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Abstract Anomalous protein diffusion has been fre-
quently observed in intracellular fluids and on
membranes of living cells. Indeed, a large variety
of specimen, from bacteriae to mammalian cells, and
several non-invasive measurement techniques, e.g.
fluorescence correlation spectroscopy, have revealed
that the mean square displacement (MSD) of proteins
in vivo is often characterized by an anomalous power-
law increase (r(f)?) ~* with 0.5 <« <0.8. Here,
we review these results with a particular focus on
fluorescence correlation spectroscopy, and we report
on possible causes of variations of the anomaly degree
a. Moreover, we highlight generic consequences of
anomalous diffusion that are likely to play an important
role in the cellular context.
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Membranes

Introduction

Diffusion is the basic mode of motion in living cells. In
contrast to the energy-consuming long-distance trans-
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port via molecular motors on cytoskeletal elements,
thermally driven diffusion is responsible for the short-
scale movement of molecules. Diffusion is therefore es-
sential to establish protein—protein interactions locally,
e.g. in the context of cellular signaling cascades.

Besides the knowledge about the time scale needed
for diffusive transport, measuring the diffusion coeffi-
cient also reveals important additional information: Via
the size dependence of the diffusion constant D one
may determine if a protein is in complex with other
macromolecules, while the dependence of D on the sur-
rounding fluid’s viscosity yields valuable information
about the protein’s environment. Diffusion therefore
probes the local material properties of intracellular
fluids.

At first glance one may expect the intracellular
environment of living cells to be a homogenous and
aqueous fluid in which proteins are dissolved. Indeed,
standard biochemistry often relies on this assumption,
i.e. fairly dilute, aqueous solutions are typically used
for in vitro protein assays. However, when inspecting
the cell more closely, the picture needs to be updated.
The cytoplasm of living cells is highly crowded with a
plethora of proteins and other macromolecules, reach-
ing a total concentration of up to 400 mg/ml [7]. This
degree of crowding may even raise concerns as to
whether one may speak of the existence of free water
molecule in the cell or if one rather has to view all water
molecules as being part of very thin hydration shells
around proteins and membranes.

The crowding situation is similar on membranes,
where already the surface density of transmembrane
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proteins is extremely high (3 x 10*/um?) [14, 27]. Tak-
ing also peripheral membrane proteins into account,
cellular membranes are indeed as crowded as the cy-
toplasm and nucleoplasm.

The mere excluded volume in crowded environ-
ments already gives rise to a series of remarkable phe-
nomena like enhanced complex formation and protein
folding (see, e.g., [25] for a comprehensive review). On
the other hand, it is easy to imagine that thermally
driven motion, i.e. diffusion of single proteins, may
be qualitatively and quantitatively different from the
Brownian motion in dilute environments. In this re-
view, we will focus on the anomalous diffusion behavior
of macromolecules in crowded intracellular environ-
ments, i.e. in intracellular fluids and on cellular mem-
branes. We will put a particular emphasis on how to
assess this phenomenon with fluorescence correlation
spectroscopy (FCS) and which pitfalls may be expected
in the evaluation of FCS data.

Anomalous diffusion: where, when, and why?

Several techniques, e.g. fluorescence correlation spec-
troscopy (FCS), single particle tracking (SPT), and flu-
orescence recovery after photobleaching (FRAP) have
been used to uncover anomalous diffusion of macro-
molecules in the cytoplasm of bacteria [8, 13] and yeast
[39], and in the cytoplasm [16, 17, 44] and nucleoplasm
[16, 17, 41] of mammalian cells. In line with these find-
ings, anomalous diffusion was also observed in crowded
protein solutions [1, 16, 17, 45]. Anomalous diffusion of
membrane proteins and lipids has been observed on the
plasma membrane [30, 38], on intracellular membranes
[43], and on artificial membranes [36, 37].

Common to all of these experimental observations
is a nonlinear scaling of the mean square displacement
(MSD) with time, i.e. (r()) ~* withae < 1 (¢ =1 for
normal diffusion). Anomalous diffusion with & < 1 is
often referred to as ‘subdiffusion’.

It is worthwhile noting already at this point that
the anomalous scaling of the MSD is typically not an
asymptotic behavior, but in virtually all cases represents
a (long-lasting) transient that may extend over several
orders of magnitude in time. Therefore, various exper-
imental techniques, probing different length and time
scales, may highlight the normal or anomalous scaling
regimes of the MSD.

In fact, subdiffusion can arise due to a variety of rea-
sons [4, 24], e.g. due to obstruction of the random walk

@ Springer

[4] or due to binding to immobile traps [32]. In the first
scenario, a protein diffuses in a maze of (immobile) ob-
stacles and its diffusion becomes anomalous when the
density of obstacles approaches a critical concentration
Cperc, the so-called percolation threshold [34]. Indeed,
Monte Carlo simulations have highlighted that an ob-
structed random walk significantly alters experimental
observables like FRAP curves [33]. In the trapping sce-
nario, particles bind to traps with varying energy depths
and are hence immobilized for varying periods of time.
Mathematically, such a random walk can be reduced
to a continuous time random walk (CTRW) [24], in
which the diffusing particle takes power-law distributed
rests between periods of free Brownian motion. The
latter type of motion is particularly interesting as it
shows ageing and weak ergodicity breaking [18, 21], i.e.
the time-averaged MSD (used, for example, in SPT)
and the ensemble-averaged MSD (used, for example,
in FRAP) deviate from each other.

These caveats on length and time scales of subdif-
fusion in comparison to the experimentally accessible
scales (using FCS, FRAP, or SPT), but also technical
constraints like fitting experimental data (see next sec-
tion) may be key to the interpretation of experiments
that have reported normal instead of anomalous diffu-
sion in intracellular fluids [6] or on membranes [5]. For
SPT, it has also been shown that anomalous diffusion of
membrane proteins can easily be missed if inadequate
video rates are used [31].

Detecting anomalous diffusion by FCS

Fluorescence correlation spectroscopy (FCS) was intro-
duced in 1972 [23], but only became a versatile tool with
the advent of confocal microscopy [26, 29]. In contrast
to other microscopy techniques like FRAP, FCS does
not rely on the average fluorescence but rather exploits
the fluorescence fluctuations. These fluctuations arise
due to the motion of fluorescent molecules into and
out of the confocal volume. This movement is most
often a diffusion process but also directed motion can
be studied with FCS [20]. Subtracting the (temporally
averaged) mean fluorescence (F) from the fluorescence
time series F(f), one is left with the fluctuations § F(t) =
F(t) — (F). Calculating the autocorrelation function of
the fluctuations
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yields a curve that decays sigmoidally in a semi-
logarithmic plot (cf. Fig. 1).

In essence, the value of the autocorrelation function
for a given time lag t will depend on the similarity
of the shifted and unshifted fluorescence signals, F(¢)
and F(t+ 7). For T — 0, C(r) has a maximum since
the fluorescence values at times ¢ and ¢+ t converge
to the same value. In general, for lag times t that
are smaller than the typical residence time tp of a
fluorophore in the confocal volume, the fluctuations
3F(t) and § F(¢t + ) are positively correlated since the
fluorescence values F(¢) and F(t+ t) arise from the
same set of fluorophores that only assume different
spatial configurations in the confocal volume. In the
inverse limit, T > tp, the fluctuations arise due to
completely different fluorophores, i.e. there is no cor-
relation between the fluorescence values, and conse-
quently C(z) = 0. It is therefore possible to extract the
particles’ mean dwell time tp in the confocal volume
from the sigmoidal decay of C(r). Knowing the typical
extension ry of the confocal volume one can derive from
that (without doing any more algebra) an estimate for
a diffusion coefficient via the ratio rj/7p.

Indeed, assuming a Gaussian confocal volume and
a (sub)diffusive motion of the particles, it is possible
to derive the analytical form of the autocorrelation
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Fig. 1 Sketch of an FCS experiment in a living cell where the
laser focus is parked at an intracellular locus of interest, e.g. in
the cytoplasm. Fluorescent molecules diffuse into and out of the
confocal volume, giving rise to fluctuations in the fluorescence
time series F(t). The autocorrelation function of the fluctuations,
C(t), shows a sigmoid decay on a semi-logarithmic time scale.
The half-time of the decay denotes the mean dwell time of the
particles in the focus. The more anomalous the diffusion of the
fluorescent particles is, the more shallow is the decay of C(r)
(¢ =1.0,0.75, 0.5 are shown as full, dashed, and dash-dotted lines,
respectively)

function (rigorous for « = 1 [28], more heuristically for
a < 1[44)):

A

(1+ (/tp)®) 1+ ()

Here, @ denotes the anomaly degree of the diffusion
while 7p is the mean dwell time of a particle in the
confocal volume with beam waist ry (tp = r% /(4 D) for
« = 1 with the diffusion constant D). The elongation of
the confocal volume along the optical axis is taken into
account by the structure factor S. The prefactor A is in-
versely proportional to the number N of particles in the
confocal volume and also includes the photophysics of
the fluorophore [28]. For a general and comprehensive
introduction to FCS, we would like to refer the reader
to [28].

Indeed, FCS in conjunction with the above fitting
function has been used by various groups to study
anomalous diffusion in living cells [16, 17, 41, 44] and
artificially crowded fluids [1, 16, 17]. It is worthwhile
noting, however, that the derivation of Eq. 2 assumes
a time-dependent diffusion coefficient for @ < 1. More
complicated, but mathematically sound expressions can
be derived when assuming that the particles are subject
to particular types of subdiffusive motion, e.g. frac-
tional Brownian motion or a CTRW [22].

Extracting quantitative information on tp and o
from FCS curves crucially depends on the fitting of
experimental data. The same holds true, of course, for
SPT and FRAP. Employing an analytical expression
for the case of several diffusing, but non-interacting
species [28] may even result in a fit to the experimen-
tal data which is similarly good as using Eq. 2 with
anomalous diffusion (cf. [43] for discussion). The choice
of the fitting function thus is of major importance for
the subsequent interpretation of the data. Besides a
discrimination of models via the goodness-of-fit, ad-
ditional theoretical constraints are here often helpful.
On membranes, for example, lipids can be regarded
as the most mobile entities, i.e. the diffusion constant
of membrane proteins should typically not exceed a
value of about 1 um?/s. For the diffusion of soluble
proteins, the mass implies a hydrodynamic radius from
which one can estimate the diffusion coefficient, bear-
ing in mind that intracellular fluids have a three- to
fivefold higher viscosity than water [9]. For anomalous
diffusion, theoretical predictions from percolation the-
ory yield an estimate o > 0.5 in bulk and @ > 0.7 on
membranes [4]. Moreover, if the diffusive decay of the
autocorrelation curve is so fast that it overlaps with the
putative photophysics, determining the anomaly may

C(t) =
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become cumbersome and the use of Eq. 2 may not yield
reliable results. Considering constraints like these are
often extremely valuable to decide between competing
fitting functions.

Sources of apparent variability of the anomaly degree

Having seen that FCS can quantitatively determine
anomalous diffusion characteristics of molecules in liv-
ing matter, one may ask to which extent the anomaly
degree « is a well-defined quantity. Clearly, fitting and
the fitting range are issues that always need a careful
consideration (see above). In addition, various factors
of the experimental setup and the geometry of the sam-
ple can influence the outcome of an FCS experiment
[10]. Optical distortions, for example, can lead to the
occurrence of an artificial, yet weak subdiffusion [19].
Also geometry effects can play a role, e.g. when FCS
measurements are performed in the vicinity of a fluc-
tuating membrane [11] or when measuring in confined
volumes such as dendrites [12].

Another type of geometrical constraint is imposed
by the motion of a membrane through the confocal vol-
ume, e.g. when the cytoskeleton pushes on the plasma
membrane. While a static curvature of membranes does
not induce subdiffusion per se [43], the membrane
movement may influence the apparent anomaly degree
that may be induced via crowding on the membrane.
Moreover, one may ask whether a slight bleaching
during the FCS experiment is responsible for the emer-
gence and spread of anomaly degrees o < 1.

Figure 2 depicts representative FCS curves of
two membrane proteins on the plasma membrane
of HeLa cells: (a) the peripheral membrane protein
glycosylphosphatidylinositol-GFP (GPI-GFP) [46], and
(b) the transmembrane cargo protein GFP-tsO-45-G
(VSVG-GFP) [40]. Both constructs show subdiffusion
with a considerable variation of the anomaly, 0.55 <
a < 1.2 (cf. the distributions p(«) in Fig. 2c, d).

To test whether bleaching may account for the broad
distribution p(«), we used Monte Carlo simulations of
obstructed diffusion in two dimensions (see “Materials
and methods” for details). To obtain a mean anomaly
() =~ 0.8 that is consistent with the experimental obser-
vation, we fixed the obstacle concentration to 37%. As
a result, we observed for vanishing and small bleaching
rates only a minor spread of the distribution of anom-
alies, p(«) (Fig. 3a). Hence, the different configuration
of obstacles (e.g. in an ensemble of cells or at different
loci on the plasma membrane) cannot account for the
experimentally observed variation of .
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Fig. 2 Representative FCS curves for a GPI-GFP and b VSVG-
GFP. Both show a subdiffusive decay behavior with « ~ 0.77
and o =~ 0.74, respectively. Experimental data are represented by
symbols, best fits according to Eq. 3 by full lines. While VSVG-
GFP showed a very strong triplet contribution on short time
scales, GPI-GFP was less affected by the photophysics. ¢, d The
distributions of anomalies p(«) for GPI-GFP and VSVG-GFP
have a similar mean (dashed line) and both show a considerable
variation around the mean

For higher bleaching rates the entire distribution
p(a) shifted towards larger o yet did not significantly
change its shape. Thus, the experimentally observed
subdiffusion is not an artifact of bleaching since it
rather increases the apparent «. Furthermore, bleach-
ing did not increase the width of the distribution of
p(a). It is worthwhile noting at this point that the
imposed bleaching conditions did not yield a significant
drop of the fluorescence in time, while the autocorre-
lation curve was altered. Since bleaching adds another
means to destroy the temporal correlations of the fluo-
rescence, the steeper decay behavior is well anticipated.
The observation that the mean anomaly () but not the
shape of p(«) changes upon bleaching may yield yet
another explanation why some FCS studies observed
normal diffusion in crowded media and in the cellular
context.

We next examined the distribution p(«) when the
membrane substrate is moving. Besides the thermal
undulations of membranes, also active processes within
the cell (mediated, for example, via the cytoskeleton)
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Fig. 3 a Distribution of anomalies p(¢) obtained from simu- 5t = 5t
lations (black line histogram) for obstructed diffusion using an ]
obstacle density 37% but different random configurations of the 4r 4r
obstacles. The width of p(«) is smaller than the experimentally 3t 3t
observed one for GPI-GFP (grey-shaded). b Same as in (a)
but with an additional bleaching inside the FCS focus. While 2 | 27
small bleaching rates had no effect, a moderate bleaching (rate
r = 10/s) shifted p(«) towards larger anomalies (black line his- 1r m 1r
togram), i.e. the motion appeared more like normal diffusion. 0 . . 0 [ . b
The experimentally observed distribution for GPI-GFP is shown 04 06 08 1.0 o 04 06 08 1.0 «

grey-shaded

may rock and move the plasma membrane. We there-
fore mimicked the membrane dynamics by an up-and-
down movement and tilting of the simulation plane with
respect to the optical axis. Again, we chose a constant
obstacle concentration (37%) and varied the obstacle
configuration for each simulation. In each time step the
tilt angle 6 between the optical axis and the membrane
normal or the position along the optical axis was varied
stochastically in addition to the in-plane (sub)diffusion
of the tracer particles.

Taking an ensemble average over different maximal
amplitudes and different maximal step sizes per time
step, we observed a broading of p(x¢) when large
excursion and tilt amplitudes (Fig. 4) were allowed.
Restricting the membrane dynamics to smaller tilt an-
gles or up-and down excursions showed a considerable
decrease in the width of the anomaly distribution.

Our simulation results show that the membrane dy-
namics and also bleaching can significantly affect the
apparent anomaly of a molecule’s random walk. Since
both perturbations directly affect the apparent propa-
gator of the fluorescent particles (the central quantity
that is determined via FCS, FRAP and SPT) the de-
scribed uncertainties are not a mere property of FCS,
but rather affect all available fluorescence techniques.

Last but not least we also would like to comment
on the variability of « in bulk experiments, e.g. when
performing FCS in the cytoplasm. Due to the hetero-
geneity of these crowded and complex fluids, a spread
in p(«) is well anticipated. Yet, despite the contribution
of nearby surfaces (membranes of larger organelles),

Fig. 4 a Distribution of anomalies p(«x) obtained from simu-
lations for obstructed diffusion (obstacle density 37%, random
configurations) when the plane in which the particles performed
the random walk moved diffusively along the optical axis of
the imposed FCS focus. An enhanced up-and-down movement
(max. excursion 2 um) yielded a distribution p(«) (black line
histogram) that was similar to the experimentally observed one
for GPI-GFP (grey-shaded). b Restricting the excursions of the
plane to 800 nm or less revealed considerable deviations from the
experimental data for large «. ¢ Tilting the plane diffusively (60°
maximum angle) with respect to the optical axis of the imposed
FCS focus yielded a distribution p(«) (black line histogram) that
was very similar to the experimentally observed one for GPI-GFP
(grey-shaded). d Restricting the tilt angle to 20° or less, strong
deviations with respect to the experimental data (grey-shaded)
are visible

FCS experiments in bulk are less sensitive than on
membranes. For crowded protein solutions one finds
even a width of p(«) that is consistent with the above
simulations on obstructed random walks with a fixed
obstacle density but different obstacle configurations
(cf. Fig. 3). Hence, it appears fair to say that « is some-
what better defined in bulk experiments while measure-
ments on membranes require an extensive statistics to
determine at least the mean anomaly («) of the random
walk.

What are consequences of anomalous diffusion?

The occurrence of anomalous diffusion raises the im-
mediate question for possible consequences on the
secret life of a cell. Indeed, simulation studies have
highlighted a number of possibilities. On one hand, the
amount of products may increase if the reaction rate is
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quite low [35] since subdiffusion considerably increases
the residence time of two reactants in the interaction
range. Also, the kinetics of enzymatic reactions, i.e.
the usual Michaelis—-Menten scheme, shows fractional
behavior [3]. It has also been shown, that the formation
of Turing patterns that are often implicated in pattern-
ing processes in developmental biology, is significantly
enhanced when one of the reagents is subdiffusive [42].

In addition, a very general phenomenon has recently
been put forward. Assuming that a protein searches an
(immobile) target via (sub)diffusion, one may ask for
the probability P(R) of getting captured when start-
ing the search at a distance R from the target. This
diffuse-to-capture scenario has been repetitively used
in soft-condensed matter and biophysics. Indeed, an
easy scaling relation is found in the case of normal
diffusion: P(R) ~ 1/R [2]. Strikingly, subdiffusion can
outperform this capture probability if the search is
given enough time [15]. In better words, subdiffusion
yields a much higher capture probability as compared
to normal diffusion, thereby rendering subdiffusion the
more extensive search algorithm. The basic reason for
this surprising behavior is the fractal dimension of the
search path that is plane-filling but not bulk-filling for
normal diffusion. Subdiffusion, however, can become
even bulk-filling due to its non-Brownian random walk.

In summary, subdiffusion appears to occur naturally
in all living organisms, in intracellular fluids and on
membranes, and it has great implications on the dynam-
ics of biological processes.

Materials and methods
Cell culture and microscopy

HeLa cells were cultured and prepared for microscopy
as described before [16]. Transfection was performed
using FuGene6 (Roche) and the manufacturer’s proto-
col using the plasmids for VSVG-GFP [40] and GPI-
GFP [46].

Imaging and fluorescence correlation spectroscopy
(FCS) was performed with a Leica SP2-TCS confocal
laser scanning microscope equipped with a water im-
mersion objective (HCX PL APO 63x1.2W CORR)
and an FCS-unit (Leica Microsystems, Mannheim,
Germany). Samples were illuminated using the 488nm
line of an Argon laser; fluorescence was detected using
a bandpass filter (500-530 nm). The pinhole was set
to one Airy unit. Microscope and sample were kept
at constant temperature (37 °C) by a climate chamber
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(Life Imaging Services, Reinach, Switzerland). For the
measurement, cells were supplied with MEM (without
phenol red) and 25 mM Hepes. The focus was set on
the plasma membrane parallel to the coverslip, at the
position with the maximum intensity. In total, 96 and
54 curves were collected in different cells over various
days for GPI-GFP and VSVG-GFP, respectively. The
day to day variability was not larger than the variability
of measurements recorded the same day. Data acquisi-
tion times were 20-50 s.

FCS data were fitted with an appropriate mathe-
matical expression for (anomalous) diffusion on a two-
dimensional substrate [28, 43]:

_ (4 frexp(=t/t1))/N
- L+ (z/tp)* .

Here, o denotes the degree of anomaly of the diffusion
while tp is the mean dwell time of a particle in the
confocal volume (for « =1 this yields the diffusion
coefficient via tp = r%/ (4D) with the beam waist 7).
The mean number of particles in the confocal volume
is denoted by N, whereas fr denotes the fraction of
fluorophores in the triplet state having a lifetime 7.
VSVG-GFP showed a pronounced photophysics due to
the particular GFP variant [40]. Only FCS curves that
yielded a stable and unambiguous fit were considered.

C(1)

®)

Simulations

The (anomalous) diffusion of a membrane protein was
simulated by (obstructed) diffusion on a square lat-
tice using periodic boundary conditions and the blind
ant algorithm. To achieve a subdiffusive behavior, we
randomly placed immobile obstacles on 37% of the
lattice sites (see main text for specific values). These
values are near to the percolation threshold and thus
show a transient subdiffusion with an anomaly « > 0.7
[4]. Free particles (N = 500) were assumed to have a
diffusion constant D =2 um?/s. The lattice size was
3.5 um x 3.5 pum with a lattice constant of Ax = 10 nm
(i.e. 350 x 350 lattice sites). The time increment was
At = 10 ps.

To obtain FCS curves, a Gaussian confocal volume
of width o, = 0, = 250 nm and o, = 50, was placed in
the center of the lattice and particles were assumed
to contribute to the total fluorescence proportional to
the Gaussian value on their lattice site. To avoid finite-
size effects, the lattice was chosen 14-fold larger than
ro. Before data acquisition, 10° equilibration steps were
performed. Data were recorded for 20 s, comparable to
the experimental data acquisition time.
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Initially, the lattice was taken to be perpendicular to
the optical axis in the center of the confocal volume.
To mimic membrane undulations, an erratic motion
along, or a dynamic tilting of the lattice with respect to
the optical axis was imposed. Movement up and down
along the optical axis was modeled as a random walk
with a diffusion constant D, in a harmonic potential
(spring constant k;). We have chosen 9 different com-
binations of values for these two parameters to mimic
membrane undulations of varying strength, namely
D, = 0.3, 3, 30 um? /s which corresponded to maximum
step sizes of 1, 12, and 40 nm per time step. The
strength of the harmonic potential, k,, was adjusted for
each D, to achieve three typical excursion heights z =
0.25 pum, 0.8 um, 2 um. Thus, three different diffusive
step sizes were combined with three different maximal
excursions from the focal plane. For each of these nine
combinations ten runs with independent obstacle distri-
butions were performed. The combination of these data
is shown in Fig. 4a.

Similarly, tilting was a random walk in angle space
with diffusion coefficient Dy in a harmonic potential of
strength k,. Here we have tested 6 different parame-
ter sets: Dy =0.01,0.1, 1 rad®/s giving rise to maximal
changes of 0.05°, 0.15°, 0.5° in the angle 0 per time step.
For each value of Dy the strength of the harmonic
potential was adjusted to allow for maximal tilt angles
of either 60° or 20°. For each of these 6 parameter
sets, we simulated 10 FCS curves with random obstacle
distributions. The combination of these data is shown
in Fig. 4b.

Bleaching was implemented as a stochastic process
with a rate that depended on the position of the par-
ticle in the imposed Gaussian focus, i.e. the bleaching
rate was highest in the center of the FCS focus. This
maximum bleaching rate r was varied in the range
0.1,...,10/s. Here the number of particles was in-
creased to N = 2,000 on an array of size 10 x 10pum?.
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