting in optimal imaging and effective
refractive index similar to life science specimens optimized for glycerol objectives. It is
demonstrated that the periodicity of the crystal in the lateral and axial directions can
be used to calibrate the microscope. The gold cores can be used to image and align the
excitation and depletion lasers of the STED microscope. Finally, the fluorescent cores
that are individually resolvable as they are separated by a non-fluorescent silica shell
can be used for PSF measurements at different positions and depths of the sample.





Samenvatting voor een breder publiek

In de laatste jaren is de interesse in Correlatieve Licht en ElektronenMicroscopie
(CLEM) sterk toegenomen. Met name in de biologie blijkt het waardevol te zijn om
deze twee technieken te combineren. Licht of fluorescentiemicroscopie (FM) wordt
daarbij gebruikt om fluorescente moleculen of fluorescent gelabelde structuren in
cellen zichtbaar te maken, te lokaliseren of over grote afstanden te volgen. Vervolgens
wordt elektronenmicroscopie (EM) gebruikt om de structurele details van cellen en
omliggende materialen met hoge resolutie te bekijken. Nagenoeg alle CLEM metingen
worden vandaag de dag niet gëıntegreerd uitgevoerd: FM en EM data wordt apart
van elkaar opgenomen op twee speciaal daarvoor bestemde microscopen. Een groot
voordeel van deze aanpak is dat er op deze manier gebruik gemaakt kan worden van de
grote verscheidenheid aan doorontwikkelde fluorescente labels en labelingsprotocollen
voor zowel FM als EM. Bovendien kan gebruik worden gemaakt van de hoogwaardige
commercieel beschikbare standaardopstellingen voor beide technieken.

Om de maximale hoeveelheid informatie uit CLEM experimenten te kunnen halen
is het van groot belang dat FM en EM afbeeldingen of data met hoge precisie over
elkaar heen wordt gelegd. In de praktijk blijkt dit niet eenvoudig te zijn. Een
eerste oorzaak hiervan is het grote verschil in de grootte van het blikveld, ook wel
de field-of-view genoemd, en resolutie van beide technieken. Dit verschil ontstaat
doordat EM data bij een veel hogere vergroting wordt opgenomen dan FM data. Een
tweede oorzaak is dat de zichtbaarheid van materialen erg verschillend is in beide
technieken. In FM wordt fluorescentie gedetecteerd. De zichtbaarheid van materialen
en structuren hangt daarom af van de helderheid en fotostabiliteit van fluoroforen of
fluorescente eiwitten en ongelabelde, niet fluorescente structuren zijn niet zichtbaar.
De zichtbaarheid van structuren in EM aan de andere kant wordt bepaald door
verschillen in elektronendichtheid. Biologische materialen en structuren zijn daardoor
pas zichtbaar na aankleuring met zware metalen. Fluorescente materialen hebben
meestal geen hoge elektronendichtheid en materialen met een hoge elektronendichtheid
zijn bijna nooit fluorescent. Door deze tegenstrijdigheid zijn er vaak weinig goed
gedefinieerde structuren zichtbaar in FM en EM die gebruikt kunnen worden voor
de correlatie van data. Deeltjes, of markers, die goed zichtbaar zijn in zowel FM als
EM kunnen worden gebruikt om dit probleem op te lossen. In dit werk wordt het
gebruik van nanodeeltjes met een goud kern en een fluorescent gelabelde silica schil
onderzocht. De goud kern in deze deeltjes zorgt voor voldoende contrast in EM terwijl
fluoroforen in de silica schil ervoor zorgen dat de deeltjes ook zichtbaar zijn in FM.
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Voor FM is het belangrijk dat de markers helder zijn zodat de deeltjes goed
zichtbaar zijn, ook wanneer metingen vervuild worden door de aanwezigheid van
achtergrondsignaal. Het blekingsgedrag van de deeltjes is ook van belang omdat het
belangrijk is dat de deeltjes lang genoeg zichtbaar zijn. Omdat beide eigenschappen
worden bëınvloed door de concentratie of labelingsdichtheid van de fluoroforen in
de deeltjes komt dit onderwerp in Hoofdstuk 2 aan bod. Dit hoofdstuk bevat
theorie, experimenteel werk en simulaties om meer inzicht te krijgen in het verband
tussen de labelingsdichtheid en de helderheid en het blekingsgedrag van fluorescent
gelabelde deeltjes. Voor het theoretische model zou een eerste optimistische aanname
kunnen zijn dat de helderheid van fluorescent gelabelde deeltjes schaalt met het aantal
fluoroforen dat aanwezig is in de deeltjes. De situatie blijkt echter veel complexer te
zijn doordat er interacties tussen fluoroforen mogelijk zijn wanneer de afstand tussen
fluoroforen afneemt. Zo kan er energieoverdracht plaatsvinden tussen fluoroforen (∼
1-10 nm) en kunnen fluoroforen die zich te dicht op elkaar bevinden (< 1 nm) elkaar
uitdoven.

Om te bestuderen hoe de labelingsdichtheid de helderheid en het blekingsgedrag van
deeltjes bëınvloedt werden silica deeltjes gelabeld met een toenemende hoeveelheid
rhodamine B gesynthetiseerd en gekarakteriseerd. Vervolgens werden simulaties
uitgevoerd waarmee kon worden aangetoond dat de trends in de experimentele data
kunnen worden verklaard middels een combinatie van de hiervoor beschreven energie
overdracht tussen en de uitdoving van fluoroforen. Een belangrijke aanbeveling in
dit hoofdstuk is de uitbreiding van de gepresenteerde simulaties. Idealiter resulteert
dit in de ontwikkeling van een model dat kan worden gebruikt om het effect van
labelingsdichtheid op bijvoorbeeld helderheid en blekingsgedrag voor een groot scala
aan verschillende fluoroforen te voorspellen.

Hoofdstuk 3 is het eerste hoofdstuk dat zich volledig focust op de ontwikkeling van
CLEM markers. In dit hoofdstuk wordt de synthese van deeltjes met een 15 nm goud
kern en een rhodamine B gelabelde silica schil geoptimaliseerd om homogene, sferische
en (foto)stabiele markers van een gewenste grootte te verkrijgen. De geschiktheid van
deze deeltjes als markers wordt vervolgens getest in 2D en 3D CLEM experimenten.
In het 2D CLEM experiment werden deeltjes toegevoegd aan 70 nm dikke cryosecties
van HT1080 cellen waarna FM en transmissie elektronenmicroscopie (TEM) metingen
werden uitgevoerd. In het 3D CLEM experiment werden HeLa cellen driedimensionaal
gelabeld middels endocytose van de deeltjes waarna confocale FM metingen en 3D
EM (FIB-SEM) metingen werden uitgevoerd. Beide voorbeelden laten zien dat de
deeltjes zichtbaar zijn in FM en EM en dat de deeltjes gebruikt kunnen worden voor
de correlatie van de verzamelde data. De data laat bovendien zien dat de herkenbare
“core-shell” structuur van de deeltjes gebruikt kan worden om de deeltjes in EM te
herkennen. De kern kan daarnaast gebruikt worden om de positie van het midden van
de deeltjes vast te stellen.

Alle CLEM experimenten die tot nu toe zijn opgenomen in dit werk zijn uitgevoerd
volgens de niet gëıntegreerde aanpak. Een voor de hand liggend nadeel van deze
aanpak is dat monsters of weefsels verplaatst moeten worden van de eerste naar de
tweede microscoop. Veel CLEM monsters zijn erg kwetsbaar waardoor ze in deze
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stap gemakkelijk beschadigd kunnen raken en ook de introductie van vervuilingen kan
niet altijd voorkomen worden. Daarnaast blijkt het bovendien niet altijd eenvoudig
om de gebieden waarvan FM data is opgenomen terug te vinden in EM. Er zijn
daarom verschillende integratedCLEM of iCLEM alternatieven ontwikkeld waarbij
een fluorescentie microscoop wordt gëıntegreerd in een elektronenmicroscoop. Alle
commercieel beschikbaar iCLEM opstelling maken gebruik van 2D EM technieken.
Daarom heeft Loginov zich met enkele collega’s binnen dit project gericht op de
ontwikkeling van de eerste 3D iCLEM opstelling. Dit werd bereikt door de integratie
van een confocale fluorescentiemicroscoop in een Focused Ion Beam Scanning Electron
Microscope (FIB-SEM). In deze opstelling wordt de confocale microscoop gebruikt
om in FM snel interessante gebieden te identificeren waarvan vervolgens 3D EM data
kan worden opgenomen. Opname van deze data wordt gedaan door het herhaaldelijk
verwijderen van plakjes materiaal met de ionenbundel van de FIB waarna de SEM
wordt gebruikt voor het maken van een EM afbeelding. Omdat nu alleen interessante
gebieden worden bestudeerd in EM kan in kortere tijd een grotere hoeveelheid
bruikbare data worden verzameld.

In Hoofdstuk 4 wordt getest of de hier gepresenteerde deeltjes ook gebruikt
kunnen worden als markers voor de correlatie van 3D iCLEM data. Het is daarbij
van belang dat (genoeg) fluorescentie van de deeltjes overblijft nadat monsters klaar
zijn gemaakt voor EM. Voor dit experiment worden HeLa cellen en P388D1 muis
macrofagen driedimensionaal gelabeld via endocytose van de deeltjes. De cellen
worden daarna gëımpregneerd en ingebed in een zeer dunne laag plastic en zwaar
aangekleurd met zware metalen om weefsels maximaal zichtbaar te maken in EM.
Tijdens deze procedure wordt een sterke afname van de helderheid van de deeltjes
waargenomen maar blijft genoeg fluorescentie bewaard om de deeltjes in FM te
lokaliseren. Ook zijn de deeltjes goed te herkennen in de EM data. Omdat er veel
ruimte is voor verdere optimalisatie zijn de deeltjes daarmee geschikt als marker
voor biologische iCLEM experimenten. Voor verdere optimalisatie kunnen monsters
bijvoorbeeld minder zwaar aangekleurd worden met zware metalen of kan onderzocht
worden of het helpt om een extra beschermende laag om de deeltjes heen te groeien.

In het laatste hoofdstuk, Hoofdstuk 5, wordt onderzocht of soortgelijke deeltjes met
een kern en een schil gebruikt kunnen worden om de uitlijning van een hoogwaardige
3D superresolutie (STED) lichtmicroscoop te controleren en optimaliseren. Het
gepresenteerde kalibratiemonster bestaat uit een collöıdaal kristal van een mengsel van
monodisperse, sferische silica deeltjes met een totale diameter van ∼ 500 nm. Een deel
van deze deeltjes (1%) heeft een goud kern, de rest van de deeltjes heeft een fluorescent
gelabelde kern. Alle holle ruimtes van het collöıdale kristal zijn opgevuld met een
oplossing met een brekingsindex gelijk aan de brekingsindex van de deeltjes. Daarmee
wordt verstrooiing binnen het kristal geminimaliseerd en kan het kristal onder ideale
omstandigheden bekeken worden met de lichtmicroscoop. De brekingsindex van het
gehele kalibratiemonster is bovendien bijna gelijk aan de brekingsindex van veel
biologische monsters en is optimaal wanneer gebruik wordt gemaakt van een glycerol
objectief. In het hoofdstuk wordt gedemonstreerd dat de periodieke structuur van
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het kristal gebruikt kan worden voor kalibratie van de laterale en axiale assen van de
microscoop. De goud kern kan vervolgens gebruikt worden om de uitlijning van de
excitatie en depletie lasers van de STED microscoop te bekijken en verbeteren. De
fluorescente kern kan tot slot gebruikt worden om de point-spread-functie, of PSF,
van de microscoop te bestuderen.
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