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1 Introduction

Abstract. In this study we examine the implications of excitation satu-
ration on fluorescence recovery after photobleaching (FRAP) experi-
ments. In particular we present both experimental and theoretical evi-
dence that fluorescein, one of the most frequently used fluorophores
in FRAP, does not always comply with the basic assumptions that are
made in many FRAP models: an invariant bleaching illumination in-
tensity distribution (BID) in combination with first-order photobleach-
ing kinetics. High light intensity levels, which are typical for the pho-
tobleaching phase of FRAP experiments, can cause excitation
saturation of fluorescein in the excited triplet state. We show by ex-
periments and computer simulations that under such saturating con-
ditions the higher-order diffraction maxima of the BID substantially
contribute to the photobleaching process and can no longer be ne-
glected. As a result, the bleached regions are larger than expected
theoretically from the FRAP models. Although this effect is not always
directly evident from the FRAP experiments, neglecting it may shift the
calculated diffusion coefficient by as much as over one order of mag-
nitude. We present a discussion on the implications of this saturation

effect on various types of FRAP models. © 2006 society of Photo-Optical Instru-
mentation Engineers. [DOI: 10.1117/1.2337531]
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called discontinuous photobleaching techniques—the bleach-
ing phase is assumed to be very short compared to the recov-

A well-known, yet ever-evolving fluorescence technology that
is used for measuring the mobility of molecules on a micro-
scopic level is fluorescence recovery after photobleaching
(FRAP).' Basically, the fluorescent molecules are at first
photobleached in a certain region of the sample and immedi-
ately after the bleaching phase, fluorescent molecules from
the surrounding unbleached areas will start to diffuse into the
bleached area. The resulting recovery of the fluorescence in
the bleached area is subsequently measured by a highly at-
tenuated light beam. The rate of fluorescence recovery reflects
the mobility of the species in the system, expressed by the
effective translational diffusion coefficient D. FRAP has been
used, for example, in cellular applications to assess the trans-
lational mobility of all kinds of solutes in cytoplasm, nuclei,
and membranes’ and extracellular matrices such as cervical
mucus, biofilms, cystic fibrosis sputum, and bovine
vitreous.* ™!

The diffusion coefficient can be calculated from a FRAP
experiment by fitting of an appropriate FRAP model to the
experimental recovery curve. In many FRAP models—the so-
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ery time. 1=20 Consequently, diffusion during bleaching can be
neglected and the bleaching phase can be solely described by
the photochemical bleaching process. In addition, the assump-
tion is usually made that the bleaching process can be de-

scribed by an irreversible first-order reaction;'!~1313°18:21-23
IC(x,y,z,1)
T=_a1b(x’y’z)c(x7yazvt)’ (1)

where C(x,y,z,t) is the spatial concentration distribution of
fluorophores at a time #, « is the bleach rate, which is specific
for a specific fluorophore in a particular medium, and
I,(x,y,z) is the bleaching illumination intensity distribution
(BID). Equation (1) is based on the simple reaction scheme of
fluorophore +photon — photobleaching  product. If the
bleaching beam is stationary, Eq. (1) immediately leads to

Cp(x,y,2) = Colx,y,z) eyt (2)

where Cy(x,y,z) is the fluorophore concentration distribution
before bleaching and C,(x,y,z) the fluorophore concentration
distribution after bleaching during a time ¢. In case of a ge-

1083-3668/2006/11(4)/044013/13/$22.00 © 2006 SPIE

July/August 2006 < Vol. 11(4)



Braeckmans et al.: Anomalous photobleaching in fluorescence recovery...

ometry being bleached by a scanning beam, which is mostly
the case for FRAP experiments on a CSLM, Eg. (1) leads to""

Cp(x,y,2) = Colx,y,z)em Akt 3)

where v is the line scanning speed and Ay the distance be-
tween two adjacent scanning lines and where it is understood
that Ay is smaller than half the resolution of the BID.
K(x,y,z) is the bleaching illumination intensity distribution
that results from scanning the area B(x,y) with the BID
I1(x,y,z) and can be calculated from their convolution prod-
uct:

K(x,y,2) = B(x,y) ® I,(x,y,z)
400 400
=f f B(x' y)(x—x",y—y',z)dx'dy’.

(4)

After the instantaneous photobleaching phase, the fluores-
cence inside the bleached region will gradually recover due to
diffusion of the bleached fluorophores out of the bleached
region and diffusion of unbleached fluorophores from the sur-
roundings into the bleached region. The diffusion process is
described by Fick’s second law:**

Jd
EC(x,y,z,t) =DV*C(x,y,2,1), (5)

where D (m?/s) is the diffusion coefficient and C(x,y,z,?)
the spatial concentration distribution of the diffusing sub-
stance at a time ¢ after bleaching. To model the recovery
phase, this differential equation has to be solved for the con-
centration distribution right after bleaching as calculated from
Eq. (2) or (3). Hence, the correctness of the FRAP model
depends directly on the validity of assuming first-order kinet-
ics for the photobleaching process. In case first-order kinetics
are not valid, the concentration distribution after bleaching
will be different from the one calculated from Eq. (2) or (3).
Consequently, the FRAP model will no longer be valid, lead-
ing to incorrectly calculated values for the diffusion coeffi-
cient.

A very popular fluorophore for FRAP is fluorescein'” be-
cause it photobleaches easily and therefore can comply with
the assumption of a very short bleaching phase. It has been
shown, however, that the bleaching process of fluorescein is
not a simple first-order reaction and in microscopy, in general,
it does not follow a single exponential decay.25 It is therefore
to be expected that the concentration distribution after bleach-
ing is generally no longer accurately predicted by Egs. (2) and
(3) when using fluorescein, especially under the saturating
conditions of the photobleaching phase.

Here we study the effect of excitation saturation of fluo-
rescein on the concentration distribution after photobleaching.
First we will repeat in short the photochemical processes lead-
ing to the photobleaching of fluorescein. Then we will exam-
ine in detail, both experimentally and theoretically, the con-
centration distribution of fluorescein after photobleaching
with the confocal microscope as a function of the bleaching
light intensity. Finally, a discussion will be given on the im-
plications of excitation saturation on various FRAP models.
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Fig. 1 A simplified Jablonski energy diagram for a typical fluorophore
showing possible transitions between the ground state S, the excited
singlet state S”, and the excited triplet state T, as explained in the
main text.

2 Theoretical Background: Photobleaching of
Fluorescein in Microscopy

2.1 The Photobleaching Process of Fluorescein

A detailed description of the photobleaching kinetics of fluo-
rescein has been published by Song et al® As the pho-
tobleaching process in the computer simulations of this study
is based on the work of Song et al., we will repeat the main
conclusions here for convenience of the reader. A fluorophore
can make an electronic transition from the ground state S to
the excited singlet state S* (see Fig. 1) by absorbing a photon
of wavelength A (m) and corresponding energy hc/\,,, where
h is Planck’s constant and c is the speed of light. If the exci-
tation light has an irradiance H (W/m?) and the fluorophore
has an absorption cross-section o, (m?/molecule), the rate of
photon absorption k, (s7!) is

A
k = H.ﬁ
: aa( hc), (©)

The absorption cross-section for fluorescein at 488 nm and
pH>7 is 3.06 X 10720 m?/molecule.”® The number of fluo-
rophores in the excited singlet state S™ will be depopulated via
fluorescence emission (rate kf), radiationless internal conver-
sion (rate k;.), and radiationless intersystem crossing to the
excited triplet state T* (rate k;.). The spin-forbidden transi-
tion from T" to S will happen at a (usually very low) rate k;.
While being in the excited singlet or triplet state, irreversible
photochemical destruction of the fluorophores can occur, a
process termed photobleaching. Those fluorophores that are
photobleached can no longer take part in the fluorescence
excitation-emission cycle.

For fluorescein it has been demonstrated that the short-
lived excited singlet state does ordinarily not contribute to the
photobleaching mechanism. The long-lived triplet excited
state, at the other hand, becomes depopulated via two major
pathways: (1) the reaction between a triplet and another triplet
or a ground state fluorescein molecule, and (2) the reaction
between a triplet fluorescein molecule and an oxygen mol-
ecule. These two mechanisms are termed the dye-to-dye
(D-D) and dye-to-oxygen (D-O) mechanisms and can lead to
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Table 1 Photochemical reactions of fluorescein.

Reaction Description Rate constants
S+hy—S" Photon absorption k,

S"—S+hv Fluorescence emission ky=ki+kc=2.134x 108 57!
S'—S Internal conversion

S T Intersystem crossing ki=6.6X 100 57!
T"—S Radiationless deactivation ky=50s""

T+T —=T'+S Triplet quenching ky=5x108 M1 57!

T +S—S+S Triplet quenching k3=5x107 M1 571

T +T"=R+X Electron transfer ky=6Xx108 M1 5!
T"+S—R+X Electron transfer ks=5x107 M- 5!

T +X—S+X T" quenching by X ke+k;=5x108 M~Ts!
T"+R—S+R T" quenching by R

T'+0,—S5+0, Physical quenching by O, kg=1.56x10° M1 57!

T"+Oy—X+HO, (or O3)

Chemical quenching by O,

ko=1.4% 108 M1 5!

Reproduced from Song et al.?

either reduced (R) or semi-oxidized (X) radical forms. These
radicals can again react with triplet state molecules and revert
either to stable nonfluorescent photoproducts or back to the
ground state. Song et al.” have incorporated all relevant pho-
tochemical reactions into a theoretical model comprising the
following six coupled differential equations:

%[Ns(f)] = [kgNs*(2) + kyNy=(1) + kzNi*(t) + k3Np+(1)Ns (1)

+ keNp+(1)Nx(t) + k7Ny=(t) Ny (1)
+kgNr+()No, (1)) = [k,Ns(1) + ksNr=(t)Ns(1)],

TN 0] = kNS0 = [N () + kN (0]

%[NT*(I)] = ki Ng#(t) = [k Np=(2) + kzN%*(f) + ksNp+(1)Ns(1)

+ 2kyNaws (1) + ksNp+(1)Ns (1) + keNr+(1)Nx (1)
+kyNp+()NR (1) + kgN1+(t)No, (1)
+koN+(t)No (1],
d
d_t[NX(t)] = k4N-2r*(t) + ksNy+(1)Ns(1) + k9NT*(f)N02(f),
d 2
E[NR(t)] = kyN7+(1) + ksNy+(1)Ns(2),
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< [No,(0)] =~ ko (DN (0. ™)

The individual photochemical reactions and the corre-
sponding rate constants as reported in Song et al.” are shown
in Table 1. This set of differential equations has to be solved
numerically for a given rate of photon absorption k, and ini-
tial values for the concentrations Ng, Ng*, N1+, Nx, Ng, and
No,. The rate of photon absorption k, can be calculated from
Eq. (6) for a given irradiance H.

2.2 Photobleaching of Fluorescein by a Focused
Laser Beam

When a laser beam is focused down through an objective lens,
a complex 3-D intensity distribution results around the focal
point. For clarity and because most FRAP models are limited
to diffusion in two dimensions, the study presented here will
be restricted to two dimensions as well (focal plane). The
conclusions from this study equally apply to the third dimen-
sion as well. The radial irradiance distribution in the focal
plane of a (confocal) microscope’s objective lens is in good
approximation given by the Fraunhofer—Airy formula, which
is valid for small diffraction angles:*’ >

0.61 )2[ 27,(1.227r/w) ]2

H(r)= Pw(—
w 1.227riw

(8)

where P is the power (W) of the light emerging from the
objective lens, J; is the first-order Bessel function of the first
kind, and w the resolution of the lens, which is defined as the
position of the first minimum. For an objective lens of nu-
merical aperture NA, the resolution can be calculated from the
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Fig. 2 The illumination intensity distribution in the focal plane. (a)
The diffraction pattern in the focal plane of the 10X objective lens has
been recorded by imaging a 190-nm fluorescent nanosphere with the
confocal microscope. The confocal diaphragm was opened com-
pletely to allow the light coming from higher-order diffraction rings to
enter the detector. Besides the central maximum, the first- and
second-order diffraction rings are visible as well after applying a loga-
rithmic color map. The intensity distribution along the vertical direc-
tion in the image is also shown (solid line). The central peak can be
very well approximated by a Gaussian intensity distribution (dashed
line). (b) For comparison, the diffraction pattern according to the
Fraunhofer—Airy formula is shown as well using the same color map.
Again the central peak of the theoretical curve (solid line) can be very
well approximated by a Gaussian intensity distribution (dashed line).

Rayleigh criterion:*® w=0.61\/NA. Figure 2(a) shows the
actual diffraction pattern in the focal plane of the objective
lens that will be used in this study (see “Materials”), which is
recorded by imaging a small fluorescent nanosphere with a
completely opened confocal diaphragm. A logarithmic color-
map was applied to make the first- and second-order diffrac-
tion rings visible. Since the real diffraction pattern is not per-
fectly radially symmetric, most likely due to slight
imperfections of the microscope’s optical path, we will show
throughout this study the intensity profiles along one direction
only (y-direction). The intensity distribution along the
y-direction is shown in Fig. 2(a). By analyzing the position of
the first minimum, we find that the resolution w is approxi-
mately 1.5 um. For comparison, the theoretical irradiance
distribution according to Eq. (8) is shown in Fig. 2(b) for w
=1.5 um. As expected, Eq. (8) adequately represents the dif-
fraction pattern of the focused laser beam at the focal plane.

For most fluorescence applications it is sufficient to take
the central part of the diffraction pattern into account. For
example, the central peak of the Fraunhofer—Airy distribution
contains 84% of the total amount of light in the diffraction
pattern while the subsequent higher-order maxima have a
relative intensity of only 1.7%, 0.4%, 0.1%, etc. Hence, also
for FRAP models a more simple Gaussian distribution is or-
dinarily used to describe the BID:

H(r) = H(0)e™>"%, )

which accurately describes the central peak as is shown by the
best fit of Eq. (9) in Figs. 2(a) and 2(b). In that context, the
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parameter r( is usually referred to as the resolution of the BID
as well, but differs slightly from w because it has a different
definition [r(=0.69w, as determined by a best fit of Eq. (9) to
Eq. (8)].

FRAP models that explicitly take the BID into account
never use the relatively complicated Eq. (8) but rather the
simplified Gaussian intensity distribution Eq. (9)>'*"'®?! or
possibly a 3-D extension with an additional axial (modified)
Gaussian distribution, !> However, as we will show further
on, the higher-order diffraction maxima cannot be neglected
any longer in case of fluorescein being bleached by a high-
intensity laser beam. Under the extreme illumination condi-
tions of the bleaching phase, even the higher-order diffraction
maxima will be able to populate the excited triplet state T"
significantly, resulting in a complex expanded bleaching pro-
file that can no longer be explained by simple first-order pho-
tobleaching with a Gaussian intensity distribution.

3 Materials and Methods
3.1 The Bleaching and Imaging System

The FRAP experiments are performed on a CSLM (model
MRC1024 UV, Bio-Rad, Hemel Hempstead, UK) equipped
with  the SCAMPER module for photobleaching
e)(perirlle:nts.3l’32 The module consists of a 4 W Ar-ion laser
(model Stabilite 2017; Spectra-Physics, Darmstadt, Germany)
and an acousto-optical modulator (AOM) (Brimrose, Camp-
bell, Baltimore, MD, USA), controlled by a computer and
dedicated software. The AOM controls the intensity of the
laser beam that is sent to the CSLM. A high-power laser beam
(“bleaching beam”) is used for photobleaching, while a low-
power beam (“detection beam”) is used for the recording of
the confocal images. Bleaching masks can be designed in the
software that controls the AOM. While recording an image
with the CSLM, low- and high-power laser light is sent to the
sample according to the selected bleaching mask.

All bleaching experiments have been performed with the
488-nm line from the Ar-ion laser. The intensity of the laser
beam at the sample can be controlled over a range of
0 to 10 mW. A 10X objective lens (CFI Plan Apochromat;
Nikon, Badhoevedorp, The Netherlands) with a numerical ap-
erture (NA) of 0.45 was used for bleaching. On the Bio-Rad
confocal microscope, the back aperture of this lens is only
partially filled, however, resulting in a lower effective NA of
about 0.2 for the illumination beam and a corresponding reso-
lution w=1.5 wm (and ry=1.0 um). The resolution was de-
termined by directly imaging 190-nm fluorescent nanospheres
(Molecular Probes, Leiden, The Netherlands) with a com-
pletely opened confocal diaphragm. Imaging of the bleached
profiles was done with a high-resolution 60X water immer-
sion lens of 1.2 NA (CFI Plan Apochromat; Nikon, Badho-
evedorp, The Netherlands) having a resolution w of approxi-
mately 0.25 um.

3.2 Photobleaching Experiments

Fluorescein isothiocyanate dextrans (Sigma-Aldrich, Bornem,
Belgium) of 2000 kDa molecular weight (FD2000) were in-
corporated in an acrylamide gel. The acrylamide gel was pre-
pared by radical polymerization of an aqueous acrylamide so-
lution (30% w/w). The solution was prepared by dissolving
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acrylamide in deoxygenated phosphate buffer (10 mM
Na,HPO,, 0.02% sodium-azide, adjusted with 1 N hydro-
chloric acid to pH 7.0). Prior to addition of the gelation re-
agents, 3.915 mg/g gel of FD2000 was added. The polymer-
ization reagents were N,N,N’ N’-tetramethylene-ethyl-
enediamine (TEMED; Fluka, Buchs, Switzerland) and ammo-
nium persulphate (10% w/v) (APS; VWR International, Leu-
ven, Belgium). The procedure involves adding 0.5 uL
TEMED solution to 1 g hydrogel. After mixing, 2.5 uL. APS
solution was added to initiate gelation. The gelating mixture
was transferred into a cuvette with a glass bottom for use with
an inverted microscope (Nalge Nunc International, Naper-
ville, IL, USA). The gelation required 1 hour at room tem-
perature. FRAP measurements using the CSLM'' revealed a
very low diffusion coefficient of 0.020+0.005 wm?/s and a
large fraction of immobile fluorescent FITC-dextrans of
90+5%.

Bleaching experiments were performed with a stationary
laser beam (“beam parked”) or a line scanning beam. The
laser power at the sample was between 1 uW and 5 uW for
imaging and up to 10 mW for bleaching. The time between
the bleaching phase and imaging of the bleached profiles was
approximately 30 min to allow diffusion of the (small) mobile
fraction to complete. After that time, the remaining bleached
profile is due to the immobile fraction and reflects directly the
bleaching profile immediately after bleaching. Confocal im-
ages of the bleaching profiles were recorded with the 60
X 1.2 NA objective lens to obtain the best possible resolution.
Before normalizing the confocal images to the background
fluorescence (i.e., unbleached fluorophores), they were con-
volved with a median smoothing mask to reduce the noise.

3.3 Photobleaching simulations

To study the bleaching of fluorescein at the focal plane, a
computer program was written to solve the six coupled differ-
ential Egs. (7) numerically. For the simulation of the spot
photobleaching experiments, the absorption rate k,(r) is cal-
culated from Egs. (6) and (8). At first a set of radial coordi-
nates r is defined (the spatial mesh) together with the initial
concentrations of Ng, Ng*, N1+, Nx, Ng, and Noz- In the simu-
lations reported here, it is always assumed that all fluorescein
molecules are initially in the ground state (Ng:=Np+=Nx
=Ngr=0). Next, the differential equations are solved for each
of the radial coordinates and the corresponding value of k,(r).
When the illumination time ¢ has passed, in general there still
will be a number of fluorescein molecules in the excited sin-
glet and triplet state: Ng* & N+>0. Therefore, even when the
illumination is switched off, the photobleaching reactions still
can go on for some time until all the molecules are either
bleached or back in the ground state. This has been taken into
account in the simulation program by setting k, to zero after
the bleaching time ¢ and continue to solve the differential
equations until the number of bleached molecules (Ny+Npg)
together with the number of ground state molecules Ng are
equal to the initial number of molecules.

In FRAP experiments on the CSLM, a scanning beam is
often wused for bleaching rather than a stationary
beam.'"'7*33236 Therefore, the program for the simulation of
the photobleaching of fluorescein was extended for a line-
scanning beam as well. When bleaching a line segment, the
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Fig. 3 Using a stationary laser beam, spots are photobleached in an
acrylamide gel loaded with FITC-dextrans. All images are shown to
the same scale. (a) At a low intensity of 2 uW and a bleaching time of
125 ms, only the central peak of the BID contributes to the bleaching
process. (b) At a high bleaching intensity of 10 mW and a bleaching
time of 100 us, also the first-order diffraction ring is able to cause
photobleaching. (c) For a bleaching time of 500 us and (d) 1000 us
at 10 mW, the contribution of the first and second diffraction ring is
becoming even more pronounced. (e) When increasing the illumina-
tion time to 100 ms, the fourth diffraction ring is clearly showing up as
well, together with various diffraction spots. The square root of the
original image is displayed here for better visibility of all features.

bleaching will be uniform along the scanning direction (ex-
cept at the beginning and the end of the line). Only in the
direction perpendicular to the scanning direction a bleaching
gradient will exist. It is therefore sufficient to calculate the
bleaching profile perpendicular to the scanning direction for
one position on the bleached line segment only. In the simu-
lation algorithm, the line scanning is taken into account by
first defining a start and end position of the laser beam (x, and
x,) relative to the position on the line at which the bleaching
profile is calculated (x,): the laser beam starts at position x;
and is moved at a scanning speed v in discrete steps Ax to-
ward the position x,. At each step the laser beam is stationary
for a time Ar=Ax/v and the effect is calculated at position x;,.
The smaller the step size Ax, the better the continuous move-
ment of the laser scanning beam will be approximated (at the
cost of an increased calculation time). All line scanning simu-
lations reported here were calculated with a step size that is
one fifth of the resolution of the bleaching beam (Ax=w/5)
since no appreciable differences in the calculated bleaching
profiles were observed for smaller step sizes. The start and
end positions of the bleaching beam were always taken sym-
metrically at 10 times the resolution of the bleaching beam:
X,=xo— 10w and x,=x¢+ 10w.

4 Results
4.1 Photobleaching of Immobilized FD2000

To visualize the bleaching profiles at different bleaching con-
ditions, FITC-dextrans of molecular weight 2000 kDa were
incorporated into an acrylamide gel. Using a stationary laser
beam, spots were photobleached in the gel with a low NA
objective lens for different bleaching times. Confocal images
were subsequently recorded using a high NA objective lens to
obtain the best possible resolution. Some examples are shown
in Fig. 3.

To be able to relate the results of this study directly to the
existing FRAP models (see Discussion), we will now define
the “apparent BID” as the intensity distribution one would
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Fig. 4 The apparent BID in case of fluorescein depends on the specific bleaching conditions. (a) At a low bleaching intensity of 2 uW, only the
central peak of the diffraction pattern effectively takes part in the bleaching process. Hence, the apparent BID corresponds to a Gaussian
distribution. (b) At 10 mW and 25 us bleach time, the apparent BID can still be approximated by a Gaussian distribution, although an expansion
is already observed. (c) For a bleaching time of 50 us, the apparent BID expands even more and (d) for 100 us, the individual diffraction rings are
becoming visible as indicated by the arrows. (e) Bleaching for 500 us and (f) 1000 us increases the relative contribution of the higher-order
diffraction rings even more, causing a substantial expansion of the original BID.

have to take into account to explain the experimentally ob-
served bleaching profile if the bleaching process would follow
first-order kinetics. In other words, the “apparent BID” is the
intensity distribution I,p,, that has to be used in Eq. (2) to
correctly calculate the observed real bleaching profile. In case
first-order photobleaching is valid, /,,, should be identical to
the intensity distribution as shown in Fig. 2(a). In the experi-
ments below we will examine if this is true or not under a
variety of photobleaching conditions. If C; denotes the fluo-
rescence concentration distribution after photobleaching, the
normalized “apparent BID” can be calculated from
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Iapp(r) — ln(cb(r)/c())
Iapp(o) ln(cb(o)/CO) .

(10)

The first spot (Fig. 3(a)) was bleached at a low intensity of
2 uW, which is typical for confocal imaging conditions, and
a bleaching time of 125 ms. The apparent BID calculated
from Fig. 3(a) using Eq. (10) is shown in Fig. 4(a). A best fit
of Eq. (9) shows there is a very good correspondence of the
apparent BID with a Gaussian intensity profile, in accordance
with what is assumed theoretically in the FRAP models. We
note that the bleached spot was not perfectly circular but was

July/August 2006 < Vol. 11(4)



Braeckmans et al.: Anomalous photobleaching in fluorescence recovery...

20 pm

A
A

Normalized Intensity ()

y (pm)

p

o
=)

o
o

Normalized Intensity
(=]
=

Q
™

o
o

I
'S

Normalized Intensity (@)
o
[N

-10 -8 6 4 -2 0 2 4 6 8 10
y (um)

Fig. 5 Three line segments are photobleached at different bleaching intensities but with an equal total amount of light received. (a) Scanning twice
at 10 mW, (b) 20 times at T mW, and (c) 267 times at 0.075 mW results each time in a different bleaching profile. Although all lines have received
the same amount of light, bleaching is most efficient when scanning multiple times at a lower laser intensity. Bleaching at low intensities has the
additional advantage of preserving a Gaussian distribution for the apparent BID, while an expansion is observed at high intensity levels.

stretched along the y-direction resulting in a slightly increased
Gaussian radius. This is probably caused by a small difference
in resolution in x and y because of the polarized laser light.”’
To check the validity of a Gaussian BID for high-intensity
laser beams, spots were bleached at 10 mW and different
bleaching times: 25 us (image not shown), 50 us (image not
shown), 100 us (Fig. 3(b)), 500 us (Fig. 3(c)), 1000 us (Fig.
3(d)), and 100 ms (Fig. 3(e)). A Gaussian apparent BID is still
found for very short bleaching pulses of 25 us (Fig. 4(b)) and
50 us (Fig. 4(c)), although a slight broadening of the profile
is already observed compared to Fig. 4(a). When bleaching
for 100 us (Fig. 4(d)), the higher-order diffraction rings are
already starting to show up as indicated by the arrows and the
corresponding apparent BID starts to deviate from a pure
Gaussian distribution. For bleaching times of 500 us (Fig.
4(e)) and 1000 us (Fig. 4(f)) the higher-order diffraction
rings become much more pronounced, expanding the apparent
BID even more. Although the apparent BIDs do no longer
correspond to a simple Gaussian distribution, it is worth not-
ing that it is still possible to roughly approximate the apparent
BIDs by an (expanded) Gaussian intensity distribution. Figure
3(e), finally, shows the situation if the bleaching time is pro-
longed to 100 ms. Besides the fourth-order diffraction ring,
all kinds of diffraction spots take part in the bleaching pro-
cess. Fitting of a Gaussian intensity distribution to the appar-
ent BID in this case (data not shown) yielded a highly in-

Journal of Biomedical Optics

044013-7

creased Gaussian resolution of ry=7.6 um. These
experiments clearly show that the bleaching profiles obtained
at high laser powers cannot be explained by first-order pho-
tobleaching alone. Assuming first-order kinetics leads to an
apparently variable BID, which physically is nonsense. In re-
ality, a higher laser power results in a higher amplitude of the
BID but cannot change the shape of the distribution.

Besides being dependent on the bleaching time, the appar-
ent BID also depends on the bleaching intensity. Since many
FRAP techniques make use of a scanning beam for bleaching,
a line photobleaching experiment instead of spot photobleach-
ing was chosen here to explicitly show that the results from
this study equally apply to a scanning beam as well. Three
line segments of 80 um are bleached at different bleaching
powers, but with an equal total amount of light received. A
first line is bleached by scanning two times at 10 mW. A
second one is bleached at 1 mW by scanning 20 times. A
third one is bleached at 75 uW by scanning 267 times. A
confocal image of the right part of each of the line segments is
shown in Fig. 5. The fluorescence intensity profile (along the
y-direction) and the corresponding apparent BID are shown
for each line in Figs. 5(a)-5(c). Assuming first-order bleach-
ing kinetics, the bleaching profile of a single line segment [a,
b] can be calculated from Eq. (3) with Ay=1 and K(x,y,z)
=Jb1,(x=x",y,2)dx'." For a Gaussian BID according to Eq.
(9) and a line segment that is much longer than the resolution
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ro, the resulting bleaching intensity distribution finally be-

comes
a 2
K(x,y,2) = \/gloﬂoe_zyz/ro- (11)

Equation (11) expresses that, when scanning a Gaussian in-
tensity beam along the x-direction, the Gaussian intensity dis-
tribution is preserved along the y-direction. Hence, if the
bleaching process follows first-order kinetics, the apparent
BID calculated from Eq. (10) should still be Gaussian-
distributed with a resolution r, equal to that of the scanning
beam. At a low bleaching intensity, the apparent BID is in-
deed Gaussian distributed (Fig. 5(c)), while a deviation from a
pure Gaussian distribution occurs for increasing bleaching in-
tensities (Figs. 5(b) and 5(a)). Fitting of a Gaussian intensity
distribution in Fig. 5 explicitly shows the expansion of the
apparent BIDs with increasing bleaching intensity. From the
spot photobleaching experiments we already know that the
expansion is mainly due to the participation of the higher-
order diffraction rings in the non-first-order bleaching pro-
cess. The individual diffraction maxima are difficult to distin-
guish, however, because of the scanning process along the
x-direction. Additionally, it is clear from Fig. 5 that the
amount of bleaching is different for each of the three situa-
tions as well, although all lines did receive an equal amount of
light. Bleaching at high intensities for a short time appears to
be less efficient than bleaching at lower intensities for a
longer time.

4.2 Simulation of Photobleaching Immobilized
Fluorescein

The photochemical reactions according to Table 1 and the
corresponding mathematical model Eq. (7) can be used to
explain the observations of the previous section. We will show
that the expansion of the bleaching profiles—which is unex-
pected from classical FRAP models, which use first-order
photobleaching to calculate the bleaching profile—can indeed
be explained by the complex photobleaching reactions of
fluorescein in combination with the very high laser powers
that are used for the bleaching phase of an FRAP experiment.
We note that, as most of the FITC-dextrans are immobilized
in the acrylamide gel, the contribution of the D-D interactions
to the bleaching of fluorescein is expected to be very small
and virtually all bleaching will be due to the D-O reactions.
This can be taken into account in the simulations by setting
the rate constants ky, ks, k4, ks, kg, and k; to zero. The initial
concentration of fluorescein in the gel was approximately
250 uM (which can be calculated from the concentration of
FD2000 in the gel and the loading degree of fluorescein on
the dextran chains). The initial oxygen concentration is taken
to be 250 uM as well.”> Assuming that all fluorescein mol-
ecules are initially in the ground state, the simulations there-
fore always start from the initial condition: Ng=250 uM,
N02=250 ,LLM, and NS*=NT*=NX=NR=0~

We simulated the photobleaching of immobilized fluores-
cein as a function of time first to examine the evolution of the
photobleaching process. The solid lines in Fig. 6 are calcu-
lated for a bleaching intensity of 10 mW and a bleaching time
of 1 ms. From 107! s on, the ground state S is being depleted
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Fig. 6 The evolution over time of fluorescein molecules in the various
energy levels is simulated for an illumination intensity of 10 mW
(solid lines) and 0.17 mW (dashed lines). The evolution of the num-
ber of oxygen molecules and the photobleaching products is shown as
well. All populations are normalized to the initial fluorophore popu-
lation at the ground state. The bleaching time is 1 ms, after which the
illumination is switched off (k,=0) and the reactions are allowed to
continue until all fluorescein molecules are photobleached or back in
the ground state.

to the advantage of the excited singlet state S* that peaks at
around 1078 s. After 1073 s, the excited singlet state S” starts
to decay to both the ground state S and the long-lived excited
triplet state T". Between 1078 and 107 s, almost all fluores-
cein molecules are gradually getting trapped in the long-lived
excited triplet state T". Once the triplet state population starts
to rise, the D-O reactions can start producing the photobleach-
ing products X and R, which are formed from 10~ s on. The
formation of the photobleaching products X and R cause the
triplet state to be depleted, together with the number of oxy-
gen molecules. At 10~ s, almost no molecules are left in the
ground state because all are either photobleached or in the
triplet state. At 1073 s, the illumination is switched off (k,
=0) and the reactions are allowed to continue until all mol-
ecules are either photobleached or back in the ground state.
The first-order maximum of the BID has a relative inten-
sity of 1.7% (see Fig. 2(b)). To see what happens at this in-
tensity level, the same calculations were repeated at a bleach-
ing power of 0.17 mW (Fig. 6, dashed lines). Essentially the
same processes are taking place, albeit somewhat delayed be-
cause of the reduced illumination intensity. It is important to
note that the triplet state still becomes significantly populated
to approximately 30%, despite the very much reduced illumi-
nation intensity. As a result, about the same level of bleaching
is reached after 107> s, which explains why the higher-order
diffraction rings are showing up in the bleaching experiments.
To see this more clearly, calculations have been performed
for a BID according to Eq. (8) (also see Fig. 2(b)) at a bleach-
ing power of 10 mW and for different bleaching times. Figure
7(a) shows the result for /=25 us. The apparent BID is again
calculated from the bleaching profile using Eq. (10). For com-
parison with the experimental data (Fig. 4(b)), it should be
realized that the simulated bleaching profile is not what is
observed directly through a microscope. When observing an
object through a microscope, it is modulated by the micro-
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Fig. 7 The bleaching of immobilized fluorescein by a stationary laser beam is simulated for a laser power of 10 mW and different bleaching times.
The dotted line shows the intensity distribution of the illumination BID according to the Fraunhofer-Airy formula [Eq. (8)] for a resolution of
1.5 um. (@) The solid line shows the bleaching profile for t=25 us. The bold line is the corresponding apparent BID. (b) When an object is
observed by a microscope, it is modulated by the total PSF, which depends primarily on the objective lens that is used. The results of (a) are
therefore convolved with a Gaussian mask having a resolution radius of 0.2 um in accordance with the properties of the 60X objective lens used
in the experimental section. As a result, the individual maxima appear less pronounced. The dashed line is a best fit of a Gaussian intensity
distribution to the apparent BID. The fitted Gaussian resolution is specified in the legend. (c—f) The same calculations are repeated for bleaching
times of 50 us, 100 us, 500 us, and 1000 us. The longer the bleaching time, the more the higher-order diffraction maxima contribute to the
apparent BID. As a result, the apparent BID expands with increasing bleaching time.
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Fig. 8 The bleaching of three lines is simulated for three different intensities: 75 uW, 1 mW, and 10 mW. To obtain the same total amount of light
for each of the lines, the scanning speed is changed accordingly. (a) The bleaching profiles show that a better bleaching efficiency is obtained when
using a low power beam in combination with a reduced scanning speed. (b) From the corresponding apparent BIDs it is clear that at high intensities
the higher-order diffraction maxima are able to contribute significantly to the bleaching process. As a result, the apparent BID expands with

increasing bleaching intensity.

scope’s total point spread function (PSF), which depends di-
rectly on the objective lens being used.””*® The detection PSF
of an objective lens in the focal plane of a confocal micro-
scope can be approximated by a Gaussian intensity distribu-
tion corresponding to the central diffraction peak. This is al-
lowed because the higher-order diffraction rings only have a
small contribution to the collected fluorescence compared to
the central peak and because the higher-order diffraction rings
are largely blocked by the small confocal apperture (see, e.g.,
Fig. 2 of Jonkman and Keller*®). The 60X objective lens used
to image the bleaching profiles has a Gaussian resolution r( of
approximately 0.2 um. To obtain a more direct comparison
between the simulated and experimental data, the simulated
bleaching profile is therefore convolved with a corresponding
Gaussian mask. The result is shown in Fig. 7(b). The indi-
vidual maxima seem less pronounced because of the limited
resolving power of the objective lens. Together with the pres-
ence of noise, this explains why the individual maxima are
not always easy to discern in the experimental apparent BIDs
(compare with Fig. 4). The same calculations have been per-
formed for t=50 us (Fig. 7(c)), 100 ws (Fig. 7(d)), 500 us
(Fig. 7(e)), and 1000 ws (Fig. 7(f)). Only the convolved ap-
parent BIDs together with a Gaussian fit are shown for clarity.
Comparing Figs. 4(b)-4(f) with Figs. 7(b)-7(f) shows that the
theory corresponds well with what is observed experimen-
tally: an apparent BID that expands with increasing bleaching
time due to the increasing contribution to the bleaching pro-
cess of the higher-order diffraction rings. Again we find that
each of the expanded apparent BIDs can roughly be approxi-
mated by a Gaussian distribution.

It is worth noting that the simulation results not only cor-
respond qualitatively to the experimental observations, but
that there is also a reasonable quantitative correspondence be-
tween both. The simulation parameters used to obtain the re-
sults from Fig. 7 were chosen thus to directly reflect the ex-
perimental conditions leading to the results presented in Fig.
4. Figure 7(b) is in fact the simulation of the experiment in
Figs. 4(b) and 7(c) is the simulation of 4c and so on (the
experiment of Fig. 4(a) was not simulated). In all cases a

Journal of Biomedical Optics

044013-10

Gaussian distribution was fitted to the apparent BID to quan-
tify the expansion through the Gaussian resolution parameter
ro- The values for ry are reported in each of the figures, from
which it can be seen that there is a fairly good correspondence
between the experimental and simulated values. The simu-
lated results deviate from the experimental ones only by 19%,
9%, 1%, 12%, and 7% for the Figs. 7(b)-7(f), respectively.
This further supports the validity of the model being used and
the accuracy of the computations presented here.

The line photobleaching experiments have been simulated
as well for bleaching powers of 10 mW, 1 mW, and
0.075 mW. The simulation program does not allow us to cal-
culate repeated line scans because of the extensive computa-
tion times involved. Alternatively we have simulated line pro-
files using those three intensities but with different scanning
speeds. The scanning speed at 1 mW was 1/10 of the scan-
ning speed at 10 mW, and 1/133 at 0.075 mW. Hence, the
same amount of light will be received in all three cases. The
resulting bleaching profiles are shown in Fig. 8(a). In corre-
spondence with the experimental observations, a better
bleaching efficiency is obtained when using a low bleaching
intensity with an increased bleaching time. This effect can be
explained as follows. The high-intensity beam quickly de-
pletes the ground state in favor of the triplet state, which will
soon become saturated. The low-intensity beam, on the other
hand, will only partly populate the triplet state at any one
time, but integrated over the entire time span a larger number
of triplet states will have existed, effectively leading to a
larger number of photobleached molecules. Although in both
cases an identical total amount of light dose was received, the
lower light intensity applied for an extended period of time
effectively causes more bleaching than the short saturating
high-intensity bleach pulse. The apparent BIDs are shown in
Fig. 8(b). Again we find an expansion of the apparent BID
with increasing bleaching intensities. Fitting of a Gaussian
distribution to the simulated profiles (not shown in Fig. 8(b))
gives rp-values of 1.32 um, 1.72 um, and 2.95 pum for the
bleaching powers of 75 uW, 1 mW, and 10 mW, respec-
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tively. As indicated in Fig. 5, the experimental ry-values are
(in the same order) 1.51 wm, 1.82 um, and 2.94 pwm. Thus
we obtain a deviation of the simulated from the experimental
results of 13%, 6%, and 0%. Again we find a good quantita-
tive correspondence between the simulated and experimental
results.

5 Discussion

Both theory and experiments confirm that generally the pho-
tobleaching of fluorescein does not follow a simple exponen-
tial decay. This is especially the case for typical bleaching
conditions of a FRAP experiment where high-intensity light
levels are used for very fast photobleaching and cause satura-
tion of fluorescein in the triplet excited state. We have dem-
onstrated that under those conditions it is no longer sufficient
to solely take the central diffraction spot into account as is
assumed in the derivation of many FRAP models. Instead it
has become clear that the higher-order diffraction rings can
induce a significant amount of photobleaching, mainly due to
the saturation of the fluorophore in the long-lived triplet state
from which the bleaching actually proceeds. The net result is
an apparent bleaching illumination intensity distribution that
is expanded with regard to the actual bleaching illumination
intensity distribution. In addition, not only does the apparent
BID depend on the bleaching intensity, it also depends on the
bleaching time or scanning speed in case of a stationary or
scanning beam, respectively.

We have shown by simulations and experiments that the
actual situation is even more complicated. Besides being de-
pendent on the different illumination parameters, the pho-
tobleaching of fluorescein is also dependent on multiple pho-
tochemical reactions, as summarized in Table 1. The
individual reaction rates of the D-D and D-O reactions will,
for example, depend on the mobility of the respective mol-
ecules in the system. The values reported in Table 1 are for
free fluorescein in solution, but may be different when fluo-
rescein is present in actual samples, such as cells or biopoly-
mer gels. As a result, the various reaction rates will depend on
the sample under study. It is also likely that in complex
chemical systems, such as an intracellular environment, addi-
tional reactions will take part in the photobleaching process of
fluorescein. Moreover, the bleaching process also depends on
the molar concentrations of both fluorescein and oxygen in
the system. Considering the variability of these parameters,
whose exact values are unknown in most cases, it becomes
clear that the apparent BID cannot be accurately predicted for
actual experiments.

FRAP models almost always assume first-order pho-
tobleaching kinetics. Hence the concentration distribution af-
ter bleaching can be calculated directly from a single expo-
nential function [Eq. (2) or Eq. (3)] and an invariant Gaussian
BID [Eq. (9)], which is solely determined by the microscope
optics. For fluorescein we have demonstrated that, when as-
suming first-order kinetics, the BID can no longer be consid-
ered to be invariant. Instead an “apparent BID” had to be
defined whose shape and intensity depends on many param-
eters. We have also shown that the apparent BID can be
roughly approximated by a Gaussian intensity distribution
whose resolution will depend on the specific experimental
conditions. It is therefore to be expected that existing FRAP
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models are still able to calculate valid diffusion coefficients
from experiments under saturating conditions, as long as the
correct apparent Gaussian resolution can be determined for
every single experiment. If not, serious errors will result. For
example, in the FRAP equation for spot photobleaching with
a Gaussian beam in the fundamental work of Axelrod,12 the
diffusion coefficient D is calculated from fitting the parameter
D/ r(2) to the experimental recovery curve, where rq is the
Gaussian resolution of the bleaching beam. Hence the resolu-
tion ry has to be known with great precision to obtain an
accurate diffusion coefficient. Our experiments have shown
that an expansion of the apparent Gaussian radius with a fac-
tor 2 to 5 is very well possible. If one does not take this effect
into account, the calculated diffusion coefficient would con-
sequently be erroneous by a factor 4 to 25. We note that
broadening of the bleach area can also occur when using
bleach times that are too long, in which case diffusion will
occur during bleaching. Most FRAP models assume an instan-
taneous photobleaching phase, i.e., no diffusion during
bleaching. While long bleach times will lead to the similar
result of bleach area broadening, the ‘“anomalous” pho-
tobleaching discussed in this study is really of a different
nature and is inherent to the fluorophore photobleaching
mechanism. Diffusion during bleaching, on the other hand,
can simply be avoided by understanding the FRAP model
being used and carrying out the experiments accordingly.

There are a few possibilities to deal with a variable appar-
ent BID. For FRAP models that explicitly require the knowl-
edge of the Gaussian resolution r,, the most direct solution in
this case is to extract r( directly from the experiments, which
can be done by acquiring an image of the bleaching profile
immediately after the bleaching phase (which is independent
of D) and using the FRAP formula to extract (. In practice it
is difficult, however, to obtain an image immediately after
bleaching because of limited image acquisition rates. Even
then most FRAP models would need an adjustment of the
theory to take a different bleaching and illumination distribu-
tion into account.

A workaround is to use FRAP models that do not require
the precise knowledge of the BID or the concentration distri-
bution after bleaching. Examples are the models that use the
Fourier transform of the recovery images.‘%g_41 They have
shown that the diffusion coefficient can be calculated without
determining the BID of the microscope by measuring the de-
cay of the spatial Fourier transform of the recovery images.
Another example is the model of Kubitscheck et al.,33 who
have derived a moment’s analysis of the fluorescence recov-
ery images that does not require the knowledge of the initial
concentration distribution after bleaching. The results from
this study suggest that methods using a relative determination
of the diffusion coefficient™** should be used with care in case
of fluorescent dyes with a complex bleaching mechanism,
such as fluorescein. Such a method relies on two series of
FRAP experiments, one in the actual sample and one in a
series of standard solutions of known viscosity. If both FRAP
experiments are performed under exactly the same conditions,
the diffusion coefficient in the sample can be calculated rela-
tive to the calibration reference solutions without knowing the
actual bleaching profile. This approach could lead to invalid
results because the reaction rates, and hence the apparent
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BID, depend directly on the mobility of the molecules that
take part in the bleaching process. For example, in a gel sys-
tem with small interstitial spaces, larger molecules such as
FITC-dextrans can experience a strongly reduced diffusion
coefficient due to sterical hindrance, while the smaller oxygen
molecules can still diffuse as rapidly as in solution. Conse-
quently, the dye-dye reaction constants k,_; (see Table 1) will
have a lower value in the gel system as compared to in solu-
tion, leading to a change in the photobleaching process and
hence in the apparent BID. Therefore, even under the exact
same illumination conditions, the bleaching profile in the
sample will, in general, be different from the one in solution,
and consequently a general relation between the two recovery
curves may not be possible any more.

An alternative is to use a FRAP model where an area is
uniformly bleached that is much larger than the characteristic
dimensions of the BID. Recently, we derived such a model for
use with the confocal microscope based on the bleaching of a
uniform disk having a radius of at least 4 times the Gaussian
resolution of the apparent BID." In that case, a change of the
shape of the BID will only be “felt” at the boundaries of the
bleached area. We have shown that neglecting the expansion
of the BID usually will not cause errors larger than 10% in the
determination of the diffusion coefficient. Hence this method
can be used with great confidence and does not require special
measures.

The most straightforward solution is, of course, to avoid
fluorescent dyes that easily saturate. From experience we
know that one such fluorophore is NODD (N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)diethyl amine). NODD is incorporated in
polystyrene  microspheres  that are encoded by
photobleaching.>"* In this application it is essential to have
the best possible resolution (i.e., a non-expanded BID) to
write as much information as possible per unit area. It needs
to be examined, though, which other fluorophores for FRAP
meet this condition as well. This could be done, for example,
by performing FRAP experiments on a series of samples with
a known diffusion coefficient. If the diffusion coefficient is
known, the apparent Gaussian resolution r( for each of the
solutions can be calculated from the corresponding FRAP for-
mula. If rj remains constant for all samples, the apparent BID
is invariant for that particular fluorophore and is suitable for
use with the existing FRAP models. We are currently devel-
oping a new FRAP model for use with the confocal micro-
scope based on the bleaching of a line segment taking both an
independent bleaching and imaging illumination intensity dis-
tribution into account. This model will be very well suited to
characterize the expansion of the apparent BID—in terms of
the Gaussian resolution rp—as a function of the bleaching
intensity and duration for different kinds of fluorophores. It
would especially be interesting to do this for GFP and its
variants, which are popular fluorophores for intracellular
FRAP experiments.

Finally, we note that our bleaching experiments and simu-
lations have shown that the change in shape of the BID is
small when using a low-power bleaching beam (in combina-
tion with an extended bleaching time). Because most FRAP
models assume a very short bleaching phase #, compared to
the characteristic recovery time 7 (1,<<0.157), this approach
will only offer a solution in case of sufficiently slow diffusion.
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6 Conclusions

In this study we have examined the effect of excitation satu-
ration on FRAP experiments. As a case study we have looked
in detail at the photochemical bleaching reactions of fluores-
cein, one of the most frequently used fluorophores for FRAP.
We have presented both experimental and theoretical evidence
that, mainly due to saturation of the triplet excited state, the
basic assumptions that are made in many FRAP models are
generally no longer valid: an invariant bleaching illumination
intensity distribution in combination with first-order pho-
tobleaching kinetics. Instead, saturation leads to a dramati-
cally variable apparent bleaching illumination intensity distri-
bution. This effect is not always immediately evident from the
experiments, but neglecting it can induce errors of more than
one order of magnitude in the calculation of the diffusion
coefficient. Therefore, it seems advisable to look for photo-
bleachable fluorophores that do not as easily saturate or to
use/develop FRAP models that are insensitive to the actual
shape of the bleaching illumination intensity distribution.
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