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Summary

 

The diffusion coefficient as well as the dimensionality of  the
diffusion process can be determined by straightforward and
facile data analysis, when fluorescence recovery after photo-
bleaching (FRAP) is measured as a function of  time and space
by means of  confocal laser scanning microscopy. Experiments
representing one-dimensional diffusion from a plane source
or two-dimensional diffusion from a line source are readily
realized. In the data analysis, the deviations of  the actual
initial conditions from ideal models are consistently taken into
account, so that no calibration measurements are needed.
The method is applied to FRAP experiments on solutions of
Rhodamine B in glycerol and aqueous suspensions of  poly-
methyl methacrylate microspheres.
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Introduction

 

Within the last 30 years, fluorescence recovery after photo-
bleaching (FRAP) has become an important and versatile tech-
nique to study the dynamics in various systems, such as living
cells, membranes and other biological environments. In poly-
mer physics, the photobleaching methods are employed to
investigate diffusion in macromolecular systems, particularly
in networks. A review of  the fundamentals of  FRAP and
several examples of  its applications is given by Meyvis 

 

et al

 

.
(1999).

The FRAP technique was introduced by Peters 

 

et al

 

. (1974)
and first utilized quantitatively to measure diffusion coeffi-
cients by Axelrod 

 

et al

 

. (1976). Its principle is to photobleach
irreversibly a certain region within a fluorescently labelled
sample by irradiation with a short intense light pulse. Immedi-
ately after bleaching, a highly attenuated light beam is used to
measure the recovery of  fluorescence inside the bleached area
as a result of  diffusional exchange of  bleached fluorophores by
unbleached molecules from the surroundings. Analysis of  this

process yields information about the diffusion coefficient and
the fraction of  mobile species.

In a common FRAP experiment, only the rate of  recovery of
the fluorescence intensity within some preselected area is
measured. Performing the experiment in a confocal laser
scanning microscope (CLSM) reveals such information with
high spatial resolution. Although this fact was referred to in
some papers (Salmon 

 

et al

 

., 1984; Kubitscheck 

 

et al

 

., 1994;
Cheng 

 

et al

 

., 2002; Ross & Fygenson, 2003), it has not been
pointed out that major advantages with regard to data evalua-
tion can be drawn from this.

Here we show that the diffusion coefficient can readily be
obtained without any calibration measurement. Further-
more, the dimensionality of  the diffusion process can be
extracted in an independent manner, and a comparison of  the
different ways to analyse the data provides a sensitive check
for consistency and margins of  error. We discuss the funda-
mentals of  the approach, describe the procedure in detail, and
present some experimental results of  FRAP measurements on
solutions of  Rhodamine B in glycerol and on aqueous suspen-
sions of  polymethyl methacrylate (PMMA) microspheres to
demonstrate that reliable data are obtained.

 

Theoretical outline

 

Fundamentals

 

Any FRAP experiment makes use of  the diffusion equation, which
is also known as Fick’s second law. For the one-dimensional (1D)
case, when diffusion occurs in the 

 

x

 

-direction only, it is given by

(1)

The corresponding differential equations for the 2D and 3D are

(2)
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and

(3)

respectively (Crank, 1975). In these equations, 

 

C

 

 represents
the concentration of  the substance under consideration (the
fluorophore), while 

 

D

 

 is the diffusion coefficient. All these
equations can be expressed in terms of  vector analysis as

(4)

They describe the diffusion in an isotropic medium for the 1D,
2D or 3D case.

Solutions to these equations can be obtained for certain ini-
tial and boundary conditions (Crank, 1975). We concentrate
here on three simple cases which are relevant to FRAP experi-
ments and the further discussion.
1 When at time 

 

t

 

 

 

=

 

 0 the substance is totally localized in a
plane somewhere in an infinitely extended medium,
diffusion occurs in one dimension only (normal to the
plane), and the solution to Eq. (1) is

(5)

2 When at 

 

t

 

 

 

=

 

 0 the substance forms a line source along the
axis of  a cylinder of  infinite width, spreading occurs in two
dimensions, and we obtain

(6)

3 When we start out from a point source in an infinite 3D
medium, the concentration profiles that develop will be
spherically symmetrical according to

(7)

In Eqs (5)–(7), 

 

r

 

 represents the generalized (radial) coordinate,

 

M

 

 denotes the total amount of  the diffusing species in the 3D
case, while in the 2D or 1D case, it stands for the amount of
substance per unit length or unit area, respectively. The three
equations can be combined by introducing the parameter 

 

d

 

 for
the diffusion dimension:

(8)

Figure 1 shows some typical distributions of  a diffusing species
for these simple cases of  1D, 2D or 3D diffusion at three succes-
sive instants. The curves broaden and become shallower with

increasing time. In each case, the concentration profiles are
Gaussians whose full width at half  maximum is 

 

√

 

(2

 

Dt

 

). The
decrease of  the prefactor with time depends on the dimension-
ality: the higher the diffusion dimension, the faster the drop of
concentration at 

 

r

 

 

 

=

 

 0.
If  we consider FRAP processes, the situation is in essence

just inversed, as bleaching takes away a certain amount of  the
fluorescent molecules, while the considerations above dealt
with a local excess of  a substance. This means no more than a
change of  sign combined with a baseline shift.

By utilizing a CLSM and an objective of  low NA, it is readily
possible to bleach geometries into the sample that correspond
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Fig. 1. Concentration profiles for simple (a) 1D, (b) 2D or (c) 3D diffusion
at three distinct moments: Dt = 1/16 (solid line), Dt = 1/4 (dotted line)
and Dt = 1 (dash dotted line). Adapted from Crank (1975).
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closely to the cases of  diffusion from a plane or a line source.
Hence, the solutions to Fick’s second law that were mentioned
above are also applicable to FRAP processes.

In a real experiment, the initial conditions used so far to
obtain exact solutions to the diffusion equation are never met
perfectly. Instead of  starting from a Dirac function (in one, two
or three dimensions) for the concentration profile at 

 

t

 

 

 

=

 

 0, i.e.
an infinitely sharp plane, line, or point source, the initial state
will be characterized by some finite spatial width. Further-
more, some time is required to achieve bleaching. This means
that it is not possible to define exactly the zero point of  the time
scale. Because in an experiment the initial conditions are only
approximated, one should be aware that deviations from
Eq. (8) are expected when such approximations cannot be
neglected. That is the case when the diffusion occurs fast in
comparison with the duration of  the bleach pulse, or when
concentration profiles are analysed on a length scale compar-
able with the spatial width of  the bleaching beam.

In the following discussion, we first take up the case with ideal
initial conditions. We show that analysing both the temporal
and the spatial course of  the concentration yields information
on the diffusion coefficient and the dimensionality of  diffusion
without any calibration. Deviations from the ideal conditions
are treated subsequently, and the problems related therewith
solved. We show that even under extremely unfavourable con-
ditions it is possible to obtain a correct diffusion coefficient. We
first briefly consider classical FRAP experiments.

 

Classical FRAP experiments and recent developments

 

FRAP experiments carried out in standard fluorescence
microscopes or similar set-ups generally proceed according to
the following routine. A light pulse of  high intensity is used
to destroy fluorescent molecules in a small region of  interest
(spot). Immediately thereafter, the recovery of  fluorescence
inside the bleached spot due to diffusion of  unbleached
molecules from the surroundings is measured by means of  a
highly attenuated light beam. The process is quantified by
the integral fluorescence intensity in the spot area. Analysis
of  the rate of  recovery yields information about the diffusion
coefficient.

The first suggestion for a quantitative treatment of  FRAP
experiments was given by Axelrod 

 

et al

 

. (1976). They derived
equations that can be used to fit an experimental recovery
curve to a theoretical one. These equations are based on the
assumptions that (i) fluorescence recovery (in the absence of
any flow) is the result of  pure 2D diffusion, (ii) a laser beam
having a Gaussian or circular intensity profile is used for
bleaching and detection, (iii) photobleaching occurs as an
irreversible first-order reaction and (iv) the duration of  the
bleaching pulse is short compared with the characteristic time
for recovery. A calculation of  the absolute value of  

 

D

 

 requires
knowledge of  the beam size and profile, and hence a calibra-
tion is necessary.

In the last 20 years, several authors have developed similar
approaches (Soumpasis, 1983; Lopez 

 

et al

 

., 1988; Gordon

 

et al

 

., 1995) for 2D diffusion. By and large, they added
improvement to the data evaluation or the mathematical
modelling. Recently, Braeckmans 

 

et al

 

. (2003) pointed out that
the use of  a CLSM enabled much better control of  the bleach-
ing geometry. They also expanded the model to the 3D case.
Kubitscheck 

 

et al

 

. (1998) derived an alternative way to deter-
mine the diffusion coefficient for the case of  3D diffusion based
on numerical simulations of  the post-bleach process. In all of
these approaches, however, the main emphasis was put on
having well-defined initial conditions and solving the diffu-
sion equation for that particular case. By contrast, the detec-
tion of  fluorescence recovery was always based on the average
intensity measured inside the spot area. By doing so, all spatial
information is averaged out and lost. If  one employed both the
temporal and the spatial information for the data analysis, this
could not only serve as a check of  consistency but, further-
more, permit the unambiguous determination of  the dimen-
sionality of  the diffusion process.

Only a few reports consider spatially resolved recovery data
at all (Salmon 

 

et al

 

., 1984; Kubitscheck 

 

et al

 

., 1994; Cheng

 

et al

 

., 2002; Ross & Fygenson, 2003), but only in the papers of
Cheng 

 

et al

 

. (2002) and Kubitscheck 

 

et al

 

. (1994) is the diffu-
sion coefficient determined from fluorescence intensity pro-
files. However, these approaches do not suggest the possibility
to estimate the diffusion dimension.

 

Evaluation of  spatially resolved recovery data: the ideal case

 

Our approach to the evaluation of  FRAP data is opposite to
most of  the classical methods. We choose the experimental
conditions for bleaching such as to ensure that the actual
bleaching profile comes as close as possible to a line or plane
source. The course of  fluorescence recovery is followed on a
length scale much greater than the width of  the source. In this
way we need not consider the profile of  the bleaching beam, a
fact that leads to considerable simplification of  the mathemati-
cal treatment.

The following consideration is fully based on Eq. (8).
Rewriting it for the case of  a FRAP experiment yields

(9)

where 

 

I

 

 represents the fluorescence intensity at position 

 

r

 

 and
time 

 

t

 

 after bleaching. 

 

M

 

 now is formally a fluorescence inten-
sity (per length or area for 

 

d

 

 

 

=

 

 2 or 1) corresponding to the
amount of  fluorophore destroyed by bleaching, and 

 

w

 

 is the
full width at half  maximum of  the Gaussian function.

The quantity 

 

D

 

 appears in the prefactor and the exponent of
the Gaussian function, and hence both terms can be used to
determine 

 

D

 

. Comparison of  the exponential terms of  Eq. (9)
yields
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(10)

and therewith the possibility to determine the diffusion co-
efficient by plotting 

 

w

 

2

 

 vs. 

 

t

 

 for a series of  intensity profiles obtained
from images taken during the recovery process. A straight line
with slope 2

 

D

 

 passing through the origin should be expected.
By contrast, we obtain an algebraic decay for the time

dependence of  

 

A

 

(

 

t

 

):

(11)

Equation (11) could also be used to calculate 

 

D

 

, provided the
quantity 

 

M

 

 is known by suitable calibration. As an alterna-
tive, Eq. (11) can be written in logarithmic form:

(12)

This means that a plot of  log 

 

A

 

(

 

t

 

) vs. log 

 

t

 

 should give a straight
line with slope –

 

d

 

/2, thus forming the basis for the experimental
determination of  the dimensionality of  the diffusion process.

 

The real case

 

When the results of  actual experiments are analysed, it is clear
that there are major deviations from the ideal predictions
according to Eqs (10) and (12). First, a plot of  

 

w

 

2

 

 vs. 

 

t

 

 shows an
appreciable intercept instead of  passing through the origin.
This was also reported by Cheng 

 

et al

 

. (2002) without
comment. Secondly, a plot of  log 

 

A

 

 vs. log 

 

t

 

 is curved and
approaches a straight line with a slope according to the anti-
cipated dimensionality only at long times. Figure 2 shows a
schematic comparison of  the curves expected for the ideal case
and the measured curves.

The reason for these deviations is clear and has already
been mentioned. The beginning of  the experiment is theoretic-
ally characterized by a sharp delta pulse for bleaching. In real
experiments, the bleaching takes a certain period of  time. In
addition, the bleaching beam has a finite width. Both devia-
tions from the ideal case result in a shift in the experimental
time scale (which starts at the scanning of  the first image)
compared with the ideal time scale. If  the duration of  the
bleaching pulse were infinitely short, the spatial width of
the bleaching beam would account for a broadening of  the
bleached pattern, which in turn could be interpreted as the
result of  a bleaching pulse that was infinitely narrow on
the spatial scale but the bleach pattern of  which was observed
only after a certain period of  time. By contrast, if  the bleaching
pulse were infinitely narrow on the spatial scale, it takes a cer-
tain period of  time to obtain an adequate amount of  bleaching.
During that time, a diffusive broadening of  the bleached
pattern occurs, which again causes a temporal shift in the
experimental time scale.

It is thus possible to correct for these deviations either on
the time scale or on the length scale:

(13)

where  denotes the intercept in Fig. 2(b), which may be
transformed into a shift of  the time scale, 

 

t

 

0

 

. It is important to
note that this shift does not have any influence on the determi-
nation of  the diffusion coefficient, as 

 

D

 

 is derived from the slope
of  the line. However, it greatly affects the course of  log 

 

A

 

 vs.
log 

 

t.

 

 For a correct estimate of  the diffusion dimension, it is
absolutely necessary to apply the correct time shift 

 

t

 

0

 

. Fortu-
nately, there are two criteria which may be used to find it and
which have to be met simultaneously: 

 

t

 

0

 

 has to be chosen such
that the intercept of  the plot of  

 

w

 

2

 

 vs. 

 

t

 

 

 

+

 

 

 

t

 

0

 

 is minimized and
that the curvature of  the plot of  log 

 

A

 

 vs. log(

 

t

 

 

 

+

 

 

 

t

 

0

 

) is minim-
ized as well. For convenience, we proceed in two steps. The
extrapolation of  the observed line in the 

 

w

 

2

 

 vs. 

 

t

 

 plot to 

 

w

 

2

 

 

 

=

 

 0
gives a first estimate for 

 

t

 

0

 

. In the second step, a quadratic func-
tion is fitted to the log 

 

A

 

 vs. log(

 

t

 

 

 

+

 

 

 

t

 

0

 

) plot. Iterative variation
of  

 

t

 

0

 

 until the quadratic term vanishes is used for fine-tuning.
The fact that both criteria are fulfilled with the same time shift

 

t

 

0

 

 is a sensitive check for consistency of  the whole procedure. If
the simultaneous minimization fails, deviations from purely
diffusive transport must be suspected. Determination of  the
dimensionality of  diffusion may serve as a check of  the experi-
mental conditions or as a hint to an anisotropic sample.

 

Realization of  the concept

 

In this section, the evaluation procedure is comprehensively
described and illustrated using FRAP experiments performed
on Rhodamine B in glycerol.

As mentioned above, a CLSM allows bleaching of  simple
geometrical patterns like a line or a point into the confocal
plane. By using an objective of  low NA, this yields 3D bleach-
ing geometries that correspond to the simple cases of  1D diffu-
sion from a plane source or 2D diffusion from a line source.
Then Eq. (9) forms the basis for the determination of  the diffu-
sion coefficient 

 

D

 

 and the dimensionality 

 

d

 

.
In Fig. 3, some typical images are presented taken before

and during FRAP experiments for the two cases mentioned
above. They are for Rhodamine B in glycerol at a concentra-
tion of  0.4 g L

 

−

 

1

 

. These pictures show sections through the 3D
sample along the confocal (

 

x

 

,

 

y

 

)-plane. Because an objective
with a comparatively low NA value was used for bleaching,
the bleach patterns displayed also exist along the 

 

z

 

-axis above
and below the confocal plane.

To analyse these data, the intensity profiles within the
bleached areas have to be determined for each image (where
each image represents a certain point in time during the fluo-
rescence recovery process) and fitted to Eq. (9). The intensity
data are averaged over different equivalent positions to reduce
statistical noise. The free fitting parameters are the baseline
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intensity I0, the depth of  bleaching (amplitude) A and the full
width at half  maximum w. This yields the possibility to estimate
the diffusion coefficient by plotting w2 vs. t according to Eq. (10),
while a plot of  log A vs. log t should give the dimensionality d
according to Eq. (12). As discussed in the preceding section,
the appropriate shift of  the time scale, t0, has to be applied.

In detail, the data processing is highly automated and
proceeds in the following steps.

1. Normalization. Performing a FRAP experiment on a CLSM
yields a series of  images of  typically 512 × 512 pixels and 256
(colour-coded) intensity values. For automation of  data analysis,
a matlab software was written which first imports all these
images and stores them as 512 × 512 matrices, where each
entry quantifies the fluorescence intensity at that particular
point by a number between 0 and 255. The image matrices
corresponding to the FRAP process are then normalized to the
prebleach situation by dividing each FRAP image by a mean
matrix over several prebleach images. All further steps of
the analysis are based on the resulting normalized FRAP
matrices.

2. Averaging. Secondly, several profiles of  fluorescence inten-
sity have to be determined through the bleached region. If  a
point has been bleached into the confocal plane (which corre-
sponds to 2D diffusion), it is required that the centre of  the
bleached spot is exactly localized. This is done by using a
search algorithm (described in detail in the Appendix). Next,
a mean profile of  fluorescence intensity through the centre
point is calculated by averaging all the intensity data within
small radial intervals. In the case of  bleaching a line into the

confocal plane (which corresponds to 1D diffusion), the inten-
sity data of  sections running perpendicular to the bleached
line are averaged. There is the option to omit some sections at
the periphery of  the images to avoid edge effects. As a result,
an averaged (radial or linear, depending on the bleach pat-
tern) profile of  fluorescence intensity is obtained for each
image and thus for each instant of  the recovery process.

3. Fitting of  a Gaussian function. The averaged intensity pro-
files for all FRAP images obtained during a recovery process
are then fitted to Eq. (9) by the least-squares method. This
yields a set of  fit parameters for each image, namely w2 and A,
as a function of  time. To demonstrate the quality of  such fits,
Fig. 4 shows some examples of  averaged intensity profiles and
the corresponding fit functions. The data belong to the images
depicted in Fig. 3. The agreement is excellent, providing a
sound basis for the determination of  D and d.

4. Estimate of  the diffusion coefficient and the dimensionality.
At the end of  the analysis procedure, the fitting parameter w2

is plotted vs. t, which yields a straight line of  slope 2D. Extra-
polation of  this line to w2(t0) = 0 gives a first approximation for
the time lag t0. This value is later fine-tuned by plotting log A
vs. log(t + t0) and fitting a quadratic function as given by
Eq. (14) to the resulting curve.

(14)

By slight variation of  t0 until the coefficient a approaches zero,
the correct value for the time lag t0 can be deduced. Then, the
plot of  log A vs. log(t + t0) yields a straight line with slope –d/2.

Fig. 2. Comparison of  the ideal (a and c) and real
(b and d) course of  w2 vs. t and of  log A vs. log t
(schematic). The time lag t0 corrects for the deviations
from ideality. The slope of  the lines in (a) and (b) is 2D,
while it is –d/2 in (c).

log     (log(   ))     log(   )  .A a t t b t t c= ⋅ + + ⋅ + +0
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As a result of  the last step, the real FRAP experiment is
transformed into the hypothetical ideal case characterized by
an initial intensity profile having the form of  a Dirac function.
This step is discussed in detail below. It is fully implemented in
the matlab software designed for this purpose, which is avail-
able upon request from the authors.

Materials and methods

Test solutions

Rhodamine B was obtained from Sigma and dissolved in glyc-
erol at c = 0.4 g L−1. (The glycerol was not purified and may
contain some water.) PMMA microspheres were obtained by
an emulsion polymerization as described by Sosnowski et al.
(1994). The resulting suspension was used as received after
adding one droplet of  an aqueous solution of  Rhodamine B
(c = 0.4 g L−1) to 1 mL of  the suspension. Rhodamine B is
assumed to adsorb on the particle surface.

FRAP equipment

A Leica TCS SP2 CLSM was used to perform the FRAP measure-
ments. Under a 10× DRY objective of  NA = 0.3, the fluoro-
phore was excited in the scanning mode with the 543-nm line

Fig. 3. Images from a series taken during FRAP experiments on
Rhodamine B dissolved in glycerol (c = 0.4 g L−1) for 1D diffusion after
bleaching a line (left) and for 2D diffusion after bleaching a point (right)
into the focal plane. Images (a) and (e) show the sample before bleaching,
while images (b) and (f ), (c) and (g), and (d) and (h) were taken at 1, 30
and 90 s after bleaching, respectively. The image dimensions are about
80 × 80 µm2 for both cases.

Fig. 4. Averaged intensity profiles obtained from the FRAP images shown
in Fig. 3. (a) 1D diffusion, (b) 2D diffusion at 1 s (�), 30 s (�) and 90 s (�)
after bleaching. The full lines are the fitted Gaussian functions.
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of  the HeNe laser at 50% of  its maximum intensity (which was
measured to be 0.22 mW at the object level). Bleaching was
accomplished by irradiation of  the fluorophore with the 543-
nm line of  the HeNe laser and the 514-nm and the 488-nm
lines of  the Ar laser, each at full intensity (whereby measured
intensities at the object level were 0.22, 7.0 and 6.2 mW,
respectively). Further settings were: beam expander = 3,
zoom = 20 (which led to an image dimension of  about
80 × 80 µm) and line scanning speed = 800 Hz (in the scan-
ning mode, images where taken at 1 fps) at a resolution of
512 × 512 pixels. For measuring the faster diffusion of  the
fluorescent microspheres in water, resolution was reduced
to 256 × 256 pixels, while scanning speed was accelerated to
1000 Hz in the bidirectional scanning mode, which led to a
scanning rate of  5 fps.

Ultracentrifugal analysis

Ultracentrifugal analysis was performed on a commercial
analytical ultracentrifuge (OPTIMA XL-A 70, Beckmann-
Coulter). Detection was performed by UV–visible absorption of
the Rhodamine B-labelled PMMA suspension.

Experimental FRAP protocol

Samples for FRAP experiments were prepared by placing a
droplet of  each solution on a microscopy slide and placing a
coverglass on top. The system was sealed with nail polish. This
yields samples with a thickness of  about 60 µm. The confocal
plane was set to be approximately in the middle of  the sample.
Before bleaching, a stack of  ten images was scanned to record
the prebleach situation. For bleaching a point into the con-
focal plane (which should lead to 2D diffusion), a chosen spot in
this plane was irradiated for 3 s with the laser settings men-
tioned above. For bleaching a line (which should yield 1D dif-
fusion), the mode was switched into xt-scanning and zoom
was halved to ensure that the bleached line extends over the
chosen image dimensions in order to prevent side-effects.
Subsequently, six images were scanned with the laser settings
mentioned above. To record the post-bleach series, the mode
was switched back to xyt-scanning and zoom was again
doubled. After bleaching, a series of  images was recorded to
document the recovery process, with a temporal spacing of  1 s
between each image for the measurements on Rhodamine B
in glycerol and 0.2 s for the measurements on fluorescent
microspheres at 25 °C, respectively. The time information was
recorded automatically by the Leica confocal software into an
information file that was accessed by our matlab software
when analysing the data.

Data extraction and fitting

Analysis of  the recorded images was automatically performed
by the matlab software as mentioned above. All fitting results

and interesting intermediate data (such as the averaged inten-
sity profiles) were written to hard disk.

Experimental protocol of  the ultracentrifugal analysis

To validate the data obtained from the FRAP-experiments,
ultracentrifugal analysis measurements were taken. Estim-
ates of  the sedimentation coefficient were made from several
measurements at three different rotational velocities (8000–
12 000 r.p.m.) on the labelled PMMA suspension at 25 °C.

Results and discussion

To validate the concept, several FRAP experiments were
performed on solutions of  Rhodamine B in glycerol and on
suspensions of  PMMA microspheres in water.

Rhodamine B

Examples for some of  the FRAP images and the corresponding
intensity profiles taken from measurements on Rhodamine B
in glycerol are shown in Figs 3 and 4. In Fig. 5, the fit para-
meter w2 is plotted vs. (uncorrected) time for these two experi-
ments, with one data set belonging to the line-bleaching
experiment and the other to the point-bleaching experiment.
The full lines are linear least-squares fits to the data. The diffu-
sion coefficient was estimated from the slope of  these lines as
D1 = 0.56 µm2 s−1 for the 1D line-bleaching experiment and
D2 = 0.51 µm2 s−1 for the 2D point-bleaching experiment. The
results show good agreement. Furthermore, extrapolation of
the straight lines yields a first approximation for the time lag t0

of  10.8 s for line-bleaching and 6.4 s for point-bleaching.

Fig. 5. w2 vs. t plots for two examples of  FRAP experiments on Rhodamine
B in glycerol (c = 0.4 g L−1): (�) line-bleaching, (�) point-bleaching
experiment. The slope of  the lines gives the diffusion coefficient (0.56 and
0.51 µm2 s−1, respectively), while extrapolation of  the fitted lines to w2 = 0
yields a first approximation for the time lag t0 (10.8 and 6.4 s, respectively).
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To estimate or check the diffusion dimension, log A is
plotted vs. log(t + t0), while t0 is fine-tuned by iteration in the
manner described in the preceding sections. This procedure is
visualized in Fig. 6 for the two experiments mentioned above.
For comparison, plots of  log A are shown vs. the logarithm of
the uncorrected time, the time corrected according to Fig. 5,
and the time corrected further by iteration so that the log–
log plot turns out to be linear. It can be seen that the shift of  the
time axis is absolutely necessary to obtain the required linear
course of  the curve. For the point-bleaching experiment
(Fig. 6b), the two lines obtained after the first and second
approximation steps do not differ appreciably. The time lag t0 is
moved from 6.4 to 5.4 s. The slopes of  the corresponding lines
give dimensionalities of  2.05 or 1.99, respectively (theory:
2.00). For the line-bleaching experiment (Fig. 6a), the itera-

tion has a more visible effect. Whereas t0 is moved from 10.8 to
9.9 s, the dimensionality is estimated to be 1.15 or 0.95,
respectively (theory: 1.00).

When the linear fits in Fig. 5 are forced to intersect the
abscissa at the refined t0 values, the dashed lines are obtained.
These differ only marginally from the original lines, emphasiz-
ing that the refinement gives rise to just minor changes.
The values for the diffusion coefficient in this case change
from D1 = 0.56 µm2 s−1 to D1 = 0.58 µm2 s−1 for the (1D)
line-bleaching experiment and from D2 = 0.51 µm2 s−1 to
D2 = 0.53 µm2 s−1 for the (2D) point-bleaching experiment.
The agreement between results achieved by different methods
of  evaluation and by different bleaching geometries is excel-
lent. This is a strong argument in support of  the concept.

Thus far, we have compared two simple experiments. As
a check for reproducibility, each bleaching experiment was
repeated five times to obtain averages of  D and d as well as the
of  the corresponding standard deviations. The data compiled
in Table 1 show that the diffusion coefficient and the diffusion
dimension can be estimated to within ±10%, with point
bleaching experiments showing a tendency to greater scatter.

PMMA microspheres

An aqueous suspension of  monodisperse PMMA microspheres
was investigated because it poses a particular challenge to
FRAP measurements owing to the fact that diffusion is much
faster than that of  Rhodamine B in glycerol. Moreover, the size
of  the microspheres was determined by an independent method,
and thus the absolute value of  the diffusion coefficient could be
checked. The microspheres had been labelled with Rhodamine
B simply by adsorption of  the dye from the aqueous phase.

Velocity runs in the analytical ultracentrifuge were per-
formed to determine the particle size. The sedimentation co-
efficient was measured as S = (7.1 ± 0.3) × 10−12 s at rotational
velocities of  8000, 10 000 and 12 000 r.p.m. From this value,
the radius of  the particles can be calculated (Cantow, 1964;
Scholtan & Lange, 1972):

(15)

where ηD denotes the dynamic viscosity of  the dispersing
medium (1.001 mPa.s), ρD its density (0.997 g cm−3), and ρP

Table 1. Experimental results of  several FRAP measurements on solutions of  rhodamine B in glycerol.

Data from extrapolation of  w2 vs. t Data after iterative refinement 

Experiment D (µm2 s−1) d D (µm2 s−1) d dtheoretical

Line-bleaching 0.56 ± 0.04 1.03 ± 0.11 0.58 ± 0.04 1.02 ± 0.03 1
Point-bleaching 0.56 ± 0.10 1.99 ± 0.09 0.57 ± 0.11 2.00 ± 0.09 2

Fig. 6. Plots of  log A vs. log(t + t0) for two examples of  (a) line-bleaching
and (b) point-bleaching experiments on Rhodamine B in glycerol. (�)
Uncorrected (t0 = 0), (�) after extrapolation, (�) after iteration to
optimize linearity.
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the density of  the particles (1.224 g cm−3, Lorenz et al., 1991).
Utilizing these parameters, we obtained rp = (11.9 ± 0.2) nm.
With the Stokes–Einstein equation,

(16)

the diffusion coefficient was calculated to be D = (18.3 ±
0.4) µm2 s−1.

FRAP experiments were performed on the same suspen-
sions using the point-bleaching method (2D diffusion).
Three repeat measurements, which were analysed according
to the procedure described above in detail, gave D = (19.3
± 0.5) µm2 s−1. The diffusion dimension was estimated to
be d = 2.03 ± 0.10. These results are noteworthy not only
because there is good agreement between the two experimen-
tal methods with regard to D, but also because they show that
the method works well even for rapidly diffusing systems. In
fact, in this experiment the duration of  the bleaching pulse
was 3 s, while scanning was performed for only 2 s (ten images
were taken in intervals of  0.2 s). It is thus corroborated that
the FRAP method described here is fairly robust and suitable
for handling extreme experimental conditions.

Conclusions and outlook

Performing FRAP experiments in a CLSM offers some advant-
ages over the use of  classical procedures because of  two
reasons: the generation of  simple bleaching patterns coming
close to a line or a plane source is readily possible, and the
recovery process can be followed on the time scale and on the
spatial scale as well. This makes data evaluation particularly
facile and straightforward. Analysing the fluorescence inten-
sity profiles obtained according to the method presented here
provides not only the diffusion coefficient without any calibra-
tion measurement, but also the dimensionality of  the diffu-
sion. Because two independent criteria are used to correct the
experimental time scale for the actual initial conditions,
an internal check of  consistency is automatically included,
which would indicate any systematic errors.

The experiments performed to demonstrate the reliability of
the method clearly show that the diffusion coefficient can be
determined with high accuracy even under unfavourable con-
ditions. The estimate of  the dimensionality of  the diffusion
process agrees well with expectations. This proves that the
evaluation method has a sound experimental basis.

Only slight modifications are needed to apply this method to
analyse and quantify diffusion processes in anisotropic media.
The principal axes of  the medium would be obtained from
the direction-dependent width of  the Gaussian profiles, when
point-bleaching experiments were performed. Utilizing a
CLSM with the ability to rotate the scanning field could enable
us to quantify the mobility along these directions also by line-
bleaching experiments.
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Appendix

Search algorithm to find the centre of  the bleached spot

To find the centre of  the bleached spot in FRAP images auto-
matically, a search algorithm was written and included in our
matlab software. We now describe its principles in detail.

As already discussed, FRAP images are present as
512 × 512 matrices in matlab, where each entry quantifies
the fluorescence intensity at a particular point by a number
between 0 and 255. After normalizing each image to the pre-
bleach situation by division by a mean matrix over several pre-
bleach images, the centre of  the bleached spot is estimated in
the following manner.

Each image is scanned by a test window that is moved over
the image and quantifies the value of  rotational symmetry for
each position. If  the test window is placed somewhere outside
the bleached region, the rotational symmetry is lower than in
the case when the test window is placed exactly over the cen-
tre of  the bleached spot. To quantify the degree of  rotational
symmetry, the test window is duplicated and the duplicate is

rotated by 90°. The difference matrix is then calculated from
the rotated and non-rotated test window. If  the test window is
placed over the centre of  the bleached spot, the rotational sym-
metry is high and the difference matrix contains many small
entries relating to their absolute values. In the alternative
case, if  the test window was placed at a point within the origi-
nal image with low rotational symmetry, the difference matrix
shows many entries with huge absolute values. To simplify
this quantification into one numerical value, all the entries of
the difference matrix are squared and summed, which yields a
number that we term the sum of  squared differences (SSD).
The lower the SSD, the higher the rotational symmetry for the
present position of  the test-window.

Figure 7 shows a scheme of  this principle. Figure 8 presents
an example of  an SSD for each position of  a test window of  150
× 150 pixels on a typical 512 × 512-pixel FRAP image such as
that in Fig. 3(f ). It can be seen that the SSD has a minimum, which
marks the centre of  the bleached region. In the matlab software,
the minimum is estimated by searching the lowest entry within
a fully calculated SSD matrix in a circular manner around the
pixel with the lowest intensity inside the original image.

Fig. 7. Principle of  the search algorithm to find the
centre of  the bleached spot.
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Fig. 8. Example for a plot of  SSD values for each
position of  a test window of  150 × 150 pixels on a
typical 512 × 512-pixel FRAP image.


