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Structure Dynamics and Heterogeneity in Soft Materials Determined by FRAP
JOEL HAGMAN
Department of Chemical and Biological Engineering
Chalmers University of Technology

Abstract
A common interest in industry today is to be able to control the mass transport inside soft (bio)
materials in order to tailor both release and uptake of substances. Most of the materials used
are heterogeneous, quite often multiphase or compound materials and often undergo dynamic
changes; it is therefore important to have control over the local microstructure in order to
tailor the macro scale properties. The work in this thesis expands the toolbox of available
techniques for studying diffusion in such materials. This has been achieved by enhancing the
usability of a technique called fluorescence recovery after photobleaching (FRAP) as well as by
performing FRAP measurements in dynamic and heterogeneous materials. FRAP is an optical
technique capable of measuring locally at a micrometer scale in a material sample. The results
obtained have given an increased understanding of the structure–mass transport relationship.
The technique has been improved by improving the accuracy of the mass transport determination,
by reducing the required measurement area, by increasing the range of available materials in
which FRAP can be used as well as by analysing the impact of probe selection. The materials
used in this thesis work have been used as model materials for FRAP development and at the
same time been investigated using FRAP. The materials, along with the key interest, can be
summarized to the following choices: κ-carrageenan for the structural heterogeneity, gelatin for
the dynamic changes during gelation, gelatin/maltodextrin multiphase samples for the possibility
to tailor the domain sizes, super absorbing polymers (SAP) for the possibility to alter the mass
transport properties depending on the swelling and both β-lactoglobulin and pasta was used as
model material for spatial correlation measurements of FRAP data. These results may be used
for improved understanding of other materials as well and the FRAP technique is shown to be
one promising tool when tailoring new structures.

Keywords: Fluorescence recovery after photobelaching, Confocal microscopy, Structure dynam-
ics, Soft materials, Heterogeneity
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To my family

“Chaos is inherent in all compounded things. Strive on with diligence.” – Buddha
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1 Introduction

The movement of molecules, the mass transport, in soft materials is of great importance in
everyday life and the ability to control it is vital for many applications. Examples of applications
are release of drug molecules from a medical pill, where the release rate and location in the body
might make a difference in how effective the treatment is. Another example could be a diaper
which needs to absorb and retain body liquids while minimizing discomfort and leakage. A
third example could be the food industry where a control of the mass transport could lead to
longer shelf life while minimizing the use of additives, which in turn might lead to safer products.
The (micro) structure of the material in which the mass transport takes place is an important
factor when tailoring desired mass transport properties; a simple example would be that a denser
structure will hinder the transport more than an open structure. It is therefore important to
know how different structures affect the transport in order to control the mass transport via the
structure. In addition, in order to be able to tailor a desired material for specific mass transport
properties, it will also be essential to understand how dynamic changes of the structure interact
with the transported molecules.

The mentioned examples of applications all include soft (bio) materials. An example of a soft
material is a gel, which is a material that have a solid-like appearance even though the major
component is a liquid phase. Release of drug molecules from a pill can be controlled by gelling
layers surrounding it [128]. Diapers gain much of their ability to absorb from the swelling of
a super absorbent polymer which becomes a hydrogel when swollen. In the food industry, gels
are often used to control texture and rheological properties. Even though gels are common, it
is by no means the only soft material structure. Foods, for example, can consist of many differ-
ent types of materials and microstructures including gels but also emulsions, foams, solutions,
cellular structures, fat crystal networks and liquid fat. Due to the range of different structures
which interact in order to give the macroscopic properties, it is critical to be able to measure
both locally and globally to determine which structure that yields which properties. The local
measurements are vital to determine how a specific structure influences the properties whereas
a global measurement would loose information as the influence from the different structures will
be averaged. On the other hand, the global measurements are vital in order to determine the
integrated macro scale properties that are a function of the different microstructures inside the
material. The length scale of the microstructures is often on a micrometer scale or less and the
mass transport can therefore be due to both flow and diffusion. A versatile technique to measure
diffusion locally inside a material is fluorescence recovery after photobleaching (FRAP). The
basic idea behind FRAP is to introduce a light sensitive fluorescing probe to the sample, bleach
a portion of the probes with a laser and then record the recovery of fluorescence in the bleached
region. The recovery is caused by the movement of both the bleached and the unbleached probes.
FRAP is a microscopy technique and a benefit of is that the material can therefore be imaged
with the microscope at the same time as FRAP is used, which makes it possible to obtrain a
good correlation between structure and diffusion.

FRAP was developed during the mid seventies to measure diffusion in cell membranes [3]
and has been utilised to a fair extent in cell biology to study various mechanisms in cells since
then [58, 75, 106]. The pharmaceutical industry has used FRAP as a non destructive method
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to study transport of drug molecules inside various systems such as gels, solutions, biological
extracellular matrices and living cells [82]. Up until recently, FRAP have barely been used to
study foods and the studies have been focused on time-dependent changes of the properties of
foods during storage as well as the effects of different treatments such as freezing. Here are a
few examples. In chocolate, fat can migrate from the filling to the surface of the praline, which
causes a dull grayish look and FRAP have been used to study this mechanism [41, 125]. In the
case of halibut fish, protease diffusion causes the meat to soften and, in the worst case scenario,
dissolve [19]. The mechanism to stabilize acidified milk drinks have been studied using FRAP a
method for evaluating he mobility of the proteins in the drinks [59].

Much of the time-dependant changes which have been studied by FRAP so far have been on a
much longer time scale than the time it takes to perform a single FRAP measurement. Structural
changes which occur on a time scale near that of a single FRAP experiment is an area which have
been neglected. This is to a large extent due to the difficulties in controlling the dynamic changes
in the samples while performing the measurements. Another area that warrants further study is
the development of evaluation models for FRAP. There have been ongoing developments during
the past decade, which have resulted in evaluation models with increasing precision. Despite the
development of newer evaluation models, it is still possible to find recent litterature in which
unreliable evaluation models have been used. This is likely due to the fact that they have been
simple to use and have not required heavy calculations. The problem with many of the previous
evaluation models is that they neglect important factors, such as the energy distribution of the
laser or the point spread function of the microscope, and therefore risk yielding large errors. The
lack of FRAP models that can estimate the local diffusion coefficient with high precision in very
small bleaching areas hamper the ability to determine local diffusion in highly heterogeneous
materials such as multiphase samples. Consequently, it has until now been a great challenge to
use FRAP in dynamic systems and in highly heterogeneous materials.

These challenges are addressed in this thesis work. New high-precision FRAP models that
efficiently utilise all available temporal and spatial information in the FRAP data have been
developed. These models can estimate the local diffusion coefficient in small areas which makes
it possible to use FRAP in highly heterogeneous materials. The new models have been applied to
heterogeneous multiphase systems. Time series of consecutive FRAP measurements have been
used to follow the time-dependent changes of the diffusion coefficient during swelling, aggregation
and gelation. The trends in diffusion have been compared with rheological measurements to
reveal the effects of dynamical changes of the structure. This requires the possibility to quickly
determine the local diffusion coefficient with high precision.

This thesis has been a part of the VINN Excellence Centre SuMo Biomaterials (Supermolecular
Biomaterials – Structure dynamics and properties), which is a joint effort between academia
and industry partners. Structure–mass transport relationship is of high interest for the SuMo
Biomaterials centre. By improving the FRAP technique, this thesis work has expanded the
toolbox for the SuMo partners and everyone that has an interest in determining local diffusion
properties in heterogeneous materials or materials undergoing dynamic changes.
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2 Objectives
The main objectives of this thesis were to further develop the FRAP methodology and expand
it into new areas where FRAP is applicable. These new areas include determination of local
diffusion during structure dynamics and estimation of local diffusion in highly heterogeneous
materials. Detailed tasks can be formulated as follows:

• Develop evaluation models for FRAP that utilize all available information in the acquired
data in order to increase the precision of how well a local diffusion coefficient can be
determined.

• Decrease the lower size limit of FRAP to enable measurements inside smaller regions in a
heterogeneous material structure.

• Make FRAP able to handle arbitrary bleach shapes and profiles.

• Enable the possibility to use FRAP during dynamic conditions as well as record FRAP
data during dynamic transitions.

• Make use of FRAP to different diffusion properties in a multiphase system.

• Relate diffusional properties, determined by FRAP, to rheological properties.

• Improve the understanding of probe behaviour and properties in FRAP methods.

3



3 Background
This chapter gives an basic background on the FRAP technique and some underlying mecha-
nisms.

3.1 Diffusion
There are two mechanisms for mass transport inside a material structure: diffusion and flow,
and which of these become the dominant contributor to the mass transport largely depends on
length scale of pores and voids in the structure. Diffusion always takes place but is, at larger
scales, shaded by the presence of a flow. Flow, on the other hand, needs an external force to
exist. Figure 3.1 illustrates the importance of flow and diffusion at different length scales. The
total mass transport inside a material with a given pore size is the combination of the flow and
diffusion. There is no flow inside a material if the pore size of the structure drops down to or
below ∼100 nm [51, 54], since the pressure drop would become too large and the structure would
rupture [131]; instead the main mechanism of transport inside denser areas is due to diffusion.
For a material pore size range of roughly 100–200 nm, both flow and diffusion are be relatively
equal contributors while at longer length scales, flow usually dominates.

Flow

Diffusion

Pore size

M
as

s 
tr

an
sp

or
t

Figure 3.1: A concept image showing the relationship between flow and diffusion in relation to the
pore size of the media in which mass transport takes place.

The difference between flow and diffusion is that flow is a directed transport of particles in a
gas or a liquid while diffusion is the random movement of particles in any medium, either gas,
liquid or solid. Brown [14] was the first to observe this random motion by studying pollen debris
and the theory behind the process was explained by Einstein [37] and Smoluchowski [116]. Stated
simply, it can be described as the spread of particles through random motion from regions of
higher concentration to regions of lower concentration; however this is not entirely true. Diffusion
will take place regardless of concentration gradients as it is driven by the internal heat of each
molecule (kBT ) [38]; that is, all molecules moves constantly and are displaced through collisions
with other molecules and with boundaries within the media. The process is entirely stochastic
and if the diffusion is unhindered, all directions are equally likely to be the direction in which the
molecule moves. Since all directions are equally probable, defining a velocity for the molecules
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becomes difficult as the mean displacement is zero. Figure 3.2A shows the trajectory for a
molecule and the final displacement of the molecule depends on for how long the molecule is
monitored. Since the motion is entirely random, it can be seen in the example that the molecule
(gray circle) does not move far away from the original start location (dotted circle). Figure 3.2B
shows the probability of the displacement for the diffusing molecule, which is normal distributed
with mean zero. Since the mean displacement is zero, a way to characterize the diffusion is to
use the mean square displacement. This can be expressed as ⟨r(t)2⟩ = 2nDt, where r is the time
dependant displacement [m], n is the number of dimensions, D is the diffusion constant [m2/s]
and t is the time [s].

0

Probabiity

Displacementδ=1 δ=10 δ=20

A B

Figure 3.2: A concept image of molecular displacement. (A) The trajectory monitored for three
different time scales with a uniform step size (δ), starting at the dotted circle and ending at the gray
circle. (B) The probability for a specific displacement from the start location.

When following an ensemble of molecules, each individual molecule still diffuses around ran-
domly, but considering the ensemble at large in the presence of a concentration gradient, the
diffusion will appear to have a net direction. The net movement is seen simply because it is
statistically more likely that the molecules move from an area with high concentration to an
area with low concentration. In a continuum, the diffusion process can be described by a partial
differential equation [39]. The diffusion equation is

∂C(r, t)

∂t
= ∇· (D(C, r)∇C(r, t)) , (3.1)

where C(r, t) is the concentration of molecules depending on location, r, and time, t, and D is
the combined diffusion coefficient which depends on the concentration at each location. If the
diffusion coefficient is constant, then Equation 3.1 is simplified to

∂C(r, t)

∂t
= D∇2C(r, t). (3.2)

For the special case of probe diffusion in an infinitely diluted solution, the diffusion coefficient
can be described with the Stoke-Einstein relation

D =
kBT

6πηrH
, (3.3)

in which kB is the Boltzmann’s konstant, T is the absolute temperature, η is the solution viscosity
and rH is the hydrodynamic radius of the probe. This relation can be useful to either describe
a theoretical diffusion constant for a probe or to estimate the probe size.

5



In the cases in which the diffusion is not linear with regard to time, the diffusion is called
anomalous and described as ⟨r(t)2⟩ = 2nDtα [110]. For α = 1 the expression is the normal mean
square displacement. For α > 1 it is a “super-diffusion” which is aided, for example, by cellular
transport; for α < 1 the diffusion is hindered in some way, such as from binding to the material
or by diffusion through a porous material in which the molecule not only has to travel along the
larger voids of the material but also can diffuse into closed cavities [10].

3.2 Diffusion in gels
Inside gels, the diffusion of (probe) molecules is not entirely free since there are gel strands present
which hinder the diffusion and the molecules might interact with the gel strands. Furthermore,
the gel strands can self diffuse (“breathe”) which might create locally denser areas that retard
the molecules or which open up the structure to allow large molecules to pass. There are a few
different models which attempt to describe diffusion in gels [80], although not all of them take the
heterogeneity of the material or the probesize into account [1]. The free volume theory describes
the probe retardation as a reduction of the average free volume available to diffuse through [78].
The obstruction theory considers the gel strands as rigid obstacles which make the gel network
act like a sieve [2, 60, 90]. The hydrodynamic theory adds an friction interaction between the
molecules and the gel strands [25, 99]. There are also models which combine different aspects of
the other theories [23, 61].

3.3 FRAP
Fluorescence recovery after photobleaching (FRAP) is an optical technique that measures local
diffusion in soft (bio) materials. A soft material means, in this work, that the material has some
fraction of liquid phase in which the probe can be dissolved and transported. It might be possible
to have a completely dry material, although it is not practical as solid phase diffusion will take too
long to monitor. The general procedure for taking a FRAP measurement is to introduce a fluores-
cent probe in the sample, locally bleach a volume and then study the recovery of fluorescence. As
FRAP is currently performed with a confocal laser scanning microscope (CLSM), the precision
of the technique depend greatly on the performance of the microscope; the minimum resolution
depend on the optical resolution and limits in the diffusion rate depend on the image acquisition
rate as well as the stabillity of the microscope and sample. On a modern CLSM, a bleached spot
is usually a few micrometers or larger, more commonly around 30 µm in material science [11, 62].
The diffusion coefficients possible to capture lie in the range of 0.1 to 300 µm2/s; slower diffusion
coefficients are possible to obtain but tedious to measure as the measurement takes a very long
time and requires very stable conditions while faster diffusion coefficients will only be limited by
the image acquisition rate of the CLSM and the signal-to-noise level of the images.

The concept of FRAP can be seen in Figure 3.3, where Figure 3.3A shows an illustration of a
typical FRAP experiment. The stained sample is first analyzed with a low intensity laser beam
in order to locate an area of interest in the sample. When a suitable area is found, the FRAP
starts with a prebleaching step (t<0). During this step a couple of frames are recorded, still with
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a low intensity laser, to make sure that the laser intensity is low enough so that the fluorescent
probes are stable during the recovery phase. A region of interest (ROI) for bleaching is marked
in the image and at t=0, the laser intensity is significantly increased while the laser beam is
inside the bleach ROI. Outside the ROI, the laser intensity is kept low. This is regulated by
an acousto-optical tunable filter (AOTF). Directly after the bleaching step, the laser intensity
is reduced and the entire area is then monitored with a low intensity laser beam during the
recovery phase (t>0). The recovery comes from fresh probe molecules which diffuse into the
bleached volume at the same time as the bleached probe molecules diffuse out from the bleached
volume. The rate of diffusion is directly correlated to the recovery rate of the bleached volume.
In order to quantify the recovery, the pixel intensity is assumed to be linearly dependent on the
concentration of probe molecules, which is true as long as the probe concentration is low.

C

In
te
ns
ity

Distance Distance DistanceDistance

A

∞t→t<0 t>0t=0

B

t=0t<0 t>0 ∞t→

Figure 3.3: A typical FRAP experiment. The dashed circle represents the selected bleach ROI. (A) A
conceptual image with the fluorescing molecules heavily exaggerated. (B) A real example of fluorescein
in a 5% gelatin gel with 15% sugar added. (C) The bleach intensity measured along the dashed line
going through the middle of the bleach ROI in (B).

Figure 3.3B shows a real FRAP experiment performed in a gelatin gel with 15% suger added
using Na2-fluorescein as diffusionprobe. At t<0, the probe is homogeneously distributed in the
solution and there are no gradients present. The dashed circle represent the bleach ROI and
t=0 show the first image after the bleaching step (the actual bleach image is recorded by the
CLSM but show no relevant information as it is saturated by the laser). As the bleached probe
molecules diffuse out from the bleached area while fresh probe molecules diffuse in, the bleached
area recovers (t>0); eventually the area fully recovers and there are no longer any trace of the
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bleaching as the average intensity is back to the initial intensity (t→∞). Figure 3.3C displays
how the intensity profile, measured along the dashed line in Figure 3.3B, varies with time in the
image. At t<0, no bleaching has occurred yet and the intensity profile show the background
intensity of a fresh sample. In the first image after the bleaching step (t=0), the intensity profile
assumes a Gaussian like shape due to a relatively quick diffusion. As the sample recovers, the
intensity profile will even out as a diffusing Gaussian profile (t>0) and when the recovery is com-
plete, the intensity profile will again be linear. It should be noted that there are occations when
the intensity will not fully recover. If the amount of bleached probe is negligible in comparison
to the amount of fresh probe present in the material then recovery will bring the background
intensity to the same level as the initial intensity. If there is too little fresh probe, or if the probe
attaches to the material, then there will not be a full recovery and the final intensity in the ROI
will be lower than the initial intensity.

3.3.1 A brief history of FRAP
A look at the development of FRAP throughout the past 40 years reveals a somewhat broken
history. In the mid 1970s, the first evaluation models for FRAP data was proposed by by Peters
et al. [96] and Axelrod et al. [3]. The interest then was to measure lateral diffusion in membranes
by tagging lipids with fluorescent groups. The bleaching and analysis were performed using a
modified fluorescence microscope with a non-scanning laser as light source and a photo-multiplier
tube as a detector. Smith and McConnell [115] (1978) introduced fringe pattern FRAP in which
the bleached area is not a uniform spot but instead a raster caused by putting a grid in front
of the laser. The idea behind this was to increase the accuracy, to follow the diffusion over
longer distances and also to differentiate probes with different diffusion coefficients. Davoust et al.
[27] (1982) made some improvements to the fringe pattern model by changing the mechanical grid
into a grid caused by interference between two modulated laser beams. This change increased the
signal to noise as all noise not related to the laser beam modulation could be suppressed. However,
the fringe pattern method have not been used as much as spot bleaching and one explanation
could be that the that it later on became difficult to implement in commercial microscopes. Early
on, most groups performing FRAP experiments had been specialized labs but after Soumpasis
[119] (1983) made theoretical improvements to the evaluation model proposed by Axelrod et al.
[3], which made it much easier to use, more groups started to use the technique. Despite this,
no significant improvement of the FRAP technique could be noted up until the 1990s.

Blonk et al. [8] (1993) published a paper in which they incorporated the FRAP technique into
confocal laser scanning microscopy (CLSM). They used a stationary beam for bleaching and a
scanning beam for analysing the sample. This led to much better imaging of the sample, better
control of the laser and was the start of a new era of development of the FRAP technique. Ku-
bitscheck et al. [69] (1994) published a new evaluation model which had higher accuracy than
previous models, however it had some drawbacks as it required larger areas to be bleached be-
cause it did not take the point spread function of the microscope into account. Wedekind et al.
[130] (1994) introduced the acousto-optical modulator, which allowed higher control of the laser
as it was possible to change the intensity on a pixel basis and therefore possible to bleach regions
with arbitrary size and shape with a scanning laser instead of a stationary beam. This technique
was then taken up by the different producers of confocal microscopes and later developed into
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the modern acousto-optical tunable filter (AOTF). To address the limitations in previous mod-
els, Braeckmans et al. [11] (2003) introduced the uniform disc model. This model took many
overlooked aspects such as the bleaching phase and scanning into account but was limited in
how small the bleach areas were that it allowed. As a way to decrease the lower limit of the
bleached disc size, Braeckmans et al. [12] (2007) introduced line FRAP in which a thin line was
bleached. The problem with line FRAP, however, was that it required calibration of the effective
bleaching resolution before doing any FRAP experiment, which was a too tedious task to make
it popular. Jonasson et al. [62] (2008) upgraded the accuracy of uniform disc model by taking
the information from every pixel in every image into account but the model could not accurately
account for slow diffusion since it assumed Gaussian shaped starting profile. The evaluation
models proposed in Paper I and Paper III take this into account and a benefit of the model in
Paper III is that it allows for any size and aspect ratio of the bleached area.

There are a number of other FRAP models which try to address different aspects not men-
tioned in the brief history. There are such aspects as multi-photon FRAP to bleach a 3D vol-
ume [13, 81], to take binding reactions into account [65, 120] and a numerical evaluation model
which addresses heterogeneity in tissue [117], to mention a few. There are also two transform
models: Fourier transform FRAP [126] and Hankel transform FRAP [64] in which the diffusion
equations are solved in transform space, which means that they do not need any initial estimates
of probe distribution and therefore are independent of the size and shape of the bleach ROI as
well as diffusion during bleaching. However, neither of them takes the imaging point spread
function into account.

3.3.2 Other techniques to measure diffusion
FRAP is an optical technique that measures local diffusion at micrometer scale. A few other
techniques to measure diffusion are:

• Dynamic light scattering (DLS) is a technique to measure movement and size distribution
of particles in solutions. A laser beam illuminates the sample and as the particles diffuse
through the beam, they will scatter the light. The fluctuations of the intensity of the
scattered light can then be correlated to the diffusion [7]. For the technique to work, the
solutions need to be transparent and highly diluted.

• Single particle tracking (SPT) is an optical technique through which individual particle
trajectories inside a solution or material structure can be observed. It can be used to
measure diffusion (and flow) locally down to 10 nm scale in the sample [74, 109, 124]. The
samples should be relatively thin to prevent the particles to leave the focal plane, else it can
become difficult to track longer trajectories. Usually a CCD camera is required in order to
capture images quickly enough for tracking.

• Fluorescence correlation spectroscopy (FCS) is a technique which measures local diffusion
in a very small observed volume (∼ 10−15 l). The diffusion is obtained from the intensity
changes caused by probe diffusion in and out of the observed volume [6, 105]. This means
that the sample is not imaged at the same time as the measurement is performed. A
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sensitive photon counting detector is required in order to capture the intensity fluctuations
accurately enough to correlate it to the probe diffusion.

• Image correlation spectroscopy (ICS) is an extension of FCS that utilizes an entire micro-
scope image and therefore performs FCS in parallel in several spots. This is useful for slower
processes when a single spot would take too long time to yield useful information. [97, 121].
Since ICS correlates intensity fluctuations between image frames, the image acquisition
rate limits the technique to relatively slow diffusion.

• Raster image correlation spectroscopy (RICS) is an alternate version of ICS which uses a
time stack of images taken with a confocal laser scanning microscope. This makes RICS
slightly similar to FRAP but with the major differences that FRAP requires a bleaching
step. Instead of the bleaching step, RICS works as ICS but utilizes the time lag in the
raster scanning of the laser beam to obtain both temporal and spatial information [31, 32].
A drawback is that it requires careful calibration of the detector to work.

• Nuclear magnetic resonance diffusometry (NMRd) is a non-labelled and noninvasive method
for measuring translational motion. It measures global diffusion inside a material by ap-
plying a magnetic gradient and then analysing the relaxation of the affected molecules and
can be used on most materials [18, 104, 113]. Diffusion of molecules are monitored on a
time scale of miliseconds to seconds and the technique is therefore limited to relatively fast
diffusion.

• Thin sectioning of a sample can be used to measure how deep a diffusant has penetrated.
The concentration of the probe can be measured for each slice using different spectroscopical
methods, which will depend on the sample and probe used. The accuracy of this method
is highly dependent on the thin sectioning equipment. It can can take very long time to
create the samples if the diffusion of the probe is slow.

3.4 FRAP Models
The development of new evaluation models for FRAP data have slowly gone forward since the
intial development in the 1970s. The slow development has been due, at least in part, to the need
of more powerful computers to solve the equations on a feasible time scale. As the computational
power has increased, so has the accuracy of the models. More and more experimental issues have
been taken into account in the models and the complexity of them has increased. In general,
while the mathematical details may differ to some extent, most FRAP models rely on three basic
modeling steps: photobleaching, diffusion and imaging.

The purpose of modeling the diffusion is, in essence, to solve the diffusion equation (Equa-
tion 3.2) while at the same time taking surrounding aspects into consideration. The surrounding
aspects depend on the material in which the diffusion takes place, such as whether there are
reactions between the probe and the material or whether there is anomalous diffusion or a flow
present. A reaction between the probe and material could, for example, be when the probe binds
to the material structure for a period of time before releasing and diffusing on as if free [65, 120].
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Anomalous diffusion could, for example, be directed movement inside cells. An aspect which
complicates the modelling of the diffusion can be if the probes, such as GFP variants, exhibit
reversible photobleaching. This would mean that the intensity increment over time is not solely
caused by diffusion of the molecules but also a reactivation of bleached probes [114].

In order to be able to solve the diffusion equation, there is a need to know how the initial
concentration of fluorophores after bleaching is distributed as well as the boundary conditions.
This can either be estimated from the first image after bleaching (Paper I) or by means of
modelling the bleching step. An alternate way would be to use a model which does not equire
the knowledge of the initial distribution of the fluorophores [64, 126]. Another aspect of the
bleaching step is the energy distribution of the laser beam as well as the amount of bleaching
introduced. Quite often the beam energy distribution (BID) is approximated as a Gaussian
function limited to the first diffraction maxima, however Braeckmans et al. [11] showed that a
bleached spot quite often is influenced by both the second and third diffraction maxima. Due to
this, the shape and size of a bleached area needs to be calculated using an apparent BID which
takes the extra maxima into account, else the diffusion calculations will depend on erroneously
estimated geometry.

The imaging step is highly influenced by the point spread function (PSF) of the micro-
scope [63]. The PSF describes how a point in a sample will be imaged.A spherical point will
take a “butterfly” shape and this distortion needs to be corrected for, especially when bleaching
small regions. The original image can be obtained through deconvolution if the PSF is known.
The PSF depends on the laser wavelength, objective and immersion media and can be estimated
with the aid of immobilized fluorescing spherical beads (quantum dots) with subresolution size.
If the PSF is not known, it needs to be estimated in the FRAP model. When estimating the
PSF, the shape is often assumed to be 3D Gaussian.

A B C

Figure 3.4: The product of an illumination PSF (A) and the detection PSF (B) of a CLSM will
produce the confocal fluorescence PSF (C). This is a description of how a point object will be interpreted
by the microscope. Image adapted from Jonkman and Stelzer [63].
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3.4.1 Averaged bleaching region models
When completing a FRAP experiment, it is common to plot the average intensity of the bleached
spot over time to see that the experiment proceeded as intended, in order to see that the probes
did not bleach during the pre and post bleach phase and to see that the recovery looks reasonable.
Most modern CLSM have software included to do this automatically at the end of an experiment
and also often include the function to make a curve fit of the plotted data in order to analyse
the characteristic recovery time of the sample. Figure 3.5 shows a typical recovery curve and it
can be seen that the shape of the recovery curve closely resembles an exponential function. The
curve can be described as

F (t)

F (0)
= 1− be−t/τ , (3.4)

where F (t) is the fluorescence intensity at time t, F (0) is the initial fluorescence intensity, b is
the fraction of bleached fluorophores, and τ is the characteristic recovery time, t1/2 = τ ln 2. The
half recovery time, t1/2 is the time it takes for the intensity to reach halfway to the maximum
intensity. The half recovery time can be related to the diffusion coefficient as

D = γ

(
ω2

4t1/2

)
, (3.5)

which was suggested by Axelrod et al. [3]. The relation was derived for a stationary laser beam
bleaching a small spot with radius ω. The γ term is a correction function which will have a
constant value of 0.88 for a uniform circular spot but will, however, become a function which
varies between 1.1 to 3 depending on the bleaching introduced into the sample if the sample is
bleached by a laser with Gaussian energy distribution.

Since this model is mainly derived from empirical data, it does not take bleaching processes
into account and, if the size of the bleached spot is not well determined, the accuracy of the
resulting diffusion constant is highly questionable. Instead, it is useful as an initial estimate
of the magnitude of D and it can be used as an starting guess when estimating the diffusion
coefficient using a more comprehensive model.

Time
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Figure 3.5: A typical recovery curve showing the averaged intensity from the bleached ROI over time.

As the early FRAP models were derived for use with a stationary laser, the implementation
of FRAP with CLSM which was done by Blonk et al. [8] changed the process. Braeckmans et al.
[11] suggested a new model, the uniform disc model, which would take the scanning of the laser
beam into account in the evaluation. Their goal was to make a robust model with an analytical
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solution to make it “easy to implement” and therefore more accessible. The model averages the
intensity in the bleached ROI, which yields a higher signal-to-noise ratio but therefore also loses
information from individual pixels.

3.4.2 Pixel based models
The model which Braeckmans et al. [11] derived offers a beautiful analytical expression to describe
the recovery of a FRAP experiment with high accuracy, although there is still a limitation in it
as it uses the average intensity in the bleached disc. The benefit with the averaging is that the
analytical expression can be quickly calculated by fitting the FRAP model to the time dependent
recovery curve. However, the limitations that follow mean that the fluorophore distribution after
bleaching need to be known exactly, which in turn means that either effective photobleaching
should be known or large discs needs to be bleached. Another drawback with the averaged
models is that a large portion of the available information is removed when averaging. Some
early models adress this by taking the pixel based information into account [67, 111].

A limitation of the early pixel based models was the lack of incorporation of the noise in
the model. A solution to improve this was suggested by Jonasson et al. [62], where the noise
in each pixel was estimated as independent and Gaussian distributed. The initial fluorophore
concentration after photobleaching is approximated as a Gaussian distribution and the parameter
estimation is done with maximum likelihood statistics, which have the benefit of giving an error
estimate of each parameter.

A drawback with the Gaussian model described by Jonasson et al. [62] is that the starting
profile is assumed to be Gaussian shaped. This is not true for very slow diffusion, where instead
the initial starting profile will have a shape that more closely resembles an inverse hat function.
One way to circumvent this would be simply to remove all images in the start recovery series
until the intensity distribution have taken on a Gaussian shaped profile, although this would lead
to a decrease in accuracy due to a loss of initial data.

3.4.3 Maximum likelihood
Maximum likelihood is a method to estimate parameters in a statistical model. In contrast
to probability, which determines the chance of a specific outcome given a set of parameters,
likelihood determines the most likely parameter values given a specific outcome [94].

The basic principle behind maximum likelihood estimation (MLE) is to consider a set of n
independent observations (x1, x2, . . . , xn) of a sample with parameters θ, which has an unknown
probability density function. The true values of the parameters θ0 are unknown and are sought
after.

If the observations are independent and evenly distributed, then the joint density function of
all observations is defined as

f(x1, x2, . . . , xn | θ) = f(x1 | θ)· f(x2 | θ)· . . . · f(xn | θ) =
n∏

i=1

f(xi | θ) (3.6)
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The product is called the likelihood and the log likelihood is then defined as

L(θ | x1, x2, . . . , xn) =
n∏

i=1

f(xi | θ)

logL(θ | x1, x2, . . . , xn) = log
n∏

i=1

f(xi | θ) =
n∑

i=1

log f(xi | θ)
(3.7)

By considering the observed variables (xi) as fixed and by letting the unknown parameters (θ)
be varied freely, the parameters which are most likely correct are those which maximise the log
likelihood function.

3.4.4 Spatial analysis
Spatial autocorrelation is of interest in the analysis of material structures. Spatial statistics
are used to analyse any data with topological or geometrical properties and, combined with
autocorrelation, can be used to analyse the correlation of properties as a function of length
scale(s) in a material structure. By measuring the degree of correlation of geographical points
in the material, periodicity and heterogenity can be detected [46].

Correlating the diffusion coefficients in the case of material science means that measurements
done inside the same type of structure should yield the same (or similar) diffusion coefficients
since the probe would experience the same type of hindrance. As the different structures have a
limited physical length, it means that the diffusion at spot X would be correlated to the diffusion
in spot X+δ, as long as both spots are in a similar type of structure.

If the spatial data is obtained along only one dimension, then the correlation between the
data at position x and the data at position x+ δ can be calculated as [20]

r(δ) =
1

N−δ

∑N−δ
x=1

((
Yx − Ȳ

) (
Yx+δ − Ȳ

))
1
N

∑N
x=1

((
Yx − Ȳ

)2) , (3.8)

where δ is the step size, Yx is the data value at position x, Ȳ is the mean of Y , N is the number
of data points and r(δ) is the correlation coefficient for data points separated with a step size of
δ. A discrete autocorrelation function is obtained by varying the step size (δ) and calculating r
for each δ.

A method of analysing the autocorrelation in 2 (or 3) dimensions is by computing Moran’s
I [83]; which is a quantification method weighted for distance. Moran’s I is sensitive to the global
autocorrelation and is calculated as

I =
N∑

i

∑
j ωij

∑
i

∑
j ωij

(
Xi − X̄

) (
Xj − X̄

)∑
i

(
Xi − X̄

) , (3.9)

in which i and j is the spatial index, N is the number of points, X is the variable of interest, X̄
is the mean of X and ωij is the weights, often defined as the inverse distance between the points.
Moran’s I varies between -1 to 1, where a negative value indicates negative correlation and vice
versa.
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4 Materials
This chapter offers a brief overview of the materials used within this thesis. There is a close
relationship between the materials and the development of the fluorescence recovery after pho-
tobleaching (FRAP) technique as FRAP has been used to study the properties of the materials
while, at the same time, the materials have been used as model materials to develop FRAP. The
different types of materials involve gels, phase separated gels and pasta.

By changing the ionic conditions, biopolymer concentration and end temperature, different
microstructures and aggregation kinetics in the κ-carrageenan gels were evaluated. The effects
of free volume and heterogeneity on probe diffusion in κ-carrageenan gels were determined by
a combination of FRAP, transmission electron microscopy and rheology. Gelatin offers nice
possibilities to tailor the gelation rate and the gel strength by adjusting the gelatine concentration
and the end quench temperature. Formation of transient structures were determined in gelatin
gels using a combination of FRAP and rheology. Pasta and β-lactoglobulin gels was used to
probe structural heterogeneity and correlation between heterogeneity and the diffusion behaviour.
Local diffusion coefficients were determined in phase separated biopolymer mixtures of gelatine
and maltodextrin with very heterogeneous microstructures. A FRAP model was developed to
be able to measure local diffusion in such heterogeneous systems. The effect of swelling on probe
diffusion in super absorbent polymers (SAP) was evaluated using FRAP. A FRAP model that
can handle arbitrary initial bleaching concentration profiles and thereby cover a large span of
diffusion coefficients was developed.

4.1 κ-carrageenan
κ-carrageenan is one of many carrageenan types, where carrageenan is a polysaccharide extracted
from seaweed. It is commonly used as an additive in foods due to its ability to form structures
ranging from viscoelastic liquids to hard gels and for its non animal origin. Different types of
carrageenan gels are also widely used in different pharmaceutical formulations because of their
stabilizing, thickening and gelling properties [45].

The gelling mechanism of κ-carrageenan and similar biopolymers functions by going from in-
dividual polymer chains in a random coil formation to a state in which the random coils form a
helix. The helices will then form the gel network by branching either on the helical level or the
super helical level [127]. To initiate gelation, the aggregation is usually promoted by lowering
the temperature and adding ions. The building up of a percolating network influences both
the mechanical and diffusion properties of the carrageenan gels. κ-carrageenan gels are thermo
reversible and the gel temperature differs depending on carrageenan type, carrageenan concen-
tration and the ion type and concentration used [43, 50, 89]. It is believed that the gel matrix
that is formed during the instantaneous gelling is not completely locked; it instead rearranges
after the gelling and continues to aggregate and forms transient networks [52]. Depending on
which salt is used, the different ions will interact differently with the carrageenan [84]. For ex-
ample, potassium ions will bind strongly on specific sites and give a gel network that can vary
from a finer type with small voids to coarse strands separated by larger voids, depending on the
amount of potassium used [77, 129].
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4.2 Gelatin

Gelatin is one of the most commonly used industrial gels and is therefore one of the most widely
investigated gels. Gelatin is a protein based material which is derived from the collagen found
in the skin and bones of animals.

The gelation of gelatin involves a formation of triple helices, where the individual gelatin
strands are stabilized by hydrogen bonds in a right-handed helix [34]. The gelation of gelatin
follows the percolation theory, where the gelatin triple helices form aggregates in the solution.
The aggregates then grow, interconnect and form larger and larger domains until the whole
volume is percolated and the gel point is reached [28, 33]. The gelation is sensitive to temperature
and gelatin concentration such that lower temperatures and higher concentrations lead to faster
gel formation and stronger gels [34].

Transient networks are believed to rapidly form locally in the system, which will rearrange
and eventually disappear. The lifetime of these networks increases when the system moves
towards gelation and, at the gelation point, the transient networks percolate throughout the
whole system. Exactly what happens in the gelatin before percolation is not fully known but
extensively investigated [9, 28, 33, 42, 100].

4.3 β-lactoglobulin

β-lactoglobulin is the dominating protein in the whey fraction of bovine milk [108]. It is a heat
setting gel which forms an aggregated gel near the isoelectric point as long as the concentration
is high enough.

The size of the individual protein globules are around 2 nm and the gel formation is complex
with different structures forming depending on the ionic conditions, pH and temperature ramp
during heating [70]. Below the denaturation temperature and at a pH around 5.4 (near the pI)
there will be particle formation and aggregation [122]. These aggregates are around 1 µm and will
then cluster together into a network with domains which ranges between ∼10–50 µm depending
on ionic conditions and temperature ramp [70]. Depending on the pH the aggregation process can
take two different paths. At low pH, the β-lactoglobulin forms branched strings of monomers
where the branching depends on the ionic condtions. At a pH of around 7, the aggregation
will follow a two step process where the β-lactoglobulin monomers first cluster together to form
primary aggregates (∼100 monomers), and these primary aggregates then associate into larger
clusters which will form the gel [103]. The temperature ramp drives the rate of aggregation, but
the structure does not depend on temperature [73].

An interesting feature of β-lactoglobulin is the different length scales on which it aggregates.
Going from the ∼2 nm large monomer up to a gel with domains in the size range of ∼10–50 µm,
several aggregations emerge that form self-similar structures [4, 70, 71, 93]. This means that it
can be possible to tailor the material for domains of very different sizes on several length scales,
which is an interesting feature to utilize when using FRAP as a tool for correlation measurements.
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4.4 Maltodextrin

Maltodextrins are partially hydrolysed starch products, consisting mainly of D-glucose, maltose,
oligosaccharides and polysaccharides with broad molecular weight distributions [22]. The starch
sources are commonly maize, oats, rice, tapioca, potato, sorghum or sago palm. The maltodex-
trins have various interesting properties such as being watersoluble, fermentable, having low
hygroscopicity and can be used to increase viscosity of a solution or to create a gel. These prop-
erties make them useful as texture providers, film formers, freeze-control agents, spray-drying
aids and bulk agents [79]. Hydrolysed starch products are commonly characterised by their de-
gree of hydrolysis, expressed as dextrose equivalence (DE). The DE is the percentage of reducing
sugars present and it is calculated on a dry-weight basis relative dextrose [79]. It takes several
hours for maltodextrin to form a gel and the gel strength increases with maltodextrin concentra-
tion. There is also a minimum concentration needed to form a gel, ranging between ∼10–20%
depending on the type of maltodextrin [22].

4.5 Phase separated gels

Phase separated gels can be created from a mixture of two or more (bio) polymers in solution.
The phase separation will be either through a segregative process, in which the polymers enriches
into separate phases, or associative process, in which the polymers are enriched in the same
phase; the final mixture becomes a water-in-water emulsion [88]. The driving force towards
phase separation is an enthalpy gain as the entropy is lowered by a lowered temperature and if
the polymers are slightly incompatible, then they will prefere solitude prior to the mixing. The
entalpy gain is described by the Flory-Huggins interaction parameter [76, 88]. The stability of
biopolymer mixtures is commonly described by the phase diagrams of specific mixtures and the
border between a stable mixed system and meta-stable systems is called the binodal. While
in the meta-stable region of a mixture, phase separation will occur through nucleation with a
subsequent growth of domains. The border between the meta-stable and the unstable region
is called the spinodal. When a mixture is in the unstable region, it phase separates through
spinodal decomposition. Spinodal decomposition is caused by concentration fluctuation with
a characteristic wavelength and will give rise to a self-similiar mottled pattern which, unlike
nucleation, grows simultaneously in the whole sample. The structures formed can be both
bicontinuous or discontinuous depending on the phase volume of the biopolymers. If the phase
separation is allowed to continue for a very long time, the domains will coarsen and finally the
system will bulk phase separate with the phase with the highest density at the bottom. If the
gravitational pull is removed or can be neglected, then the phase with the highest affinity for
the surface of the beaker enclose the other instead of being ordered by density [56]. When/if one
or more of the phases gels, then the phase separation will cease and the structure will become
kinetically trapped; from this, desired structures can be tailored through means of the interaction
between phase separation and gelation. In this work, biopolymer mixtures made of gelatin and
maltodextrin were used to create kinetically trapped phase separated gels with heterogeneous
microstructures.
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4.6 Pasta
Pasta is a staple food which is made from hydrated wheat flour that has been kneaded into a
dough, cut and then dried. Eggs can be used in fresh pasta, but dried pasta is generally only
flour and water.

Normally, pasta is made from durum wheat which consists of 74–76% starch and 12–15%
proteins (dry basis). The starch granules exists as two types in pasta: type A which have a
disc like shape and average size of 30 µm while type B is more spherical and an average size of
2–3 µm [16]. When the durum wheat pasta is boiled, the structure of the pasta changes signifi-
cantly [26], where the main changes are caused by protein coagulation and starch swelling [98].

The starch contains amylose and amylopectin. The most important structural change to
a cooked starch-based product is the granule swelling and the subsequent leakage of amylose
and amylopectin [53] Amylopectin and amylose is present in the granules where amylopectin is
ordered crystals and amylose is in a non ordered state. Upon heating in water, the amylose is
solubilized and will gel upon cooling whereas the amylopectin forms a viscous solution. During
the swelling of a starch system, the swollen granules are enriched with amylopectin while the
amylose leaks out and forms a continous gel phase around the granules.

4.7 SAP
Super absorbing polymers (SAP) is a cross-linked polymer network with a high molecular weight,
which can retain extreme amounts of water. The SAP network is highly stable and absorbed
water will be retained even if the network is heavily compressed. This makes it a good absorbent
for hygiene products, such as diapers and sanitary pads, as the user can sit down without
discomfort from leakage. SAP is also used as absorbent for medical waste disposal, spill control
and as water conservation material in agriculture [15].

There are several different polymers used to create SAP, such as polyacrylamide, polyethylene
oxide, polyvinyl alcohol and polyacrylic acid; the common denominator is that the polymers are
water soluble with a high ionic load. Even though there are several different polymers which
can be used to create SAP, only SAP made from polyacrylic acid have been used throughout
this project. The cross-linking of the polymer chains plays an important role as it makes the
network itself non soluble and the driving force behind super absorbance comes from the osmotic
pressure caused by the ionic groups on the polymer chains [15]. The resulting network can
absorb up to ∼1000 g/g of deionised water; however, if salt is present in the absorbed water
it lowers the osmotic pressure and the SAP therefore absorbs significantly less salt solution
than deionised water. Nonetheless SAP is still able to absorb more salt water than traditional
absorbent materials such as a fibre network [15]. The amount of cross-links also influences the
hardness of the gel. Even though it is not possible to expel water by compressing the gel, a
stiffer gel can withstand higher external pressure before breaking down. A problem with cross-
linking the SAP too much is that becomes difficult to control exactly where on the polymers the
crosslinker reagent react. A high amount of cross-links will therefore decrease the absorption
properties as they will hinder the swelling of the gel and the need for mechanical stability will
have to be weighed against the absorption.
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5 Methods
The methods and calculation models used in this project will be described in this chapter.

5.1 CLSM

5.1.1 Basic principles of CLSM
A confocal laser scanning microscope (CLSM) is an advanced, high resolution fluorescent light
microscope with the ability to record images in which the information comes from a thin optical
section in the sample. The CLSM differs from a wide-field light microscope (LM) in a few key
ways: the light source of a CLSM is a laser instead of a light bulb, images are formed by scanning
a focused laser beam instead of recording the whole image simultaneously, there are two pinholes
to remove out of focus light and the signal-to-noise ratio is much higher in a CLSM. The laser
light has a number of unique properties such as small divergence, a high degree of monochro-
maticity and spatial and temporal coherence, plane-polarized emission, high brightness, and a
Gaussian beam profile that makes it an almost ideal light source for use in a CLSM [44].

The Basic principle of a CLSM [95] is shown in Figure 5.1. Since different fluorophores re-
quire different excitation wavelengths, an array of lasers is required in order to cover the most
essential wavelengths for multiple staining of samples. The transmitted laser intensity is con-
trolled by an acousto-optical tunable filter (AOTF), which adjusts the proportion of light coming
from each laser in the array and thereafter transmits it to the specimen almost instantaneously.
Thus the light intensity of each single laser line can be adjusted from pixel to pixel at a high
scan rate using real-time electronics. The AOTF will only let desired wavelengths pass through
while other wavelengths of the laser will bend away from the beam path and be removed. In
an epi-fluorescent CLSM, the laser that passes through the first pinhole will then hit a beam
splitter which will direct the incoming laser light towards the specimen and the re-emitted flu-
orescent light towards the detector. The beam splitter is either made of a filter that consists
of wavelength-discriminating mirrors or an acousto-optic beam splitter (AOBS). Wavelength-
discriminating mirrors are dicroic or tricroic mirrors, which reflect light with certain wavelengths
and allow light with other wavelengths to pass. The AOBS is an acousto-optical crystal which can
be tuned with high precision to let certain wavelengths to pass straight through the crystal while
bending the path of other wavelengths. Since the the width of the laser beam is much smaller
than the area visualized in the sample, the beam will be moved in order to illuminate a large
section. The beam is moved in x and y direction with the aid of scanning mirrors which vibrate
in a sinusoidal shaped manner with a frequency of up to 8000 Hz [123]. The width of the linear
part of the sinusoidal mirror movement and the on and off positions of the laser light determine
the size of the scanned area. After the scanning mirrors, the laser light passes the objective and
the immersion medium and then goes into the sample and becomes absorbed by the fluorophores.
The fluorescence from the fluorophore will then go back to through the whole system up to the
pinhole and the detector. The fluorescent light which does not originate from the focal plane
will be removed by the second pinhole in front of the detector and, as a result, the sample can
be imaged into thin optical sections. The sample resides on a stage with high precision control
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of the movement in x-, y- and z direction. This allows the CLSM to move the focal plane and,
by combining a stack of images along the z-direction, creates a 3D structure of the sample.

Laser

AOTF
Pinhole

Detector

AOBS

Scanning
Mirrors

Objective

SampleFocal plane

Motorized
stage

Figure 5.1: The basic principle of a confocal laser scanning microscope. In some systems the acousto-
optical beam splitter (AOBS) is replaced by semi transparent mirrors to direct the light.

5.1.2 Fluorescence

Fluorescence works such that illuminated probes absorb photons if they contain enough energy
to push the electrons in the sample to a higher energy state. When the electrons relax back to the
ground state, they emit light but at a longer wavelength as some of the energy is disposed of as
movement (usually seen as heat emitted in the infrared spectrum) [55] or because of interaction
with the environment [49]. This process is called Stokes shift. Figure 5.2 shows a simplified en-
ergy diagram of the fluorescence process. The absorbed light contains exactly the right amount
of energy (hν) required to raise an electron from the ground state (S) to a valid energy state just
above the excited singlet stage (S*). The excited electron falls down to S* relatively quickly by
emitting heat or by interaction with the solvent, and the time limiting step in the fluorescence
process is the electron fallback to the ground state. All together, the fluorescence process is over
in much less than a second, and a single molecule used for imaging a sample can usually be
excited several thousand times before undesired bleaching occurs.
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Figure 5.2: A simplified energy diagram illustrating the excitation-emission process which gives rise
to fluorescence. S is the ground state and S* is the excited singlet state.

5.1.3 Microscope objectives and resolution
The microscope objective determines much of the information content of an image [66] and the
role of the objective is to focus the laser beam and to ensure constructive interference at the
focal point. The three-dimensional spatial light intensity distribution of the light around the
focal point is described mathematically by the point-spread function (PSF). The PSF is closely
linked to the spatial resolution of the CLSM, and a more localised PSF will always produce an
image with higher resolution [36]. The resolved details in the specimen, the contrast at which
these details are presented, the depth through the specimen from which useful information can
be obtained and the diameter of the useful scanned region are all limited by the performance
of the objective. This means that, in practice, the most important parameters that a CLSM
user must consider are the magnification, the working distance of the objective and the numer-
ical aperture (NA). Objectives exist with magnifications ranging from around two times up to
hundred times, with numerical apertures ranging from approximately 0.05 up to 1.45. The nu-
merical aperture basically determines how much of the re-emitted fluorescent light is collected
by the objective and it normally increases with the magnification of the objective. Refractive
index matching is also essential for the performance of the CLSM because bad refractive index
matching will result in a lot of scattering and loss of signal as well as geometrical aberrations.
It is therefore important to chose an objective and immersion medium that matches the optical
properties of the sample [48]. The working distance is affected by the numerical aperture and it
normally decreases as the numerical aperture increases due to the increase in the opening angle,
α, of the objective lens. Spatial resolution is defined as the minimum spatial separation required
between two point objects to distinguish them as two separate objects. The Rayleigh criterion
corresponds to the spatial separation at which a 26.4% contrast separation is achieved [47] (see
Figure 5.3). The confocal lateral and axial resolution could be estimated as [63]:

Rlateral ≈
0.4λemission

NA
(5.1)

Raxial ≈
1.4nλemission

NA2
(5.2)
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where λemission is the wavelength of the detected light, NA = n sinα, and n is the refraction
index of the mount medium. This means, for example, that for an oil objective with NA = 1.4
and n = 1.518 and λemission = 510 nm, Rlateral and Raxial will be approximately 150 nm and 550
nm, respectively.

26.4% Contrast

In
te

ns
ity

Distance [µm]

Figure 5.3: The resolution is determined as the distance where there is a 26.4% contrast between
two objects.

5.1.4 Requirements for FRAP
There are a few prerequisites for FRAP that need to be taken into account. Most of the prereq-
uisites depend on the FRAP model used for evaluation.

• The probe used must be distributed homogeneously in the sample, otherwise the diffusion
will be affected by the concentration gradient.

• Another probe requirement is that there are enough probes present in the sample so that
the fraction of bleached probes is negligible.

• The bleaching phase needs to be short enough to not allow any diffusion during the bleach-
ing. Meyvis et al. [82] recommends the bleaching phase to be 15 times shorter than the
characteristic recovery time.

• The only transport mechanism that contributes to the recovery is free diffusion; flow can
be present only if the model used for calculations can handle flow.

• The medium in which the diffusion occur is assumed to be infinite in comparison to the
bleached area; the diffusion should not be affected by phase or sample boundaries.

• The material needs to be transparent enough so that the laser light can penetrate deep
enough into the material to fulfil the requirements of the evaluation model used

• The material must be able to withstand the strong laser light during bleaching without
being destroyed
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5.1.5 Linear relationship
The data from a FRAP experiment comes as a series of images taken by the microscope, in
which the recovery will take the appearance of a dissolving disc. The diffusion coefficient is
then calculated by solving Fick’s second law using pixel intensity changes to correlate the probe
concentration changes. This means that the pixel intensity needs to be directly correlated to
the probe concentration, i.e. the probe concentration needs to be within the linear regime of
fluorescence. Herman [49] gives the relation between fluorescence intensity and absorbance as

F = QI0(1− e−A), (5.3)
in which F is the fluorescence intensity, Q is the quantum yield of fluorophores, I0 is the light
intensity before the sample and A is the absorbed amount. This relation gives an asymptotic
growing curve that approaches QI0 as the absorbed amount goes toward infinity (this effect is
called “saturation of the detector”). The solid line in Figure 5.4 indicates this behaviour. This
is unwanted as it makes it impossible to relate the concentration of fluorescent probes to the
fluorescence intensity, since a high concentration means that there will be a high absorbance and
F will be equal to QI0. At lower concentrations, however, there is a linear relation (shown as a
dashed line in Figure 5.4). At low absorbance,

(
1− e−A

)
approaches A and Equation 5.3 can be

approximated as
F = kCQI0, (5.4)

where kC, in which C is the concentration and k is a constant, is subsituted for A. It is therefore
important to check the intensity dependence of the probe concentration for each FRAP probe in
order to use appropriate concentration. Note that an excessively low probe concentration results
in a lot of noise in the FRAP experiment which is also unwanted. Another effect which also
disturbs the correlation between the concentration and the intensity is inner filtering [49]. Inner
filtering is a “crowding” effect caused by an overlap in emission and excitation wavelengths for
the probe molecules. What happens is that nearby probe molecules absorb the emitted light
from the probes in the focal plane and prevent the light from reaching the detector and the effect
is increased for higher concentrations as well as increased depth into the sample. Even though
the molecules which absorbed the light eventually will emit it again, they are often outside of
the focal plane and the light emitted from those probes will be removed by the detector pinhole.
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Figure 5.4: The relationship between absorbed light and fluorescence. The solid line represents the
actual relationship. The dashed line represents a linear relationship between absorbance and fluores-
cence.
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5.1.6 Bleach profile
Even though the CLSM only shows a thin optical slice of the sample, the penetration of the
laser will affect the volume both above and below the focal plane. This means that during the
bleaching step, the laser will bleach the sample all the way from the surface, through the focal
plane and as deep down as the laser can penetrate. For a circular bleach ROI, the actual bleach-
ing of the sample will take on a cylinder-like volume. How close to a true cylinder the bleaching
will result in depends on the numerical aperture (NA) of the microscope objective. A high NA
is desired in CLSM imaging as it increases the resolution, whereas a lower NA will give a more
cylindrical shaped bleach volume which is desired for FRAP [8]. Figure 5.5 show how the NA
will affect the bleach volume. The reason why a cylindrical shape is desired for FRAP is that as
long as the width of the bleached ROI is much smaller than the height of the bleached cylinder,
the diffusion along the z-axis can be neglected in calculations. There will still be diffusion along
the z-axis, but since there will be no fresh probe molecules entering the focal plane along the
z-axis during the course of the measurement, the influence of the z-diffusion can be neglected
and Fick’s law can be simplified to two dimensions.

Focal Plane Focal Plane

High NALow NA
Figure 5.5: The resulting bleach volumes from a microscope objective with a low respectively high
numerical aperture (NA).

For a multiphase sample, the 3D structure needs to be taken into account to make sure that
the z-axis diffusion can be neglected. Figure 5.6 show a concept image in which the bleached
phase in the focal plane does not follow the beam path. Since the two different phases may
allow different diffusion rates, the phase in which the bleaching is intended to take place must be
continuous along the z-axis for a long enough distance to allow the bleached ROI to only recover
by means of 2D diffusion. This is shown as the distance ∆ in Figure 5.6, which should be much
longer than the width of the bleached area. The volume of the bleached phase must also be large
enough to hold enough of the fresh probe to make the bleached portion negligible.
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Focal Plane, Z

Z + Δ 

Z - Δ

Figure 5.6: The 3D structure of the sample is important to take into account. The phase bleached
in the focal plane twists and does not follow the laser path. To ensure a correct recovery, the phase
bleached must be continuous in z-direction on a length scale (∆) longer than the width of the bleached
ROI.

5.1.7 FRAP probes
As many samples studied with a CLSM are not auto fluorescent, there is a need to add a flu-
orescent dye to allow the different structures in a sample to be detected. The dyes normally
used for CLSM need to be photo stable in order to not bleach. The probes should also have
a high quantum yield to allow as much of the absorbed light to be re-emitted and they should
either have high affinity for different areas in the sample or be covalently bound to a specific
substance in the sample. There is a large number of probes with these properties which have
different absorbance/emission spectra, allowing them to tag different areas in the sample and to
be differentiated simultaneously. This means that, for imaging, there is the possibility of, for
example, staining fat with one dye, proteins with another and starch with a third dye, allowing
the microscopist to see different aspects of the sample at the same time.

Probes used for FRAP are based on the dyes used for imaging, but they have slightly different
requirements: A FRAP probe needs to be bleachable during the bleaching stage of a FRAP
experiment, they should not be able to regain their ability to fluoresce after being bleached,
they shall not bleach at low laser intensity and the bleach process should be preferably of first
order kinetics. As most dyes used for imaging are made so that they will not be bleached, there
are only a handful of available probes for FRAP. The most commonly used FRAP probes are
fluorescein, fluorescein derivates (FITC) and green fluorescent protein (GFP).

Figure 5.7 shows the typical pathways for an average photobleachable fluorophore in a sim-
plified Jablonski diagram. In order for the molecule to be bleached, an electron must be excited
from its ground state (S) and reach either the excited singlet stage (S*) or the excited triplet
state (T*) and from there reach the photobleached state. Exactly how the photobleaching oc-
curs is different for different molecules, but possible routes are the reaction between two excited
molecules or the reaction between an excited molecule and an oxygen molecule; these reactions
may either be complete or produce semi-oxidized or reduced compounds[118]. The excitation
is done by illumination of the fluorophore; when the light is absorbed, an electron becomes ex-
cited. Normal absorption is performed at rate ka (usually fast) and the excited electron that has
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reached S* can then fall back into the ground state via fluorescence (kf ), via internal conversion
without radiation (kic) or cross over to an excited triplet stage (T*) via intersystem crossing
(kisc). The kph transition is a spin forbidden process which take the electron from the excited
triplet state through phosphorescence. It is a slow process since since the the electron must
change its spin direction. Photobleaching may occur from both S* and T* but, in the case of
fluorescein, Song et al. [118] showed that it is almost exclusively the T* state that gives rise to
photobleaching. Song et al. [118] also showed that the photobleaching reaction for fluorescein is
far enough from a first-order irreversible bleaching reaction to recommend the use of other probes
or for it to be necessary for this parameter to be taken into account. Even though fluorescein is
not a perfect probe, there are currently not enough probes available to always make it possible
to change to a better one.

S* kISC

T*

kph

kICkfka

S

photobleaching

Figure 5.7: A simplified Jablonski diagram of the different processes that take place during photo-
bleaching of fluorescein.

5.2 Rheology
Rheology is the study of deformation and the flow of liquids and semi solids [5]. A perfect
Newtonian fluid, such as water, can be described with a temperature dependent viscosity term.
The viscosity of the fluid will not change if the stress or strain rate of the fluid is altered. However,
the properties of a non Newtonian fluid, such as a polymer melt, will change as a stress or strain
is applied. The underlying reason is due to interactions within the material, where cross linking
and/or polymer chain entanglement will give a resistance to deformation. At a high deformation
rate, the material will appear elastic and rubber-like and will return back to its original state
when the deformation is removed; for a low deformation rate the internal structure will change
and the material will start to flow; this behaviour is called viscoelasticity.

When using a rheometer, a known deformation (or stress) is applied to the sample and the
response from the sample is measured. Figure 5.8 shows a typical experiment using a bob
and cup system as an example. The deformation is applied in a sinusoidal manner and the
measured response is therefore also sinusodial for sufficiently small deformations, but will have
a different amplitude and will lag behind depending on the viscoelasticity of the sample. Two
parameters which usually are obtained from a measurement is the complex modulus (G∗), which
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corresponds to the amplitude of the deformation, and the phase angle (δ), which corresponds
to the angular delay of the response. For an elastic material, the phase angle would be 0°as
the applied deformation would be transferred immediately through the sample, whereas for a
viscous material, the phase angle would be 90°. By varying the frequency and the amount of
deformation, different aspects of the sample can be analysed.

Figure 5.8: A conceptual image of a rheometer using bob and cup. The cup, which applies deformation
from the motor, will only be in contact with the bob through means of the sample and the sample
response to the deformation can therefore be measured. Image is ©Mats Stading.

The complex modulus is described as G∗ = G′+iG′′, in which i2 = −1. G′ is the storage
modulus which describes the elasticity of the sample and G′′ is the loss modulus which describes
the viscous part of the sample. The phase angle is described as tan δ = G′′/G′.

A typical curve for a material which goes from a solution to a gel will be seen as a cross over
where the loss modulus is dominant in the solution and the storage modulus is dominant in the
gel. If the G′-G′′ cross-over is frequency independent, then it will coincide with the gel point of
the sample and can be used to indicate the gel point [132].
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6 Results and discussion
As the basic idea behind this PhD project has been to try to correlate mass transport to the
material structure using FRAP, important questions have been “what can be measured with
FRAP?” and “what is required in order to measure the desired properties?”. What this chapter
will show is that FRAP is a versatile tool, especially when combined with the results from other
techniques, as it can then report so much more than just a diffusion coefficient. A good example
of this is the combination of FRAP and rheology; dynamic FRAP measurements can show a
change of the diffusion coefficient over time and, combined with rheology data, be correlated to
the structural changes in the sample.

6.1 Dynamic transition
A dynamic system is defined here as a system that changes its properties and microstructure as a
function of time. It can for example be a system that gels, swells, phase separates or crystallises
as a function of time. When it comes to measuring mass transport with FRAP in dynamic
systems, it is important to realize that the time scale and geometries must match each other to
some extent. A FRAP experiment takes roughly 30 seconds to a few minutes to perform depend-
ing on the recovery rate, excluding the time it takes for selecting a suitable area and preparing
the CLSM. In order to be able to probe the changes in material properties, the dynamics must
therefore either be slow enough so that the material properties can be assumed constant during
each consecutive FRAP experiment. If that is not possible, then the sample should be locked in
a series of pseudo-steady states.

6.1.1 Gelation and transient structures in gelatine gels
(Paper II)
Gelatin gels are formed through percolation and will form a system-wide network with junctions
that consist of triple-helices which increase in modulus with ageing as the polymer strands rein-
forces themselves [33]. An hypothesis for the gel formation is that, as the percolation is about to
start in gelatin, there could be locally forming networks that do not percolate the entire struc-
ture. These locally formed networks is thought to be transient and will form and collapse. The
lifetime of these locally forming networks will increase as the system moves towards percolation.
Upon reaching the gel point, the local network would then percolate and become stable. This
could, in theory, be shown with a rheometer provided that the strain used can be low enough
to not disturb the system. In general, the strain needs to be tested for each sample so that
there is a linear relationship [5], however so far rheometers have not been sensitive enough and
no articles have been found where rheological data have verified existence of transient networks
forming in gelatin prior to percolation. There have been indications that there are transient
networks forming in gelatin [107] and the formation of transient networks have been proved in
other systems, such as carrageenan [52]. The carrageenan network is highly dynamic and will
rearrange itself with time. The gelation of gelatin is quite slow in comparison to the gelation
of carrageenan, which happens almost instantly after reaching the gel point. By changing the
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gelatin concentration and the end temperature, it is possible to tailor the gel strength and the
time it takes for the gelatin to gel. This makes gelatin an ideal model material when testing
the possibilities to use FRAP for dynamic studies; the tailoring allows for a way to increase
the “window” of time in which FRAP could be used to detect changes in the microstructure
prior to percolation. In order to be able to determine when the solution gels, the FRAP mea-
surement was therefore compared with the results from rheological measurements on the same
sample.

The experimental design used for determining the diffusion properties during gelatin gelation
is shown in Figure 6.1. Two different gelatin concentrations, three different probe sizes and
three different end temperatures were used, as shown in Figure 6.1. The study started with the
quenching of the solution and then went on for two weeks; FRAP measurements were carried out
every 5 minutes during the first 75 minutes, then again at 24 hours, 7 days and 14 days. The
samples were kept locked between cover glass slides with the aid of secure-seal spacers; this was
to allow them to stay as fresh as possible during the 14 days storage. The rheological measure-
ments were made consecutively for the first 24 hours for each sample and did not continue for
the whole 14 day set-up. This experimental design was chosen because at least one of the gelatin
samples would be gel slowly enough to allow the network to be probed for transient structures
forming and give information about how the different parameters affect the diffusion in relation
to the rheological changes.

500 kDa

10 kDa

376 Da
15°C 20°C 25°C

2% Gel

5% Gel

Figure 6.1: The experimental design of the study in gelatin. The molecular sizes refer to the size of
the probes and the temperatures represents the different end temperatures to which the gelatin solution
was quenched.

There are several FRAP studies how gel concentration affects the diffusion coefficient for
different gels [17, 30, 68, 86] and a common result in the studies is that increasing gel concentra-
tion leads to an increase in the obstruction and therefore lower diffusion coefficients. The same
was seen for all three probes in gelatin, which can be seen in Figure 6.2 in which the diffusion
coefficient for all three probes is plotted for both gel concentrations at 20°C. The 2% gelatin
gel allows slightly faster diffusion coefficients than the 5% gelatin gel, although the differences
between the two gel concentrations depend heavily on the probe size. Comparing these diffusion
coefficients with the rheological measurements for the same gel, as seen in Figure 6.3, it should
be noted that there is a connection between gel stiffness and diffusion coefficient, but the corre-
lation is not simple. For a solution of (bio) polymers, increasing the concentration will lead to
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lower diffusion coefficients, partially due to an increase in viscosity which increases the resistance
the probe experiences and partially due to the presence of more material that obstructs the
probe as the probe diffuses around [1, 99]. With that in mind, it’s easy to draw the conclusion
that there is a purely rheological cause for the retardation of the probe diffusion in gels. That
is, the higher the concentration in solution, the higher the retardation and in relation to gels,
the higher the concentration, the stronger the gel. However, when combining the rheological
measurements with the diffusion curves it became apparent that the true explanation is not as
simple.
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Figure 6.2: The absolute diffusion coefficient for the probes in gelatin as a function of time since
quenching. The solid lines represent a 2% gelatin gel, the dotted lines represent 5% gelatin gel. The
probes are fluorescein (▽), 10kDa FITC dextran (�) and 500kDa FITC dextran (O).

103

102

101

100

10-1

Q 10 20 30 40 50 60 70 80
Time [min]

M
od

ul
us

 [P
a]

5% gelatin

2% gelatin

Figure 6.3: The modulus for a newly made sample with 2% respectively 5% gelatin concentration.
The timescale is minutes since quenching the sample from 60°C to 20°C.
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Figure 6.4 shows the results of the rheological measurements combined with the temper-
ature normalized diffusion coefficients for the entire experimental space. What can be seen
in the figure is that the time it takes for gelation differs between the samples. The gelatin
with 5% concentration gels much faster than the 2% in all cases and, as Figure 6.4B, D and
F shows, the samples with 5% concentration gels within 10 minutes. For the samples with
2% concentration, the time it takes to form a gel is significantly longer. The sample with
2% concentration quenched to 15°C (Figure 6.4A) gels almost instantly, while the higher end-
temperatures took 40 minutes and 4 hours respectively to form a gel (Figure 6.4C and E). Note
also the difference in modulus for all samples as there is a significant difference between how
hard the gels become in the different samples. The diffusion coefficients show similar trends
for all samples. The smallest fluorescein probe report the existence of the gelatin strands
and cannot move as fast as in distilled water, but does not report any changes in the mi-
crostructure of the gelatin network. The two larger probes on the other hand show retarda-
tion in diffusion over time before reaching a minimum plateau. As this happens at approxi-
mately the same time in all samples, it must happen regardless of when the gelatin gels; this
would indicate that there are transient networks forming in the gelatin prior to a full per-
colation of the network. When comparing the modulus for the different samples it can be
seen that if there is any connection between the diffusion coefficients and the gel strength,
then it is only a weak correlation as the diffusion coefficients are hardly influenced by the gel
strength.
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Figure 6.4: The normalized diffusion coefficient for probes in gelatin combined with rheological
measurements. The probes are fluorescein (▽), 10kDa FITC dextran (�) and 500kDa FITC dextran
(O). (A) and (B) are 2% and 5% gelatin at 15°C, (C) and (D) are 2% and 5% gelatin at 20°C, (E) and
(F) are 2% and 5% gelatin at 25°C. The dotted lines represent the storage modulus (G′) and the dashed
lines represent the loss modulus (G′′). Note the difference in modulus.
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The effect of ageing on the gelatin gels showed an increase of the diffusion coefficients over
the course of the two weeks during which the samples were kept. Gelatin rearranges and grows
in strength with time and the reinforcement of the network might cause the mesh to open up
more and more as there is a finite number of gelatin strands. The smallest probe (fluorescein)
demonstrated this as it could diffuse around faster in the gelatin gels with time. The larger
probes did show a similar, albeit very weak, trends towards diffusion faster with time. The
result of the ageing on gelatin for the fluorescein probe can be seen in Figure 6.5 in which an
increase in normalized diffusion coefficients can be seen from the first two points at 1 hour and
24 hours to the later points at 7 days and 14 days. The exact reason for why the effect was only
clear for the small fluorescein probe was beyond the scope of Paper II, however it is reasonable
to believe that the opening of the network is on a relatively small length scale. What probably
happened is that the junction zones where the gel strands bind together grows slightly, which
causes a stiffening of the gel, and while that happened the gel strands move enough to allow
fluorscein to move more freely but not enough to allow the larger probes to diffuse faster.
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Figure 6.5: The ageing effect of a 2% gelatin gel on the temperature normalized diffusion coefficients
for fluorescein. A is the effect at the end temperature 15°C, B is the effect at the end temperature 20°C
and C is the effect at the end temperature 25°C.

6.1.2 Dynamics in carrageenan gels
(Paper IV)
κ-carrageenan has been proven to have transient structures that form after gelation [52] and the
gel formations is through percolation [87], but it is controlled in a different manner than gelatin.
It was therefore of our interest to see whether the aggregation after gelation would affect the
probe diffusion coefficient and whether FRAP could be used for probing the structure dynamics.
Carrageenan is highly salt sensitive and the gel formation can be controlled by controlling the
salt type and ionic concentration [43, 50, 84, 89]. For example, potassium ions will bind strongly
on specific sites and yield a gel network that can vary from a finer type with small voids to coarse
strands with a larger void space in between, depending on the amount of potassium used [77, 129].

Walther et al. [129] and Lorén et al. [77] have studied probe diffusion in κ-carrageenan gels
using NMR diffusometry to measure the diffusion in relation to TEM images of the gel. The
experimental design was chosen to be of a similar design so that the result could be compared
to their study. By changing the ionic concentration and the gel concentration the degree of
heterogeneity and the void space in the microstructure could be controlled. The design was:
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• To vary the gel concentration using 250 mM Na+ as ion concentration. The κ-carrageenan
concentrations were: 0.5%, 1%, 2%, 3% and 4%.

• To vary the ion concentraition in a 1% κ-carrageenan gel. The ion concentrations were:
20 mM K+, 100 mM K+, 20 mM K++ 200 mM Na+, 250 mM Na+ and 1 mM K++ 8 mM
Na+ (no additional salt added).

• To try to slow down the gelation a by chosing a temperature near the gel temperature. A
1% κ-carrageenan with ion concentration of 20 mM K+ and 100 mM K+ was kept near the
respective gelation temperature.

The probes used were intended to be both a 10kDa and a 500kDa FITC dextran, however it
turned out that the larger probe phase separated from the carrageenan gel and could therefore
not be used.

A B

C D

Figure 6.6: TEM images of a κ-carrageenan concentration series with 250 mM Na+. The gel con-
centrations shown are 0.5% (A), 1% (B), 2% (C) and 4% (D). The scale bar represent 500nm.

Changing the gel concentration between 0.5% to 4% of a κ-carrageenan with 250mM Na+
will create structures ranging from highly heterogeneous to relatively homogeneous. Figure 6.6
shows TEM images of the microstructure as a function of concentration for 0.5% (A), 1% (B),
2% (C) and 4% (D). In the images with 0.5% and 1% concentration (Figure 6.6A and B) the
microstructure is mainly composed of large dense domains with a fairly open structure between
the domains. This changes with increasing concentration in such a way that the dense domains
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seem to take on a looser appearance and the open void space seems to shrink. At 2% concentra-
tion and above (Figure 6.6C and D), there are thin strands visible in the previous open areas and
the dense clusters have diminished in size. These changes in microstructure seem to influence
how the probe experiences the gel, which can be seen in the normalized diffusion coefficients in
Figure 6.7. The normalized diffusion coefficients are organized logically so that higher gel concen-
trations retard the probe more, but what is also seen in Figure 6.7 are trends towards a change
in diffusion over the course of the experiment. The samples with 0.5% and 1% concentration,
which are more open and more heterogeneous, seem to allow a slight increase of the normalized
diffusion coefficient whereas the samples with 2% to 4% concentration, which have a finer net-
work and more homogeneous appearance, seem to retard the normalized diffusion slightly. The
FRAP measurements start directly after the gelling has initiated, and could therefore capture a
rearrangement over the 60 minutes of which the samples were analyzed, whereas the structures
seen in TEM images would have been locked after such rearrangement.
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Figure 6.7: Effect of κ-carrageenan concentration on probe diffusion of 10 kDa FITC dextran probe.
The gel concentrations are 0.5%(▽), 1% (×), 2%(�), 3% (O), 4% (△) and the ionic concentration is
kept constant at 250mM Na+.

Figure 6.8 depicts TEM images that show how the ion concentration affects the microstructure
of a 1% κ-carrageenan gel. The gel sample with 20 mM K+ seen in Figure 6.8A has a dense
network of fine carrageenan strands; this translates to the lowest diffusion coefficient among the
samples which have gelled in Figure 6.9. The gels with 100 mM K+, 20 mM K+ + 200 mM Na+
and 250 mM Na+ are all significantly faster than the 20 mM K+ gel and correspond to more open
network structures, as seen in Figure 6.8 B, C & D. This is because the potassium ions have more
specific binding sites which promote aggregation into a coarser network with increasing amount
of ions, whereas the sodium ions bind less specifically and the strand aggregation therefore forms
dense clusters [50, 129]. If the concentration of salts present in the dry carrageenan powder is
high enough, κ-carrageenan can gel without the addition of salt. In this case, however, the 1%
κ-carrageenan only contains 1mM K+ and 8 mM Na+ and thus only forms a viscous solution and
not a fully percolated gel. As seen in Figure 6.9, the sample without additional salt has the lowest
diffusion coefficient of all samples and thus the κ-carrageenan in solution leads to a far greater
obstruction than if there was aggregation that resulted in the formation of a network structure.
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Figure 6.8: TEM images of 1% κ-carrageenan gels with different ion concentrations. A is 20 mM
K+, B is 20 mM K+ + 200 mM Na+, C 100 mM K+, D is 250 mM Na+. The scale bar is 500nm.
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Figure 6.9: The normalized diffusion coefficients for a 1% κ-carrageenan gel. The ionic concentrations
are 20 mM K+(▽), 100 mM K+ (×), 20 mM K+ + 200 mM Na+ (�), 250 mM Na+ (O) and no additional
salt added (△).

36



6.1.3 Comparison of transient phenomena in gelatin and carrageenan

(Papers II & IV)
Figure 6.10 shows how the normalized diffusion coefficient and the rheology of gelatin (A) and
carrageenan (B) changes as a function of time during, and after quenching from 60°C to 25°C.
Figure 6.10A show a 2% gelatin solution which is about to gel, the relatively high end temperature
and the low concentration ensure a slow gelation process and it takes roughly 4 hours for gelation
to occur. The probe used is a 10kDa FITC dextran probe. Figure 6.10B is a 1% κ-carrageenan gel
with 20 mM K+ and a 10kDa FITC dextran probe. In both figures the start (t=0) is counted from
when the quenching of the samples started; this is slightly modified for the rheological curves as
the rheometer could not quench as quickly as the cooling stage connected to the CLSM. However,
since the rheometer showed that there were no change in the modulus during cooling, the start
(t=0) is counted as when the end temperature is reached.
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Figure 6.10: The normalized diffusion coefficients in relation to the rheological responses for a 2%
gelatin gel (A) and a 1% κ-carrageenan gel with 20mM K+ (B). The gels have been quenched from
60°C to 25°C and a 10kDa FITC dextran probe was used for the FRAP measurement. The solid lines
represent G′ and the dotted lines represent G′′. Note the difference in modulus.

What can be seen in Figure 6.10 is that the two materials behave quite differently. The
carrageenan sample in Figure 6.10B gels almost instantly upon reaching the end temperature,
whereas the gelatin in Figure 6.10A takes 4 hour in total before gelation occur. In relation
to the gelation points of the samples, it can be seen that the normalized diffusion curves are
different as well. The normalized diffusion coefficient of gelatin is much lower than that of
carrageenan, indicating that the carrageenan network is more open than the gelatin network.
However, there is more information in the diffusion curves as well; the normalized diffusion
coefficient of gelatin decreases from 0.35 to 0.2, without any visible changes in the rheological
response. This trend was not seen for carrageenan, which keeps roughly the same normal-
ized diffusion coefficient of 0.68 throughout the experiment. The interpretation is that the
gelatin network forms transient structures which retard the probe prior to percolation, while
carrageenan does not. There are two reasons for why this is not seen in carrageenan: 1.
despite that the temperature was chosen to be near the gelation temperature of carrageenan
in order to slow down the gel formation, the carrageenan gels too quickly and any transient
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changes would be locked before they could be captured with FRAP, 2. the probe could be
too small to sense any changes in the carrageenan network. When using a smaller probe (flu-
orescein) in gelatin, a similar response was seen which, as the higher normalized diffusion co-
efficient in carrageenan suggests, could explain why there are no visible changes during the
course of the experiment. Unfortunately, it turned out that the larger probe (500 kDa FITC
dextran) was not compatible with the carrageenan gel, and it was therefore not possible to
verify the theory that a larger probe might be able to sense changes in the network. The
larger probe (500 kDa FITC dextran) phase separated and aggregated in the carrageenan sam-
ple.

The FRAP measurements during the gelation were performed once every third minute, in
order to capture as much of the potential transient changes as possible. From a FRAP per-
spective, it can be concluded that as long as it was possible to sample the changes then FRAP
was a useful tool to probe the material. Even though the effort was taken to slow down the
gel formation in carrageenan, the process was over much faster than the microscope could han-
dle. This result shows the importance of choosing the right tool for the right material unless
it is possible to alter the process so that the time window is changed into a more feasible one.
These experiments were carried out on a Lecia SP2 CLSM with a maximum scanning rate of
1000Hz. On a newer CLSM such as the Leica SP5, the maximum scanning rate is increased
to 1400Hz and there is also the possibility to use a resonance scanner instead of a conven-
tional scanner. The resonance scanner is an ultra fast mirror which scans at 8000Hz, at the
price of reduced pixel dwell time, reduced signal-to-noise and disabled zoom-in during bleaching.
With the set-up that was used on the SP2 (800Hz, 256x256 pixels and a total of 60 frames),
the image acquisition was 2 frames per second. Using the same set-up on the SP5 with an
active resonance scanner would mean increasing the acquisition rate to roughly 30 frames per
seconds. As it is required that the sample be considered to have the same properties during
the course of an entire bleach sequence, a change between the SP2 and a SP5 using these set-
tings would mean that much faster transitions would be possible to capture. However, if it
would be enough to actually capture the gelation of carrageenan is unknown. There are two
factors that influence whether it would be possible to capture the gelation process with FRAP:
whether it will be possible to perform enough FRAP measurements during the course of the
gelation to show a trend and whether the frame rate matches the diffusion well enough so that
the contrast between images are useful for calculations. Based on the rheological measurements
made in Paper IV, an estimate would be that the gelation occurs over a few seconds. With
30 frames per second, it would be possible to acquire enough frames for a good calculation in
1–2 seconds. For minimal changes between bleach areas, it could be possible to capture three
FRAP measurements for a 10 second long gelation process, which would be enough to give in-
dications whether there is a linear change of the diffusion during gelation. The next problem
that arises will be whether the frame rate matches the diffusion coefficient. The absolute dif-
fusion coefficients for a 10 kDa FITC dextran probe in carrageenan was measured in Paper IV
to range between 40 µm2/s to 60 µm2/s depending on the sample. For a frame rate of 30 fps,
the average difference (root mean square distance) between two frames would be

√
8/3µm to

2 µm.Using zoom 4, which was used on the SP2, the pixel size on the SP5 would be 0.7598
µm/pixel and a single probe molecule would travel less than 1.5 pixels per frame on average. For
the entire ensemble, this would mean that there would be little difference in intensity between
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images. It would, in theory, be possible to use data with little difference between frames while
using a modern FRAP model, however it would verge on the limit of what is usable data. Us-
ing a different zoom to yield a higher pixel resolution could improve the calculations; another
way would be to change to a smaller probe in order to yield higher diffusion coefficients, which
instead would mean that there is a risk that the probe becomes too small to sense potential
changes in the network during gelation. The conclusion is that it would be theoretically pos-
sible to capture the gelation process in carrageenan using FRAP, but it would pose as highly
challenging.

6.1.4 FRAP as a tool for measuring the effect of swelling on diffusion
(Paper I)
The dynamic process of swelling of a gel offers a big challenge for FRAP and monitoring the
swelling live in the CLSM is only possible at very low swelling rates. The reason for this is
not due to the process being too fast, as was the case in carrageenan where gelation occurred
faster than a typical FRAP measurement. Instead the changes in geometry pose a challenge.
Figure 6.11 shows a concept image of a sample swelling in the CLSM. If the swelling of a gel
happens quickly, the geometry will change during the FRAP experiment which will cause the
bleach ROI to move and therefore disrupt the measurement. For a slow swelling, it will be
difficult to control the sample in such way that the bleach ROI can be followed throughout the
whole recovery, but it would be possible as long as the surface can be kept flat, which can be
difficult if the swelling causes part of the sample to deviate from the cover glass and therefore
creates cavities which creates refractive mismatch and bends the laser beam path. The problem
with performign FRAP measurements during live swelling would be the fact that the probe will
experience a flow or a directed diffusion caused by the absorption of liquid into the gel. As all
current FRAP models assume free diffusion, the presence of a flow would render them invalid.

Bleach volume

Cover glass

Swelling sample

Bleach volume

Figure 6.11: A concept image of a sample swelling in the CLSM. The bleach volume will only change
if the swelling occurs on a timescale comparable to that of the FRAP measurement.

Swelling of super absorbing polymers (SAP) was performed as part of the model development
of the Monotone MLE FRAP model in Paper I as SAP showed a significant variation in the dif-
fusion coefficients depending on the degree of swelling. In order to address the problems which
would occur during a live swelling, the SAP was kept at pseudo-steady states. That is, the gel
was allowed to swell to a steady state condition, but with a limited amount of probe solution.
This allowed the swelling to be controlled in such a manner that there were no gradients present
as the gel was allowed to stabilize for 24 h before analysis and the exact degree of swelling
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was known and constant throughout the entire FRAP analysis for each sample. The degree of
swelling was defined as the amount of probe solution which the dry SAP was allowed to absorb,
mH2O/mdry SAP. For a low degree of swelling (<2), the bleach profile assumes an intensity profile
best described as an “inverse hat function” (see Figure 6.12) and the diffusion coefficient cannot
be estimated correctly by assuming a Gaussian shaped intensity profile, as stated in Jonasson
et al. [62].
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Figure 6.12: A typical bleach profile for a sample with a fast (A) and a slow (B) diffusion, images
representing the first post bleach image. The faster diffusion will give a Gaussian like intensity distri-
bution (measured along the dashed line), whereas the slower diffusion will give an intensity distribution
which more closely resembles an inverse hat function.

In comparison to Figure 6.12, it can be seen in Figure 6.13 that SAP is capable of produc-
ing both types of initial distribution depending on the degree of swelling. Figure 6.13 shows a
typical FRAP experiment in a 1× and a 20× swollen SAP gel and the difference in diffusion
coefficients can be seen visually as the recovery of the bleached area takes roughly 5 seconds
in the 20× swollen gel, whereas the recovery of the 1× swollen gel goes on for several min-
utes.

SAP 1x
swollen

SAP 20x
swollen

t<0 t=0s t=5s t=20s

Figure 6.13: FRAP in a 1× and a 20× swollen SAP for different timesteps. The bleached disc is 30
µm in diameter.
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Figure 6.14A shows the entire curve from 1.25× swollen up to 376× swollen, which was as
much as the SAP could swell in the presence of the Na2-fluorescein probe at 50 ppm. As the SAP
swells, the fluorescein diffusion coefficient increases rapidly until 10× swollen and thereafter the
increase in diffusion coefficient slows down. Upon reaching the maximum degree of swelling, the
fluorescein probe barely notices the SAP network and moves almost as unhindered as it does in
pure water. This means that to significantly retard a probe with a size of approximately 1 nm
using solely an obstruction from the gel network, a high concentration is needed. Figure 6.14B
shows a close-up of the fluorescein diffusion coefficient in SAP between 1.25× to 2× swelling
estimated with both the Monoton MLE model and the Gaussian MLE model and it can be seen
that the diffusion coefficient is underestimated for each sample when assuming a Gaussian initial
profile.
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Figure 6.14: The diffusion coefficient in SAP as a function of the degree of swelling using a Na2-
fluorescein probe. (A) the full curve from 1.25× to 376× swelled SAP. (B) A close-up for 1.25× to 2×
swelled SAP, showing the difference in estimation of D between the Gaussian MLE model [62] (�) and
the Monotone MLE model [Paper I] (O). The solid lines are to guide the eye.
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Monotone FRAP model

A comparison of the curve fit from Gaussian and Monotone MLE model can be seen in Fig-
ure 6.15. The gray dots represent the pixel values averaged over a thin torus with size increasing
with the radial distance from the centre. This is solely for representation and is not used for the
actual calculations. The black line represents the model fit and it can be seen that the model
which assumes a Gaussian distribution cannot correctly fit the pixels in the centre of the bleached
spot.
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Figure 6.15: A comparison between the Gaussian MLE FRAP model fit (A) and the Monotone MLE
FRAP model fit (B) for a 1.25× swelled SAP particle. The black lines are the model fits and the gray
dots are averaged pixel values with respect to radius from the centre of the bleached disc.

When a non-parametric monotonically increasing function (the inversed hat like function) is
used to describe the initial bleach profile instead of a Gaussian function, the time evolution of
the fluorophore concentration after photobleaching will be described as

λ(x, t) =
∑
y

C0(|y|)f(|x− y| , t), (6.1)

where x is the centre coordinates of a pixel (x = [x(1), x(2)]), C0 is the initial concentration at
time 0 at pixel y and the function f is the diffusion propagator, which describes the contribution
to the intensity of pixel x due to diffusion from neighbouring pixels (at distance |x − y|). The
size of the bleached disc will influence f in such way that if the bleached area is larger than the
resolution of the detection PSF (ω) then f is described as

f(x, t) =
1

4πDt
e−

x2

4Dt . (6.2)

If the size of the bleached disc is roughly equal to the size of ω, then f is instead described as

f(x, t) = I0d
√

πω2
z/2·

ω2
r

8Dt+ ω2
r

e
− x2

4Dt+0.5ω2
r , (6.3)

in which ωr is the resolution in x-y plane, ωz in depth and I0d is a constant.
For this model, the noise in each pixel is assumed to be Poisson distributed, which is more

accurate due to the nature of the CLSM detectors [95]. However, the Poisson distribution with
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high expectation can be generalized as a normal distribution, which is the case for the pixel
values from the images. The mean fluorescence intensity for a pixel at time t at coordinate x is
described as aλ(x, t), where a is a proportionality constant which is estimated by the variance
in the pre bleach images divided by the average intensity in the same images. The fitting pro-
cedure is done in a similar manner as for the Gaussian MLE model (described in [62]), but the
log-likelihood equation which is used is now described as

l(D, a) = −|T ||S|
2

log(2πa2)− 1

2

∑
t∈T

∑
x∈S

logλ(x, t)

− 1

2a2

∑
t∈T

∑
x∈S

(p(x, t)− aλ(x, t))2

λ(r, t)
,

(6.4)

in which T is the set of all times which corresponds to the recovery images, |T | is the number of
time points, S is the set of all pixels in an individual image, |S| is the corresponding number of
pixels and p(x, t) is the pixel value at location x at time t. An added strength to the model is that
it is possible to expand the functionality. This comes from the diffusion propagator (f(x, t)), as it
take sums the contribution from each pixels in the set S; by dividing the pixels in the images into
subsets, it can become possible to map different diffusion rates to different areas in the images.

Contrary to the Gaussian MLE model, this improved model is no longer described by a sim-
ple analytical solution. Instead It is instead a numercal solution, which is needed in order to
handle arbitrary bleach profiles. The drawback with a change from an analytical expression
into a numerical approach is the computational load; the calculations will become slightly slower
but will, on the other hand, estimate the diffusion constant more accurately for slow diffusion.
Another benefit is that any shape of the bleach ROI can be used, provided that the noise and
inhomogeneities can be estimated in the first bleach image. There are also a few assumptions in
the model that need to be taken into consideration:

• The probe molecules need to be homogeneously distributed initially.

• The diffusion process is isotropic and takes place in an infinite medium.

• There are no flows present in the sample.

• The objective used has a low NA.

6.2 Probes
(Papers II & IV)
It has become clear from this work that the choice of probe is of utmost importance. Not only
does the probe have to fulfil all requirements that FRAP imposes, but it must also be compatible
with the sample in such way that it reports useful information about the diffusion properties.
There have been some earlier FRAP work which have taken the effect of the probe into ac-
count [21, 29, 30, 68, 85, 86, 92, 102, 112]. The most common approach has mainly been to test
different probe sizes and compare how the probe are diffusing through solutions or gels. However,
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a few of them have had some interesting results regarding the interaction between gel mesh size
and the probe type and probe size. Cheng et al. [21] examined the mesoscopic domain in which
the probe is roughly the same size as the mesh of Guar and PEO solutions. They also tested
the effect of three different probe types: dendrimer, hard sphere and random coil. Their results
included a master plot describing the different probe types in relation to their size relative to the
mesh size. The random coil probes were seen to move most easily through dense areas whereas
hard spheres were the most hindered probe. The result of the dendrimers varied depending on
dendrimer generation: low (G0) and high generations (>G8) acted like a hard sphere whereas the
intermediate generations acted more like a random coil. Pluen et al. [102] and Shen et al. [112]
used the diffusion measurements to calculate the pore size of the gels in that the probes were
to diffuse through. They used the Zimm model [35] and the De Genne’s reptation model [28] to
estimate the pore size of an agarose gel as well as bovine cervical mucus and their results were
in agreement with previously published data.

The size of the probe compared to the mesh size of the network is of importance. Figure 6.16
shows a concept image of how a small and a large probe might experience a gel network. If only
the obstruction is of importance and the interactions are neglible, then probes that are very small
compared to the typical network mesh size will barely notice the presence of the network and the
diffusion will only be slightly reduced. Larger probes, on the other hand, will be more obstructed
by the network and if the probe size is comparable to the mesh size then there is the risk of the
probe getting stuck if the network does not rearrange (self diffuse or “breathe”) sufficiently to let
the probe pass. Depending on which type of probe is used, they will get obstructed differently; a
probe behaving like a hard sphere will be more dependant on self-diffusion of the gel network to
pass through, whereas a random coil has the ability to deform slightly in order to bypass denser
areas [21].

Figure 6.16: A concept image of a small and large probe interacting with a gel network. The smaller
probe is freer, relatively speaking, than the larger probe, which might get stuck if the (bio) polymer
strands are crosslinked.

Table 6.1 shows the probe size expressed as hydrodynamic radius (rH) for three different FRAP
probes. With the different probe sizes in mind, Figure 6.17 shows the network of a 3% gelatin gel
(the scale bar represents 100nm) as a size comparison. The void between the gelatin strands is
relatively dense; however, it should be noted that the TEM image is a 2D projection of a thin 3D
slice of the gel sample and that therefore some strands will be tilted upwards and downwards. The
mesh size of the gel will therefore be slightly larger than what is apparent in the image. Although
it should be understood that the three different probes experience the sample differently.
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Table 6.1: Hydrodynamic radius (rH) for three different FRAP probes with regard to temper-
ature. The rH values have been calculated using the Stokes-Einstein equation based on FRAP
measurement of free diffusion in deionised water.
Probe Na2-Fluorescein 10kDa FITC dextran 500kDa FITC dextran
15°C 0.5 nm 2.86 nm 12.05 nm
60°C 0.94 nm 5.12 nm 21.95 nm

Figure 6.17: A TEM image of a 3% PS gelatin gel in 0.2 M NaCl, pH 7. Image courtesy of Altskär
& Hermansson. The scale bar represents 100nm.

Figure 6.18 shows how the three probes will experience moving around in a newly formed 2%
gelatin gel. The gel is formed by quenching a gelatin solution from 60°C to 15°C and the x-axis
shows time since the quenching started. The smallest fluorescein probe (▽) “barely notice” the gel
and the only information obtained is that the presence of a biopolymer forces the probe to move
at 60% of its free diffusion coefficient. The other two probes, however, are more retarded and they
experience the structural changes in the gel conformation from a weak to a harder gel; the nor-
malized diffusion coefficient decreases for both as a function of time. The conclusion drawn from
this is that the probe size can give information about the apparent mesh size that is formed in the
gelatin gel; even though the probes are smaller than the voids in the gel, they sense the changes
in the gel structure. It should also be understood that the choice of diffusion probe is important.
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Figure 6.18: The normalized diffusion coefficient of three different probes in a newly formed 2%
gelatin gel. The probes are fluorescein (▽), 10kDa FITC dextran (O) and 500 kDa FITC dextran (�).
The gel is formed by quenching from 60°C to 15°C at the leftmost point of the graph.

6.2.1 Effect of temperature on the diffusion probes
The temperature of the medium strongly affects the diffusion coefficient of the probes as a higher
temperature means more kinetic energy in the system. If the temperature is changed during an
experiment, the diffusion coefficients obtained will need to be normalized with the free diffusion
coefficient (D0) to be comparable. Figure 6.19 show the D0 values for three different FRAP
probes in pure water. It can be seen that the diffusion coefficient for the small fluorescein probe
(▽) increases linearly with temperature, which is expected from the Stokes-Einstein relation.
There are, however, slight deviations from linearity for the larger FITC dextran probes (� &
O). The weak tendencies to non linearity can be seen in at the lower temperatures and they are
likely caused by conformational changes in the random coil of the dextran chain as a result of
the probes being further away from θ temperature [24, 56]. This effect is barely influencing the
results and a linear curve fit for each probe all gives an r2 value of 0.96 or higher.

20 40 60
101

102

103

<D
> 

[µ
m

²/s
]

Temperature [°C]

Figure 6.19: Diffusion coefficients in distilled water (D0) as a function of temperature for three
different probes: fluorescein (▽), 10 kDa FITC dextran (�) and 500 kDa FITC dextran (O). Each point
is the average of at least 5 FRAP measurements.
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6.2.2 Effect of ionic conditions on the diffusion probes

Another important aspect when it comes to how the probes experience the medium they are in is
the presence of ions. If the probe is ionic, which is the case of Na2-fluorescein and FITC dextrans,
then the presence of other ions will affect the probe behaviour. To circumvent this influence, the
result from the diffusion measurement needs to be normalized with the free diffusion coefficient
of the probe in an ionic solution rather than in distilled water. An example of such system is κ-
carrageenan, which requires the presence of salt ions to gel [43, 50, 89] and the dried carrageenan
usually contains a small amount of counter ions itself which have to be taken into account when
calculating the effective ion concentration. The κ-carrageenan used in Paper IV contained 1 mM
Na+ and 8 mM K+ naturally in a 1% solution and while it wasn’t sufficient in order to initiate
gel formation, it was sufficient to alter the behaviour of the probe. Figure 6.20 show a solution
of 1% κ-carrageenan without any additional salt added; the two first points are at 60°C and
solution is thereafter quenched to 15°C. The two different curves show the diffusion coefficient
normalized only for the temperature change (�) and normalized for both temperature change
and ion concentration (O). The effect of the salt can clearly be seen on the probe; it will appear
as if the diffusion coefficient which is only normalized for temperature changes over time for
the first 20 minutes, whereas the true curve which is normalized for both ion concentration and
temperature show that no significant changes occur.
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Figure 6.20: A 1% κ-carrageenan solution with 1mM Na+ and 8mM K+ which is quenched from
60°C to 15°C. The curves represent the normalized diffusion coefficient for a 10kDa FITC dextran
probe and are normalized with regard to temperature (�) and with regard to temperature as well as
ion concentration (O).

The reason for the erronious normalization curve can be seen in Figure 6.21, in which there
is a difference in temperature dependence for the different ion concentrations. The different salt
concentrations are significantly different from each other in how they affect the probe diffusion,
and the largest difference occurs for a probe in deionised water. By adding salt to the solution,
the viscosity will change slightly, which is part of the reason, but for a dextran conjugate it could
also be a result of a change in how the probe experiences the solvent. Since the polymer-solvent
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interactions will affect the shape of the probe coil, the quality of the solvent will determine
the radius of gyration (rG) of the probe depending on whether or not the polymer–polymer
interactions are more favourable than polymer–solvent interactions [24, 28, 56]. If the polymer
chain has favourable interactions with the solvent (i.e. being near or at the theta conditions), the
random coil formation takes on a more loose arrangement; if the polymer–polymer interactions
are more favourable, the random coil expels the solvent and takes on a denser arrangement.
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Figure 6.21: The free diffusion as a function of temperature of a 10kDa FITC dextran probe in
deionised water with different amount of salt added. The interpolations were done with data at 15, 20,
25, 50, 55 and 60 °C with 5 measurements per temperature; all of the curve-fits have an r2 value of 0.97
or higher

6.2.3 Probe compatibility

When introducing a probe to a system of interest, there is a risk that the probe is not compatible
and therefore prefers to stay clustered rather than distributing itself throughout the sample.
Figure 6.22 shows two almost identical samples, the only difference being the probe. Both
samples are a solution of 1% κ-carrageenan without additional salt and the probes added are a
10kDa FITC dextran probe and a 500kDa FITC dextran probe. The 10kDa probe distributes
itself homogeneously throughout the sample whereas the 500kDa probe phase separates and is
seen mostly as bright dots. The reason for this is that the tendency for phase separation increases
with increasing molecular weight due to a decrease in entrophy [91, 101]. As the larger probe
is not compatible with the κ-carrageenan, it will not be able to report any relevant diffusion
coefficients because the contrast between the bleach area and the background will be too low.
Furthermore, as the current FRAP models require the probe to be distributed homogeneously,
there is a risk that the measured diffusion is affected by the pools where the probe is gathered
either because there might be gradients present or because the darker areas might have insufficient
probe present to allow the bleached amount of probe to be negligible compared to the amount
of fresh probe present. Should the aggregates not be kinetically trapped in the sample, they also
risk diffusing around which would interfere with FRAP measurements.
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Figure 6.22: A κ-carrageenan sol with a 10kDa FITC dextran probe (left) and a 500kDa FITC
dextran probe (right). Both samples have equal CLSM settings for gain and offset and are taken at
equal depth. The bright dots in the right hand sample indicates phase separation between the sample
and the probe.

Even if the probe does not phase separate from the system, it can become unevenly distributed
when probing a multiphase system. Figure 6.23 show a phase separated gelatin–maltodextin
sample in which a 10 kDa FITC dextran probe has been dissolved into the aqueous phase prior
to phase separation. As the phases separates, the probe will redistribute itself in the system.
This leads to different equilibrium concentrations of the probe and different intensities in the
different phases. The redistribution of the probe can be influenced by a different affinity for the
two phases or simply be a result of the water concentration shifting during the phase separation.
Probing the darker phase of the resulting network can become difficult if it gets too dark due
to an increased amount of noise, but it is fully possible to do so using a modern FRAP model
(Paper III). Due to differences in material structure between the different phases, the probe may
experience different diffusion coefficients in the two phases. To avoid boundary effects between
the phases, it is important to bleach sufficiently far away from the interfaces.

C1
eqD1, C2

eqD2,

Figure 6.23: A multiphase gel stained with a 10 kDa FITC dextran probe, dissolved in the aqueous
phase. The difference in colour is caused by a difference in probe affinity for the different phases.
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6.3 FRAP and structural heterogeneity
Heterogeneity might be easiest to describe through its antonym ‘homogeneity’, which Merriam-
Webster defines as “the state of having identical cumulative distribution function or values” [57].
That is, if something is homogeneous, it will have a uniform appearance regardless of where one
looks; if something is heterogeneous then it will be the opposite, which means that the chosen
spot to look will influence the values of what is measured. When determing whether a material is
homogeneous or heterogeneous, the relative length scale between the “window” with which one is
looking through and the typical length scales of the object under study will be factors to consider.
That is, the visible area/volume of the sample needs to be large enough to be able to correctly tell
whether the material structure appears uniform or not. A continuum approach to homogeneity
in a material structure is seen is in Figure 6.24A, in which the black dots represent a material
structure and the material is viewed through the squares of increasing size and magnification.
When moving around the “windows” in a zoomed-in view, the placement will greatly affect the
density of black dots that are observed, ranging from zero to 100%. If one were to plot the density
as a function of the observable area, the graph would look like Figure 6.24B. As the size of the
observable area goes up, there will be fewer differences between selected areas and the noise caused
by placement will even out. Once the point is reached where there are no differences, a continuum
is reached and the material will appear homogeneous instead of heterogeneous [131]. Should the
“window” become larger than the size of the sample (the dashed square) then the apparent
density will start to decrease (dashed line in the function). Since this is just a conceptual image,
a real material might appear heterogeneous on different length scales and it is not always possible
to image all of them, which therefore would render a continuum approach slightly difficult to use.
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Figure 6.24: A continuum approach to heterogeneity/homogeneity using the density of black dots
as definition. (A) The material structure on different length scale with the imaging windows drawn as
squares. (B) The density of black dots as function of the size of the imaged area and placement.
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Figure 6.25A shows a concept image of a material structure on many different lengthscales
and it should be noted that the material appears homogeneous on at least two length scales:
inside the second and fifth image from the left. This type of detail might, of course, be difficult
to find in a real material and Figure 6.25B show three length scales of a 0.5% κ-carrageenan gel
with 250mM Na+. It should be mentioned that the three different images are imaged to scale
but from different areas. The two first images are from a thin sectioned TEM sample while the
third is from CLSM and it can be seen that the sample appears highly heterogeneous in the
TEM but entirely homogeneous in the CLSM. For a sample with heterogeneity on the CLSM
imaging scale, such as a multiphase sample, there would be a structure visible in the third image
of Figure 6.25B, comparable to (although often stronger than) the faint structure seen in the
rightmost image in Figure 6.25A.

This example has also only taken the material structure into consideration, as it is possible to
determine a sample to be either homogeneous or heterogeneous based on structural information
obtained by microscopy techniques. However, the same approach would be valid for any other
properties which can be measured on different length scales or on different locations. An example
would naturally be diffusion, where the correlation between local diffusion coefficients and the
material structure is of high interest in this work.

Depending on what is of interest to study in the material, there might be limitations which
causes challenges for FRAP. If the sub resolution heterogeneity is of interest, then one needs to
be aware that the FRAP measurement might remove information through averaging; if a single
phase is of interest in a multiphase sample, then a FRAP model capable of bleaching small
enough areas is required.

188 µm2.8 µm0.7 µm

A

B

Figure 6.25: Heterogeneity on different length scales for a concept material (A) and a real material
(B). The images on different length scales are composed of both TEM and CLSM images. The real
material in (B) is 0.5% κ-carrageenan with 250mM K+ added. The two TEM images are not from the
same area in the sample.
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6.3.1 FRAP in a multiphase system

(Paper III)
Many materials or products consist of different phases that have different properties. With re-
gard to transport of molecules, the diffusion properties and the solubility can differ considerably
between the phases. In addition, the interface between the phases can either promote or inhibit
the transport. The overall transport is dependent on the morphology of the multiphase system
i.e. the spatial distribution and volume fraction of the different phase. When probing diffusion
in a single phase of a multiphase system using FRAP, the placement and size of the bleach ROI
become extra important. Since one requirement for FRAP is that the diffusion can be considered
free and unaffected by boundaries in the sample, it follows that the bleach ROI needs to be placed
so that the diffusion front during recovery will not be influenced by the other phases surrounding
the phase of interest. Whether this can be accomplished will in turn depend on the size of the
bleach ROI in relation to the domain sizes in the sample, and to a certain degree the diffusion
coefficient as well. The smaller the bleach ROI can be made, the easier it will be to place it in
such way that the diffusion front will not reach the boundaries. Figure 6.26 shows an example of
a phase separated gel consisting of 4% gelatin (dark areas) and 6% maltodextrin (bright areas).
The multiphase structure is rather heterogeneous and consists of a bicontinuous structure at
longer length scales (hundreds of micrometers) and a secondary phase separated structure with
spherical inclusions at short length scales (tens of micrometers). In order to probe diffusion in
the bright maltodextrin phase, the bleach ROI cannot be much larger than about 10 µm in order
to fit. The position must also be carefully selected. For such small bleach areas, the influence
from the radial resolution of the laser beam (imaging PSF) needs to be taken into account in
order to retain accuracy in the estimation of the diffusion coefficient [11]. Furthermore, it is in
general more demanding to estimate the local diffusion coefficient in small bleach areas because
the influence of noise is larger and the intensity recovery is much faster. In Paper III we have
addressed these issues by introducing a new pixelbased FRAP model called rectangle FRAP
(rFRAP) that effectively uses all temporal and spatial information in the FRAP data series.

20µm

Figure 6.26: A phase separated sample with 4% gelatin (dark areas) and 6% maltodextrin (bright
areas), stained with a 10kDa FITC dextran probe. The scale bar is 20 µm.
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Rectangle FRAP model

As the name of the rectangle model suggests, the bleached area is changed from a circle to a
rectangle. Even though it may sound like a trivial change, it makes it possible to create a pixel
based model with an analytical solution which still can take the bleaching step and the imaging
PSF of the microscope into account. This means that the model therefore can handle any size
and aspect ratio of the bleached rectangle that the CLSM is capable of creating. Furthermore,
the model has the advantage of not being limited by a Gaussian shaped distribution in the bleach
profile and an analytical expression is not as demanding and time-consuming to calculate as a
numerical solution.

The base assumption for the rFRAP model starts with the assumtion of a linear photobleach-
ing process, described as

Cb =C0

(
1− α

ν∆y
K(x, y, z)

)
(6.5)

where α is the bleach rate of the fluorophores, ν is the line scanning speed, ∆y is the distance
between two scanned lines and K is a bleaching parameter. Taking the PSF into account (inter-
mediate steps are described in detail in Paper III) the observed fluorescence after recovery can
then be described as
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(6.6)

for a general multi-photon case, where both the n-photon photobleaching intensity distribution
and m-photon imaging PSF are assumed to be 3-D Gaussian functions with radial resolution
rm,n and axial resolution Zm,n. The radial and axial resolution parameters are a combination of
the bleaching and imaging resolution and is defined as

r2m,n =
r2b,n + r2i,m

2
(6.7)

Z2
m,n =

Z2
b,n + Z2

i,m

2
. (6.8)

The length of the sides in x- and y-direction of the bleached rectangle is denoted lx and ly; K0

is a bleaching parameter and erf is the error function, which is defined as

erf(z) = 2

sqrtπ

∫ z

0

e−x2

dx. (6.9)

Since the model is derived for a multi-photon case, the equation can be simplified for a single
photon case by letting n = m = 1 (replacing r1,1 with R) and neglecting diffusion along the
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z-axis (Zb,n → ∞), which changes Equation 6.6 into
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(6.10)

The fitting procedure can be done both with least square fitting or with maximum likelihood
estimation, similar to the Monoton MLE model. For the parameters Θ = [D, k,K0, r

2
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(6.11)

in which T is the set of all times which corresponds to the recovery images, |T | is the number
of time points, S is the set of all pixels in an individual image, |S| is the corresponding number
of pixels and p(x, y, t) is the pixel value for a pixel at position (x, y) with time t. Since the PSF
resolution (rm,n) is estimated, it does not need to be known in advance and the model is valid
for any size of the bleached ROI.

The accuracy of the rFRAP model for different sizes of the bleach ROI can be seen in Fig-
ure 6.27, using a 150 kDa FITC dextran probe in 60% sucrose solution. In Figure 6.27A a square
with a side length of 2.5 µm, 5 µm, 7.4 µm, 10 µm and 12.4 µm was bleached. In Figure 6.27B
a rectangle with a width of 10 µm was bleached and the height varied as 2.5 µm, 5 µm and 10
µm. Each point is the average of 10 measurements and all use the same microscope settings. It
can be seen that the model is independent of the bleach ROI down to 2×2 µm; the main reason
that the error bars increase as the bleach ROI size is decreased is that fewer pixels are available
in the bleach ROI.
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Figure 6.27: The diffusion coefficient of a 150kDa FITC dextran probe as a function of the size of
the bleached ROI. (A) The effect of the side length of a square bleach ROI. (B) The effect of the height
of a rectangle with lx = 10 µm. The dashed lines indicate the averages of all measurements.
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In Paper III, the rFRAP model was tested on the 4% gelatin/6% maltodextrin multiphase
system shown in Figure 6.26 to show the applicability of the new FRAP model to heteroge-
neous materials. Not only was it possible to bleach the individual phases, it was also possible to
differentiate between the diffusion coefficients in the two phases despite that Dgelatin is close to
Dmaltodextrin. Figure 6.28 shows a typical bleach series in the maltodextrin phase of the multiphase
sample in which a 7×7 µm large rectangle is bleached.

t<0 t=0.5s t=1s t=5s

Figure 6.28: A typical bleach series in the maltodextrin phase of a 4% gelatin (dark areas)/6%
maltodextrin (bright areas) sample. The probe used is a 10kDa FITC dextran probe. The bleach ROI
is 7×7 µm and the image represents a 60×60 µm area of the sample

To create the multiphase sample, the two biopolymers were mixed and then allowed to phase
separate and gel over night, using a furnace to slow down the cooling rate. The furnace was
heated to 60°C, turned off and was then allowed to self cool to room temperature. This gave a
cooling rate shaped like an exponential decay with an average of -0.14°C/min during the gel for-
mation and allowed the phases to separate into a bicontinuous system with some minor spherical
inclusions in each phase. Once mixed, the phases would never separate to 100% pure phases be-
cause of entropic reasons and the diffusion coefficients of the separated phases is therefore slightly
higher respectively slightly lower than pure samples. Figure 6.29 show a bar plot with the results
from the different phases. It can be seen that the two phases in the multiphase system have rather
similar diffusion coefficients, although a 95% confidence t-test showed them to be significantly
different (P=0.00042). This clearly shows that the new rFRAP model is capable of measuring
diffusion rates in very heterogeneous materials. The rFRAP model has also been used in heteroge-
neous model chocolate systems to determine the effect of tempering and solid particle addition on
the fat crystallisation and the diffusion rate of fluorescent fatty acid analogs. The results showed
that tempering has a large impact on the diffusion coefficient of fatty acids in chocolate [125].
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Figure 6.29: The diffusion coefficient for a 10 kDa FITC dextran probe in the separated phases of
the 4% gelatin/6% maltodextrin sample compared to the pure phases with equal concentrations. Each
bar show the average and SD error for at least 10 measurements.
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Experimental considerations when bleaching in a multiphase system

When bleaching a multiphase sample, the 3D structure of the sample needs to be taken into
account when selecting the bleach area regardless of CLSM. Even though it might appear to be
possible to place the bleach ROI far enough from the boundaries in the focal plane, the boundaries
above and below need to be taken into account as they otherwise might influence the diffusion
front. What this means when using a multi photon CLSM is that not only does one need to place
the bleach ROI at enough distance from the phase edges, the focal plane needs to be placed so that
the upper and lower boundaries of the bleached volume will be far away from the phase edges. As
mentioned, one strength of the rFRAP model is that it is usable on both a multi photon CLSM
as well as a single-photon CLSM. On a multi-photon CLSM the bleaching will be limited to the
focal volume and will not go through the sample along the z-axis as is the case of a single-photon
CLSM. These two different CLSM characteristics are utilized when bleaching as they make it
possible to bleach a 3D volume with a multi-photon CLSM [81] while the bleach cylinder is used
to simplify the diffusion to a 2D case when using a single-photon CLSM. For a single-photon case,
the bleach volume penetrates through the phases with no regard to the surroundings; although
if there are mismatches in the refractive index between the phases, the bleach volume might be
distorted due to scattering effects when the laser passes through interfaces. If the two phases
allow different diffusion coefficients for the probe, there is a risk that the bleached phase above and
below will disrupt the recovery in such way that the z-direction needs to be taken into account.
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Figure 6.30: A concept image of a bleached volume in a multiphase sample. The picture illustrates
what might happen if the diffusion coefficient is different in the two phases.

Figure 6.30 illustrates what might happen during an event where the diffusion in phase 1 (the
phase in the focal plane) is much slower than that in the other phase. As there will be high contri-
bution to the diffusion from phase 2, the effective height of the bleached volume will be reduced to
the height of phase 1. If this distance is too short, there is a risk that the z-axis diffusion cannot
be neglected. The bleached area therefore needs to be chosen with this in mind or a model which
takes 3D diffusion into account needs to be used. The rFRAP model is developed to allow 3D
diffusion, but if the bleach ROI is placed without regard to the 3D structure, the user might risk
using the simplified version of the model, which assumes no effective diffusion along the z-axis.
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When choosing an area to bleach, the easiest way to fit the bleach ROI is to only bleach squares,
although if the phase of interest in the sample has an oblate shape, a small enough square which
fits the area might recover too quickly if the diffusion coefficient is high. In such case a rectangle
might be a good way to yield a good recovery and still allow a placement far enough from the
edges. This leads to another important consideration, the practical CLSM limitations. Even
though the model can handle any size and aspect ratios of the bleach ROI, it is important to
realize that not every size and aspect ratio will be possible to actually use, depending on the
CLSM used. What needs to be taken into account is the zoom-in function of the microscope. It is
often a requirement to use the zoom-in function on the CLSM in order to obtain good bleaching
using only one bleaching frame or else there is a risk that the interline distance between two laser
lines will becomes too large and the bleached area will not become homogeneously bleached. For
the Leica SP2 and SP5 CLSM, the zoom-in works best if the bleach ROI is chosen so that ly ≤ lx.

6.3.2 Heterogeneity on a sub-resolution scale
(Paper I)
When the structure in a sample is heterogeneous on a smaller length scale than the resolution of
the CLSM, the sample will naturally appear homogenous while imaged (cf. Figure 6.25). When
bleaching different locations inside the sample, the estimated diffusion coefficients depend on the
underlying averaged structure and can be noticable in the standard deviations. A sample with
higher standard deviations can be interpreted as being more heterogeneous since the different
areas will give rise to a wider variation in the estimated diffusion coefficients, provided that a
modern FRAP model with high accuracy have been used.

The SAP used in Paper I was a cross linked polyacrylic acid gel created through radical poly-
merization. Since polymer networks synthesized by free radical polymerization are inherently
inhomogeneous due to non ideal effects [72], the SAP network will have areas of varying density
depending on physical location in the sample. The diffusion coefficient of a fluorescein probe in a
SAP gel for different degrees of swelling can be seen in Table 6.2, in which the degree of swelling
is expressed as mH2O/mdry SAP (cf. Section 6.1.4, for further details see Paper I). The most like-
lihood estimation (MLE) models which were used gives an error estimate for each parameter on
a 95% conficence and no individual measurement had an error larger than ±1.75%. What is no-
table is that despite the high accuracy of each individual measurement, the samples with a lower
degree of swelling have a fairly large standard deviation and the standard deviation decreases
with an increased degree of swelling. This is interpreted as the samples being heterogeneous on
a lenght scale noticable to the probe while there are 30% SAP or less in the sample; thereafter
the denser areas in the SAP will have swollen large enough to not influence the probe as much.
Another noticable detail is that there seems to be a shift in how large the standard deviation
will be at around 2× swollen SAP, which was the same point where the Gaussian MLE model
no longer could fit the FRAP data accurately. At a degree of swelling lower than 2×, the initial
bleaching profile was not Gaussian shaped and instead resembled an inverse hat function which
led to that the Monotone MLE Model was required in order to achieve a high accuracy in the
calculations, where the Gaussain MLE model would have estimated D with a larger error. At
higher degree of swelling, both models estimate the diffusion coefficient with roughly the same
error. It should therefore be noted that the increase in standard deviation for the estimates of
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Table 6.2: The diffusion coefficient of fluorescein as a function of the degree of swelling of SAP.
Each point is an average of four measurements using a 30 µm bleached disc and no individual
measurement has an error larger than ±1.75%.
Degree of swelling 1.25× 1.5× 2× 5× 10× 20×
<D> [µm2/s] 3.79 5.42 17.13 145.59 215.00 243.02
SD error [%] 11.74 22.33 7.19 1.81 2.55 2.07

D is, in fact, not caused by a change in model.
The FRAP results in Paper I were compared to NMR diffusometry to verify the accuracy of

the model, using a 400 Da PEG probe instead of the 376 Da fluorescein FRAP probe. There
was a high degree of compatibility between the FRAP estimations and the NMRd measurements
for the larger degrees of swelling (10× and 20×) and for those samples no heterogeneites were
seen by NMRd. It should be noted that an observation time of 100 ms was used for NMRd,
during which the PEG probe had a RMS displacement of 7 µm in the 10× swollen SAP. As
the expected heterogeneites were on a sub resolution length scale for the CLSM (<1 µm), the
probe would therefore experience the material as homogeneous in the NMRd measurements. In
addition, the FRAP measurements on the 10× swollen SAP revealed more homogeneous results
than for the SAP gels which were ≤2× swollen. There might had been indications from NMRd
in the lower swollen samples, unfortunately it was not possible to properly prepare samples for
NMRd measurements at those low degrees of swelling as the gels were highly adhesive and it was
not possible to get them down into the test tubes without causing damage to the tubes. As a
test, the SAP was added dry to the tubes with the water added afterwards; however, it turned
out that the limited geometry prevented the SAP from swelling properly. Since ideal gels swell
isotropically, a limitation in any direction needs to be overcome through an entropy cost [40].
The SAP used was cross-linked macro particels and the limited x-y geometry of the NMR tube
therefore prevented the swelling to continue once the gel hit the tube walls. To continue swelling
in z-direction, the gel would have to break the chains or the cross-linking sites.

Another material study have shown the degree of heterogeneity as being linked to a high
standard deviation. Svanberg et al. [125] studied the growth of fat crystals in chocolate and
tested two different methods, seeding and traditional tempering. While not really being on a
sub resolution scale, the result from CLSM micrographs showed that the fat crystals in the
seeded chocolate grew more homogeneously while the traditional tempering caused much more
heterogeneous structures. The result from the FRAP measurements which Svanberg et al. [125]
performed on the materials showed a higher standard deviation for the samples which were seen
as heterogeneous, both immediately and after storage.

6.3.3 Probing structure heterogeneity using spatial correlation of FRAP
data

The microstructure of a heterogeneous soft material can, in a simple manner, be seen as domains
with different properties. These domains can either be well defined areas with abrupt changes
in properties, or diffuse areas in which the properties vary gradually. An example of a material
with well defined areas is a multiphase sample in which the properties of phase 1 differ from the
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properties of phase 2. An example of a material with more diffuse areas is boiled pasta, where a
large portion of the structure is swelled starch granules [16]. If the pasta structure is simplified
to only consider the starch granules, then the structure can be thought of as a starch gel with
denser and softer areas caused by the granule core and the diffuse borders. This is because the
outmost parts of a granule have had more time to swell while the water is penetrating in and
the outer parts of the granules fuses together as they swell.

A novel way to probe the structure heterogeneity is proposed here. The diffusion speed of the
probe molecules is affected by the microstructure which the probe diffuses through and will vary
spatially as the microstructure varies. By measuring the spatial variation of diffusion coefficients
it will become possible to obtain a measurement of the spatial variation of the microstructure.
This can be useful to characterise materials, especially if the microstructure is on a sub res-
olution scale of the microscope. It is expected that adjacent regions in a material will have
similar diffusion properties whereas regions with longer distance in between only correlates if the
underlying structure is similar or the structure is periodic. The distance where this transition
occurs will most likely vary between different types of materials and it can be used as one type
of measurement of the structure heterogeneity. This section is an ongoing work.

The experimental procedure involves bleaching at specific locations in the material, using a
high precision x-y-table on the CLSM to ensure accuracy in the placement of the bleach ROIs.
By assuming an isotropic material, the measurement is simplified to 1D and the bleach ROIs
are only placed along a line. In order to achieve longer distances inside the material while keep-
ing time efficiency, the bleach ROIs are placed in clusters of 5 ROIs which are repeated with a
distance between each cluster. This pattern is shown in Figure 6.31, and the bleached ROIs are
either 5 µm or 10 µm squares. The run order is chosen randomly with the restriction that no
spots lying directly next to each other in space are bleached consecutively. This restriction is
chosen to allow a recently bleached ROI to fully recover before the neighbours are bleached.

L

L

10 x L 10 x L
Figure 6.31: The pattern for the placement of bleach ROIs. L represent the side length of each ROI
and is either 5 µm or 10 µm. The distance between each block of bleach ROIs is 10 times larger than
the size of the bleach ROI. The pattern repeats so that up to 6 blocks are bleached.

The materials chosen to demonstrate the use of the FRAP and spatial correlation method are
κ-carrageenan, β-lactoglobulin and cooked pasta made from durum wheat. The heterogeneity of
κ-carrageenan is on a sub resolution length scale of the CLSM, which can be seen in the TEM
images in Figure 6.6 and 6.8, and the FRAP data should therefore not yield any autocorrelation.
β-lactoglobulin has longer typical length scales close to the isoelectric point and the structures
formed show high degree of self-similarity [4, 70, 71, 93]. Since the bleach ROIs are >5 µm,
any heterogeneity smaller than that will be averaged and depending on the domain size of the
β-lactoglobulin, there should be possible autocorrelation in the FRAP data. The pasta contains
type A and B granules and the type A granules are roughly 30 µm while the type B granules are

59



around 3 µm in diameter [16]. Autocorrelation in the FRAP data caused by the type A granules
is expected. The type B granules are smaller than a bleached ROI and should therefore only be
seen as noise in the data, provided that their presence influence at all. The probes used are 10
kDa and 500 kDa FITC dextran.

The autocorrelation calculations are done according to Equation 3.8. The step sizes (δ) are
those which corresponds to the physical distances in the bleach pattern and the correlation coef-
ficients are calculated for each individual δ. The results are then seen as a discrete function from
which the correlation coefficients vary between -1 and 1. Normally, values of 0.8 or higher would
indicate strong correlation, values around 0.5 would indicate weak correlation and values around
0.2 or less would be interpreted as having no correlation [20]. However, since the data comes
from measurements in heterogeneous materials, it is not expected to reach as high values and
lower intervals are used. The error in the estimated diffusion coefficients will come both from
the heterogeneity of the material as well as noise in the images used for estimation. How large
the error in the diffusion coefficients estimate is will directly influence how well the estimation
of autocorrelation can be done. The amount of bleached ROIs will also influence the outcome
as a low amount yields low statistical significance. Negative correlation coefficients indicate a
negative correlation between data points. It could be interpreted as the underlying structure
being highly different, such as a dense correlated to an open structure. However, a negative
correlation needs a physical explanation and, unless the material has several types of structures
with different properties, it is more reasonable to expect that there either is positive correlation
or no correlation in real materials.

The results from the measurements can be seen in Figure 6.34. The data is presented as the
diffusion coefficients for each bleach spot can be seen in the left column along with the correspond-
ing correlogram for each distance in the right column. Figure 6.34 shows pasta, β-lactoglobulin
at 0.1°and 10°C/min cooling rate and κ-carrageenan in rows A, B, C and D, respectively. It can
be seen that the diffusion coefficients in pasta (Figure 6.34A) are ordered to a certain degree.
Each individual cluster of bleached spots lies tight together but the clusters varies around the
average D for the sample. The corresponding correlogram show a high degree of correlation for
spots right next to each other and the correlation then decrease with distance. The correlation
disappears at a distance somewhere around 30–50 µmwhich matches well with the average size of
a type A starch granule. The notch in the correlogram at δ = 140 µm corresponds to the distance
between the mid cluster and the side clusters. The method appears to work well for pasta and
the data is interpreted as showing strong indication of correlation within starch granules. The
way the clusters of bleach ROIs vary around the average diffusion coefficient is interpreted such
as reporting that the starch granules have swelled slightly differently relative each other.

The β-lactoglobulin was given different heating ramps during creation in an effort to create
different sizes of the aggregates forming. The material structure can be seen in Figure 6.32 and
it can be seen that the slower heating creates larger structures. When looking at the diffusion
coefficients in Figure 6.34B and C, it can be seen that both materials appear relatively random.
The corresponding correlograms shows that the correlation coefficients mostly varies within ±0.2,
which indicates that there are no correlations. There are, however, some correlation coefficients
of interest. The correlation coefficient for δ = 5 µm is roughly 0.45 respectively 0.2. Even though
these values normally indicates none or possible weak correlation it does match the average size
of individual globules in the domains, which are roughly 4 µm in diameter. Even though the
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correlation coefficients in Figure 6.34B appears random, there are trends towards higher values
at shorter δ and lower values at longer δ. This weak trend indicates potential correlation between
domains on a length scale of up to 50 µm. It should be noted that since the values are low and
the data set only contains 30 points the trends seen can also be due to chance. Figure 6.33 show a
part of the region of the β-lactoglobulin with 0.1°C/min heat ramp with the bleach ROIs marked.
Each square represent a 5×5 bleach ROI and it can be seen that the structure is heterogeneous.
Even though the ROIs appear to be in a varying structure, there are potential for at least weak
correlation between bleach ROIs.

The data for κ-carrageenan can be seen in Figure 6.34B. The data looks as if it reports no
correlation since the correlation coefficients varies within ±0.2. Unlike β-lactoglobulin, the mi-
crostructure of κ-carrageenan is completely homogeneous at the length scale of the CLSM and
the potential weak trends that can be seen is instead interpreted as variations in the FRAP
measurements. In theory, there could be heterogeneities in the gel structure at longer length
scales, which would be caused by poor mixing of the sample. However, the sample preparation
was made to ensure proper mixing of the gel and if such heterogeneities were present, they would
be seen as shifting intensities in the fluorescence caused by shifts in the refractive index.

A B

Figure 6.32: The microstructure of a β-lactoglobuline gel at pH 5.4 treated with a temperature ramp
of 10°C/min (A) and 0.1°C/min (B). The scale bars is 25µm.

Figure 6.33: A close-up of the structure in β-lactoglobulin gel treated with a 0.1°C/min heat ramp.
The squares represent the location of the bleach ROIs and each individual ROI is 5×5 µm.

All in all, the autocorrelation method looks promising. The high correlation in pasta matches
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well with the size of the anticipated microstructure and there are trends indicating on possible
correlation in β-lactoglobulin. It should be noted that the 3D structure of the β-lactoglobulin
caused some troubles in the selection of where to bleach, as it was difficult to find longer areas
which were suitable for FRAP. A potential way to verify the weak trends in β-lactoglobulin is to
not divide the bleach ROIs into cluster but instead bleach a long consecutive line, which yields a
higher statistical significance for the shorter δ. There is too little data to draw more conclusions
at the time of writing, but the result is intended for publication when more data is acquired.
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Figure 6.34: The data points and the corresponding correlograms for the different materials. (A)
Pasta with a 10 kDa FITC dextran probe using 10µm bleach squares. (B) β-lactoglobulin created with
a 0.1°C/min temperature ramp with a 500 kDa FITC dextran probe using 5µm bleach squares. (C)
β-lactoglobulin created with a 10°C/min temperature ramp with a 500 kDa FITC dextran probe using
5µm bleach squares. (D) κ-carrageenan formed by 0.1mM KCl with a 500 kDa FITC dextran probe
using 10µm bleach squares. The dashed line in the diffusion plots is the average D for all points; the
dashed line in the correlograms is the zero line.
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6.4 Experimental considerations for FRAP
(Papers I–IV)
In order to do a good FRAP measurement, there are some microscope settings which need to be
taken into account. Even though many publications present the protocol that has been used, it is
not always easy to start performing FRAPmeasurements from scratch. The FRAPmeasurements
behind the publications in this thesis have largely been based on “hands-on” experience. Even
though each individual CLSM will require unique fine adjustments to work well with FRAP, this
section will present some of the basic settings and what is important to think of.

Scanning speed

The faster the scanning speed, the higher the image acquisition rate, which is desired in order to
estimate the diffusion coefficient correctly. The most important information is in the beginning
of the intensity recovery. However, there is a trade off with the image quality as higher scanning
speeds will lead to more noise in each pixel. The optimal speed needs to be tested for each
microscope and experiment.

Time between images

The image acquisition rate is not only dependent on the scanning speed but also other settings,
such as the amount of pixels to scan. When taking the time between images into account for
FRAP, the optimum settings will depend on the sample. For a sample with a high diffusion
coefficient, there will be a need to record images as fast as possible in order to capture the
recovery. For a sample with a low diffusion coefficient, it is recommended to try to optimize
the acquisition rate. This recommendation is due to both hardware and software limitations. A
CLSM can usually only acquire a limited amount of images during a FRAP experiment and the
modern evaluation models requires enough contrast change between images in order to perform
the calculations correctly. The easiest way is to continue to use the maximum acquisition rate
and then remove superfluous images; although if the CLSM allows the user to set a time lag then
another way is to try to adjust the waiting period to match the diffusion coefficient. The results
In Paper III showed that a good acquisition rate should not be slower than the time it takes for
a fluorophore to diffuse from the centre to the edge of the bleached region. That is, the time
step should not be slower than

∆t =
(L/2)2

4D
, (6.12)

where L is the length of the shortest path from middle to the edge. Although, this means that
an estimate of the diffusion coefficient is needed before the acquisition rate can be adjusted.

Zoom

Most CLSM have a zoom-in function, which should be adjusted so that the size of the bleach
ROI will be somewhere between 1/9th to 1/25th of the scanned area. If the bleach ROI is too
small, then there will not be enough pixels in the bleached region for appropriate calculations
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of the diffusion coefficient. On the other hand, if the bleach ROI is too large compared to the
image, then there will be too few background pixels available for the diffusion calculations.

Interline distance

Most FRAP models require the bleached ROI to be homogenously bleached. To ensure this, the
interline distance should be less than or equal to half the width of the laser beam [11]. This can
be achieved by setting the CLSM to zoom-in to the bleach ROI during the bleaching phase or
by increasing the image format i.e. decreasing the scale factor (length per pixel).

Beam expander

Not all microscopes have the ability to adjust the beam expander, but if the possibility exists then
it should be used. Lowering the beam expander means that the back aperture of the objective is
not entirely filled. This leads to a lowering of the effective NA and a more cylindrical beam shape.
It also means that the laser beam is more concentrated and gives a higher intensity. Figure 6.35
shows a concept image of how the laser beam is affected by the beam expander. It can be seen
that a fully open beam expander will give a sharper laser beam, which is useful to resolve fine
details for imaging. However, since it is not necessary to resolve fine details when performing
FRAP, and since FRAP benefits from a more cylindrical shaped laser, the beam expander should
be changed.

Fully open 
beam expander

Reduced 
beam expander

Figure 6.35: Lowering the beam expander leads to a lowered NA of the objective, and a more
cylindrical laser beam.

Number of pixels and pixel bit depth

Each pixel in a CLSM image corresponds to a physical area in the sample and the more pixels,
the higher the resolution of the sample and the better estimation of the diffusion coefficient.
Nonetheless, there are two drawbacks with having too many pixels. One is that the more pixels
there are, the fewer photons will be detected in each individual pixel. This will lead to slightly
lower contrast between the bleached and non bleached probe molecules, but can often be com-
pensated by increasing the gain of the detector. The raster scanning of the laser beam causes the
other drawback, which is that the more pixels, the longer the time it will take between images in
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the time series. The bit depth of each pixel should be as high as possible as it means more dis-
tinct gray levels and therefore a higher precision in determining the diffusion coefficient. Modern
computers usually have no trouble handling the images but should it be necessary to change,
then it is possible to reduce the bit depth after an image is taken. A subsequent increase in bit
depth will, on the other hand, not lead to more information and therefore not lead to increase
in precision of the diffusion coefficient estimate.

Amount of pre- and post bleach images

The pre bleach part of a FRAP experiment only needs to be a few images to make sure that
there is no bleaching during the recovery phase later on. If there is any unwanted bleaching
it can be seen as a decrease of the overall intensity in the collected pre bleach images and for
a sensitive sample it is often seen already at ∼10–20 images. The post bleach images are the
ones recording the recovery. There is no need to capture the entire recovery sequence as the
recent models can estimate the diffusion coefficient with high precision regardless, as long as no
anomalous diffusion is present. However, it was seen during the experimental work for Paper I
that there should be at least 20 frames in total for the model to work well and there need to
be sufficient change between each image. This means that if the diffusion is slow and the image
acquisition rate is high, there should be at least 20 images left after removing the intermediate
images.

Number of bleach images and the amount of bleaching

Most modern FRAP models [11, 62] (as well as Paper I and paper III) assume that there is no
diffusion during the bleaching step and to accommodate this, the number of bleach images should
be kept as low as possible. There are models which allow or can be extended to allow diffusion
during the bleaching [64, 69, 126] (as well as Paper III) although most of them recommend to
minimize the number of bleach images in order to minimize the amount of bleaching introduced.
The amount of bleaching is a combination of all high intensity light that the sample is exposed
to during the bleaching step and therefore naturally increases with the laser intensity and the
amount of bleaching steps. For a sensitive sample, an amount of bleaching that is too high risks
damaging the structure and therefore disrupting the diffusion measurement. The model in Paper
III also assumes linear bleaching, which will only be valid for a low amount of bleaching. In order
to yield enough contrast for the models to estimate the diffusion coefficient, it is recommended
to bleach a “depth” roughly 30% [11]. The bleach “depth” is here defined as

1− average intensity in bleach ROI in first post bleach image
average intensity in the pre bleach images . (6.13)
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7 Conclusions
The work presented in this thesis shows that FRAP is a highly versatile tool, with great po-
tential for measuring local mass transport during dynamic changes inside highly heterogeneous
materials. The new evaluation models developed have readily expanded the range where FRAP
is usable; this is achieved by taking all pixel information into account, as well as allowing more
accurate calculations for slow diffusion and decreasing the size of the bleached ROI with main-
tained accuracy. An additional bonus from the maximum likelihood statistics used in the models
is the abillity to obtain error estimates for each parameter estimated.

The combination of FRAP and rheology measurements during gelation of gelatin showed
strong indications of the formation of transient networks inside gelatin prior to gelation. The
combination of techniques have also revealed a non trivial connection between rheology and the
diffusion coefficient, where harder gels do not necessarily lead to slower diffusion.

By using the rectangle FRAP model, the possibility to measure inside highly heterogeneous
multiphase samples was successfully achieved. FRAP was proven to be able to probe inside
smaller areas with high accuracy and able to discern the difference in diffusion coefficients between
the two phases despite D1 ∼ D2.

Even though FRAP was not able to capture structural changes in in κ-carrageenan during
the actual gelation process, it was a useful technique to evaluate the changes in the network
post gelation. This was possible despite troubles finding a probe that worked well with the
carrageenan.

The importance of the probe has been evaluated and it has been shown that the data obtained
from FRAP strongly depend on correctly selecting which probe to use. In addition to this, the
probe behaviour at different temperatures and ion concentration has been evaluated and the
result have shown that there is a need to correct for these effects by means of normalization.

FRAP has also been successfully used to measure the degree of heterogeneity, both on the
subresolution scale by means of analysing standard deviations and on larger length scales through
spatial statistics and correlation analysis. The influence of sub resolution structural heterogeneity
on the probe diffusion was compared to TEM data and a correlation between the TEM images
and diffusion was seen.

Some of the FRAP data have been compared to NMRd measurements and the results match
well. Even though there have been differences between the results from the two techniques, most
of those differences can be explained by differences in the experimental set-up as it has not always
been possible to use exactly the same probe and/or same concentrations.

All together, the work in this thesis has helped expand the usefulness of FRAP; it becomes
an additional asset for those in need of expanding their toolbox when probing dynamic and
heterogeneous materials.
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8 Outlook
There are still challenges for FRAP to conquer, both in regards to dynamic processes and model
development. The development of the latest models have ensured that the limit of how small a
bleach ROI can be lies within the limitations of the CLSM; which means that the next advance
in that area will not be possible before higher resolution is achieved. The stimulated emission
depletion (STED) addition to CLSM has yielded optical nanoresolution and would be the next
natural stage of development of FRAP. Being able to bleach locally on a scale of ∼10 nm would
mean an incredible increase in the possibillity to correlate diffusion to material structure. The
current problem, however, is that the probes used for STED are too stable and does not bleach
easily, meaning that they are not useful for FRAP (yet).

Dynamic processes which would be an interesting challenge for FRAP would be e.g. phase
separation, film formation through evaporation or even extremely fast gelation processes.

Capturing the gelation process of carrageenan (or other quick gelation processes) might be
possible at the moment but will require even better hardware than currently available in order
to make it an easy task.

Whether an evaporation process could be followed dynamically by FRAP is dependent on
certain factors. Unless the evaporating phase is extremely volatile, there should not be any
problem to match the timescales for FRAP and dynamic changes of the structure. Whether the
evaporation can be followed live will therefore depend on how the probe concentration changes
with time and it is likely that one will have to use samples at a pseudo steady-state.

A similar, but most likely easier, problem would be to follow a phase separation process. The
benefit would be that the sample volume would remain the same and that the total concentration
of probe would not change. However, if the phase separation influences the distribution of the
probe molecules, then it might cause anomalous diffusion or apparant flows due to gradients
induced. Another problem that could occur is that the initial phases during the separation
might be too small to allow a good placement of the bleach ROI and a higher resolution of the
CLSM would be needed.

All in all, there are still a lot of potential challenges for FRAP when it comes to dynamic
measurements and further development. However, I am positive that there will be clever users
who will think of a way to overcome them. FRAP is, after all, a great and versatile tool with a
lot of potential.
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Errata to: Structure Dynamics and Heterogeneity in Soft Materials 
Determined by FRAP 


Updated 2012‐06‐20 


Joel Hagman 


 


Page 9, a clarification regarding SPT: it is the position of the individual particles which can be 
determined with a spatial resolution down to 10 nm. 


Page 30, a clarification to Figure 6.3: The solid line represents G’ and the dotted line 
represents G’’. 


Page 34, a clarification to the third item from the top: it should read “20 mM K+ or 100 mM 
K+”. 


Page 36, a clarification to Figure 6.9: the probe used was a 10 kDa FITC dextran. 


Page 37, Figure 6.10 A. The dashed line should be solid. 


Page 49, a clarification to the figure text of Figure 6.23: D is the diffusion coefficient and C is 
the probe concentration in phase 1 and 2 respectively. 


Page 53, Equation 6.9 should read “erfሺݖሻ ൌ ଶ
√గ
׬ ݁ି௫మ݀ݔ௭
଴ ”. 


Page 61, the figure reference in the second paragraph should be “Figure 6.34D”. 


Page 62, the probe used in Figure 6.34A was “Fluorescein” and not “10 kDa FITC dextran”. 


Page 62, the probe used in Figure 6.34D was “10 kDa FITC dextran” and not “500 kDa FITC 
dextran”. 


Page 78, reference 125 should be “Svanberg, Lina; Arhné, Lilia; Lorén, Niklas and Windhab, 
Erich. Effect of pre‐crystallization process and solid particle addition on microstructure in 
chocolate model systems. Food Research International, 44:1339–1350, 2011.” 


  





