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In living cells the transport and diffusion of molecules is constrained by compartments of various
sizes. This paper is an attempt to show that the size of these compartments can in principle be estimated
experimentally from Fluorescence Correlation Spectroscopy (FCS) combined with the measurement
of the photobleaching rate. In this work, confocal fluorescence microscopy experiments have been
carried out on giant unilamellar vesicles, a system that mimics cellular compartmentalisation. We have
developed numerical and analytical models to describe the fluorescence decay due to photobleaching
in this geometry, which has enabled us to point out two regimes depending on the value of the parameter
pB = σB P/D (whereσB is the photobleaching cross section of the dye,D its diffusion constant, and
P the laser power (in photon/s)). In particular, whenpB ¿ 1 (i.e. in the fast diffusion regime), the
photobleaching rate is independent of the diffusion constant and scales likeσB P/R2, in agreement
with the experimental results. On the other hand, the standard diffusion models used to analyse the
FCS data do not take into account the effects of the fluorescence decay on the autocorrelation curve.
We show here how to correct the raw data for these drawbacks.

KEY WORDS: Photobleaching; fluorescence correlation spectroscopy; compartmentalisation; molecular diffu-
sion; confocal microscopy.

INTRODUCTION

Fluorescence Correlation Spectroscopy (FCS) is an
analytical method used to measure molecular concentra-
tions and diffusion coefficients by monitoring the fluc-
tuations of the fluorescence signal arising from a micro-
volume during the sampling time (typically between 10
and 30 s) [1–5]. In FCS, the confocal laser microscopy
set up restricts the size of the microvolume down to 1 fl
and the detection device (Avalanche photodiode) enables
the analysis of sub-nanomolar concentrations, thus mak-
ing FCS well suited for sparse molecule detection. Diffu-
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sion coefficients are a function of the molecular weight,
the conformation, the medium viscosity and the microen-
vironment. FCS makes it possible quantitative study of
molecular interactions in solution and in living cells.

A major difficulty that one has to face with when
performing FCS, under 1 photon excitation, is the irre-
versible photobleaching of fluorochromes [6–10]. This
phenomenon manifests as a monotonous decrease of the
fluorescence count rate. From the point of view of FCS,
three distinct effects can be observed in the correlation
curve G(τ ): i) an increase of the amplitudeG(0), that
corresponds to the decreasing concentration of intact flu-
orochromes; ii) a shortening of the apparent diffusion time
at high laser intensities, that corresponds to the photode-
struction of fluorescent molecules within the confocal vol-
ume; iii) a strong alteration of the shape of the autocor-
relation curveG(τ ), if the fluorescence count rate decay
time is not large compared with the sampling time. Sur-
prisingly, the third item has been reported for the first
time in the literature, only very recently [11,12]. This is

255
1053-0509/04/0500-0255/0C© 2004 Plenum Publishing Corporation



P1: GAD

Journal of Fluorescence [JOFL] pp1196-jofl-486193 April 15, 2004 15:18 Style file version 29 Aug, 2003

256 Delon, Usson, Derouard, Biben, and Souchier

probably due to the fact that the usual strategy, especially
when studying protein dynamics in living cells, consists
in avoiding strong photobleaching effects by using more
stable fluorophores and optimising the fluorescence count
rate per molecule. Consequently, numerous efforts have
been aimed at understanding the molecular dynamics and
kinetics of photo-destruction, notably in the framework of
single molecule detection [13–18].

In this paper we show that it is possible to take
advantage of the photocount decay rate to get informa-
tion about the compartmentalisation. As a matter of fact,
the fluorescence decay rate observed at long times can
be related to the size of the compartment, in contrast to
the photobleaching behaviour observed at times shorter
than the mean dwell time within the confocal volume.
These general features of photobleaching were pointed
out for the first time by Peterset al. in the eighties
and leaded to the so called Continuous Fluorescence Mi-
crophotolysis technique, applied for lateral 2D diffusion
in membranes [19] and later on in 3D [20]. Recently,
Langowski [21], showed that diffusion and binding of
molecules to specific sites could be measured by combin-
ing Continuous Fluorescence Photobleaching (i.e. Con-
tinuous Fluorescence Microphotolysis), FCS and Con-
focal Laser Scanning Microscopy (CLSM). Continuous
Fluorescence Photobleaching/Microphotolysis is tightly
linked with Fluorescence Recovery After Photobleaching
(FRAP) [22] and Fluorescence Loss In Photobleaching
(FLIP) [23]. In both techniques the fluorophores of a par-
ticular region are made non-fluorescent by applying very
high intensity illumination. In FRAP the subsequent kinet-
ics of the fluorescence recovery in the very same bleached
volume is recorded, while in FLIP the loss of fluorescence
from outside the bleached region is monitored. FLIP pro-
vides compartmental information about boundaries within
the cell and, from that point of view, presents similarities
with Continuous Fluorescence Microphotolysis. However
the above mentioned techniques are not single molecule
techniques and thus do not permit to get the concentra-
tion of the various components to which a fluorophore is
attached. Conversely, by performing continuous fluores-
cence photobleaching with nanomolar concentrations of
fluorophores, it must be possible to get information about
both compartmentalisation and diffusion.

The goal of the present study is then to rationalise the
relation between mobility (diffusion), photobleaching and
compartmentalisation, in the experimental conditions en-
countered when performing FCS. Experiments have been
performed on giant unilamellar vesicles, as a model for
cell compartmentalisation.

In the Materials and Methods section we present ex-
perimental and numerical techniques; in the Experimental

Results section the theoretical, numerical and experimen-
tal data are presented and briefly discussed while the gen-
eral discussion and conclusion are given in the Discussion
and Conclusion section.

MATERIALS AND METHODS

Preparation of Giant Unilamellar Vesicles

Giant phospholipidic vesicles were swollen from L-
a dioleyol-phosphatidylcholine using the electroforma-
tion method [24]. They were prepared in sucrose solu-
tions (typically 40 mM) containing the fluorochromes with
a concentration of 20 nM: Lucifer Yellow-CH (LY-CH)
from Molecular Probes or Fluorescein-5- isothiocyanate
(FITC) from Sigma. They were then diluted in glucose
solutions of equal osmolalities, where they could sedi-
mentate. For reasons of consistency, the experiments per-
formed in solution were done with the inner solution of
the vesicles.

Dye Penetration in Living Cells

HeLa cells were cultured on Lab-tek chambered cov-
erglass (Nunc). FITC was loaded into cells using influx
Pincoytic Cell-loading reagent (Molecular Probes, USA).
Cells were measured in HBSS (Ca++ Mg++) medium
buffered with Hepes at 37◦C.

Data Acquisition

FCS measurements were performed on a FCS-
CLSM confocal microscope system (Confocor 2, Zeiss,
Germany) using a 40× water immersion objective lens
(C-Apochromat, 1.2 NA) and high sensitivity avalanche
photodiodes (APD). The values of the laser power used
for the experiment were measured with a calibrated pho-
todiode immersed in a drop of water covering the front
pupil of the objective lens. A correspondence table is given
(Table I), that relates the measured laser powers of the
488-nm line (used for FITC) and of the 457-nm line (used
for LY-CH) to the laser attenuation scale of the Confocor
2 software. Note that this correspondence table may be
valid for our system only, since it is sensitive to the age
of the laser tube, the adjustments of the Acousto Optic
Tunable Filter (AOTF) used to attenuate the laser power,
etc.

Data Processing

The intensity decays observed in vesicles were fitted
with multi-exponential laws:

I (t) = A0+ A1 e−t/τ1 + A2 e−t/τ2 (1)
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Table I. Output Optical Powers of the Confocor 2 System, Versus the
Attenuation Scale of the 488 and 457 Laser Lines

Confocor Output power Output power
scale (%) 488 nm (mW) 457 nm (mW)

0.1 4.4× 10−3 1.1× 10−2

0.2 4.8× 10−3 1.2× 10−2

0.5 6.5× 10−3 1.3× 10−2

1 9.5× 10−3 1.6× 10−2

2 1.3× 10−2 1.9× 10−2

5 4.2× 10−2 4.3× 10−2

10 8.5× 10−2 8.3× 10−2

20 1.7× 10−1 1.6× 10−1

50 4.2× 10−1 4.0× 10−1

100 9.6× 10−1 8.1× 10−1

Note.At 488 nm the laser power is set to 25%, while it is set to 100%
for the 457 line.

It is worth to note that, while two exponential decays
were necessary for LY-CH, FITC data could be fitted by
fixing A2 to 0.

The autocorrelation curves were calculated, from the
raw data set, using a home made program developed in a
C++ environment (Microsoft Visual C++):

GD(τ ) = 〈I (t)I (t + τ )〉
〈I (t)〉2

= 1+ 〈δ I (t)δ I (t + τ )〉
〈I (t)〉2 = 1+ gD(τ ) (2a)

with I (t) = 〈I (t)〉 + δ I (t). From a theoretical point of
view 〈I (t)〉 is an ensemble average, but in practice it
is obtained by averaging over the time of acquisition.
When photobleaching was not observed, the autocorrela-
tion curves were fitted with the standard formula used for
translational diffusion, in presence of a triplet dynamics,
that is:

gD(τ ) = 1

N

(
1+ Teq

1− Teq
e−

τ
τT

)
1(

1+ τ
τD

)(
1+ τ

S2τD

)1/2
(2b)

whereN is the number of molecules in the confocal vol-
ume,Teq is the fraction of molecules in the triplet state,τT

is the characteristic triplet time,τD is the diffusion time
andS is the structure parameter [3–5].

When the fluorescence count rate is still stationary,
it is possible to take into account the photobleaching by
using the model proposed by Enderlein [25] or by Widen-
gren [8]. The formula suggested by the latter author is
used most of the time:

GB(τ ) = 1+ e−kBt × gD(τ ) (3)

wherekB is the photobleaching rate within the confocal
volume.

However, when the fluorescence decay rate is large, it
is necessary to correct the raw data set before calculating
the autocorrelation curves. Two different methods have
been used.

i) The first method consists in dividing the pho-
tocount stream into short and equal time slices
(typically 1 s long), during which the count rate
decrease is weak, such that the corresponding au-
tocorrelation functions are not biased by the photo-
bleaching. Then, theS/N ratio can be improved by
averaging this series of autocorrelation functions.

ii) The second one consists in rectifying the raw data
by replacing the numbers,Ni , of photocounts de-
tected at timest1, t2,. . .by the corrected amplitudes
A i :

Ai = I0

〈I 〉i Ni (4)

where I0 can be chosen to be the initial intensity
and〈I 〉i is the locally averaged count rate at time
ti . 〈I 〉i can be evaluated by various means such as
multi-exponential fit, cubic spline, adjacent aver-
aging, etc. (note that, due to the high sampling rate
necessary to perform FCS,Ni is most of the time
nil). Thanks to this correction, the locally averaged
corrected count rate,∑n

i=1 Ai

tn − t1
,

becomes constant.

Although the corrected raw data are then autocorre-
lated as usual, one must pay some attention to the am-
plitude of the autocorrelation function calculated with the
corrected intensityI ′(t). Let’s consider,G′(τ ), the ensem-
ble averaged autocorrelation function evaluated at timet :

G′(τ ) = 〈I
′(t)I ′(t + τ )〉
〈I ′(t)〉2 (5a)

where, according to Eq. (4),I ′(t) = I0
〈I 〉t I (t), 〈I 〉t being

a local average ofI (t) around timet . In fact, since the
autocorrelation function in based on ensemble averages,
one must rather writeI ′(t) = I0

〈I (t)〉 I (t), where〈I (t)〉 is
the ensemble averaged intensity at timet . Then, by writ-
ing I (t) = 〈I (t)〉 + δ I (t) and thusI ′(t) = I0[1+ δ I (t)

〈I (t)〉 ],
Eq. (5a) can be rewritten:

G′(τ ) =
〈[

1+ δ I (t)

〈I (t)〉
][

1+ δ I (t + τ )

〈I (t + τ )〉
]〉

= 1+
〈
δ I (t)

〈I (t)〉
δ I (t + τ )

〈I (t + τ )〉
〉

(5b)

Since the intensity,I , is proportional to the number of
fluorescent molecules in the confocal volume,N, one is
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left with the quantity〈 δN(t)
〈N(t)〉

δN(t+τ )
〈N(t+τ )〉 〉. There are two contri-

butions to the molecule number variations: the fast ther-
modynamical fluctuations and the slow decrease due to
photobleaching. This can be taken into account by writing
δN(t) = √〈N(t)〉 ε(t), whereε(t) represents the thermo-
dynamical fluctuations corresponding to〈N(t)〉 = 1 (that
is, 〈ε(t)2〉 = 1). Equation (5b) thus becomes:

G′(τ ) = 1+ h(τ )

[〈N(t)〉〈N(t + τ )〉]1/2
(5c)

whereh(τ ) = 〈ε(t) ε(t + τ )〉 is the autocorrelation func-
tion corresponding to〈N(t)〉 = 1, that is the usual auto-
correlation function, such as the one of Eq. (2b), but with
N set to 1.

When dealing with experimental raw data, one never
gets an ensemble average autocorrelation function, but
only an average of the autocorrelation functionG′(t) over
the time,T , of acquisition:

〈G′(τ )〉T = 1+ h(τ )

〈
1

[〈N(t)〉〈N(t + τ )〉]1/2

〉
T

= 1+ g(τ ) (6)

If the law of variation of the intensity is known (for in-
stance an exponential series as given by Eq. 1), the time
evolution ofI (t) [resp.N(t)] readsI (t) = I0× f (t) [resp.
N(t) = N0× f (t)], so thatg(τ ) can be rewritten:

g(τ ) = h(τ )

N0

〈
1

[〈 f (t)〉〈 f (t + τ )〉]1/2

〉
T

(7)

whereN0 is the number of molecules at the beginning of
the acquisition andf (t) is the decay function. In practice
several evaluations of the term〈1/[〈 f (t)〉〈 f (t + τ )〉]1/2〉T
indicated that it is almost independent ofτ and only de-
pendent onT and on the photobleaching rate. Therefore
this term behaves like a constantA, so that the autocor-
relation function of the fluorescence raw data corrected
using the rectifying procedure reads:

〈G′(τ )〉T = 1+ A

N0
gD(τ ) (8)

Numerical Methods

Let us consider the diffusion equation in the presence
of a first order irreversible chemical reaction induced by
the laser field:

∂C(Er , t)
∂t

= D1C(Er , t)− σBφ(Er )C(Er , t) (9a)

whereC(Er , t) is the concentration of fluorescent molecules
at pointEr and timet , D is the diffusion constant,σB is the
photobleaching cross-section andφ(Er ) is the laser intensity

2R 
r

z

2R

irradiated 
volume  
φ (r,z) 

Fig. 1. Schematic view of the compartment used for the numerical reso-
lution of Eq. (9). The grey cylinder corresponds to the confocal volume,
whereC(r, z, t) is integrated to give the number of fluorescing molecules.
The double cone symbolises the laser illumination profileφ(r, z).

at pointEr (in units of photon s−1·m−2). Assuming that the
laser intensity corresponds to the usual gaussian beam,
φ(Er ) is given by:

φ(Er ) = 2P

πω(z)2
e−2r 2/ω(z)2

(9b)

ω(z) = ω0[1 + (z/zR)2]1/2 (9c)

where r represents the radial coordinate andz the co-
ordinate along the axis (as depicted in Fig. 1),P is the
laser power (in units of photon s−1), ω0 is the laser waist
(0.25µm) in the focal plane of the objective andzR is the
Rayleigh distance (0.5µm).

To solve numerically Eq. (9a), it is interesting to con-
sider the simple geometry of a cylindrical compartment,
oriented and centred along the laser beam. For this partic-
ular geometry, the problem can be reduced to a 2D situ-
ation, taking advantage of the rotational invariance. Thus
Eq. (9a) can be rewritten:

∂C(r, z, t)

∂t
= D1r,zC(r, z, t)+ D

1

r

∂C(r, z, t)

∂r

−σBφ(r, z)C(r, z, t) (10)

where the notation1rz represents the Laplacian
in cylindrical coordinates with rotational invariance
1/r (∂2/∂r 2)r + ∂2/∂z2. The integration domain is then
reduced to a rectangular section (a square in practice) of
the cylinder containing the axis, as presented in Fig. 1,
defined by−R< r < R and−R< z< R.
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The boundary conditions at the edge of the compart-
ment are fixed by mass conservation: the mass flux has to
cancel at the boundary, which implies that the gradient of
C vanishes at the edges of the domain. Thanks to the sym-
metries of the problem (invariance throughr →−r and
z→−z), the cancellation of the flux at the boundaries is
equivalent to periodic boundary conditions on the square
domain. The 2D diffusion Eq. (10) can then be solved
in the Fourier space. Ifk corresponds to a wave-vector,
Eq. (10) can be written in a discrete form as:

Ct+dt
k = Ct

k − k2D dt Ct+dt
k

+ dt

{
D

1

r

∂C(r, z, t)

∂r
− σBφ(r, z)C(r, z, t)

}t

k

(11)

where indexk stands for a Fourier transformation,k2 is
the square of the modulus ofk andt is the time at which
the quantity is evaluated. We can note on this equation that
we evaluate the Laplacian in the right-hand term at time
t + dt, which corresponds in fact to an implicit scheme
ensuring a better convergence of the method. The solu-
tion can then be easily obtained from an initial guess of
the concentration fieldC(r, z) (in practice a homogeneous
system), by iterating the relation:

Ct+dt
k = 1

1+ k2D dt

[
Ct

k + dt

{
D

1

r

∂C(r, z, t)

∂r

−σBφ(r, z)C(r, z, t)

}t

k

]
(12)

where the non-linear term between braces has to be es-
timated in the direct space at each time step and Fourier
transformed to obtain the new estimateCt+dt

k that has to
be transformed back to obtainC(r, z, t + dt). Due to the
presence of the factor 1/r , inducing an artificial singular-
ity along the axis if care is not taken, we extrapolate the
quantity 1

r
∂C(r,z,t)
∂r to estimate its value atr = 0. We use

in practice a square mesh to discretize the square domain,
the number of points depending on the diameter of the
vesicle: for a 20-µm vesicle, we use 200×200 grid points
while a 60-µm vesicle requires 600×600 grid points to
keep a comparable resolution. The time step can be varied
from 10−3 times the diffusion time, to 10−6 (depending
again on the requested precision). To compare with exper-
iments, fluorescence can be estimated by an integration
of C(r, z, t + dt) in a small cylindrical region (the grey
cylinder in Fig. 1), providing the number of fluorescent
molecules in the confocal volume,NCV. Please note that
in practice, this cylinder is much smaller than the compart-
ment itself, since the measurement cylinder has a diameter

of 0.5µm, for a height of 2.5µm, while the compartment
diameter goes from 20 to 60µm.

RESULTS

Theoretical Approach

Hereafter we are interested in giving an approximate
solution to the diffusion Eq. (9a). Following the theory
of Sturm-Liouville equations [26], the general solution of
Eq. (9a) can be expanded in a series of exponential decays:

C(Er , t) =
∑

i

ai ci (Er ) e−ki t (13)

where−ki andci (Er ) are the eigenvalues and eigenfunc-
tions of the time independent differential equation associ-
ated to the diffusion equation. The coefficientsai are cho-
sen in order to satisfy the initial condition at timet = 0
(laser switching on), that is a uniform concentration:

C(Er , 0)= C0 =
∑

i

ai ci (Er ) (14)

The short time behaviour ofC(Er , t) is given by the higher
decay rate that enters in the expansion (13), which, in
turn, is related to the initial decomposition (14). The
derivation of the corresponding value is not straightfor-
ward. However, one can notice that for times significantly
shorter than the mean dwell timeτω in the laser waistωr

(τω ∼= ω2
r /4D), the diffusion does not play any significant

role. Therefore, fort ¿ τω the decay ofC(Er , t) is very
fast close to the focus of the laser beam and negligible far
from it. Since, for the experiments reported in this paper,
τω ∼= 30µs, the short time bleaching regime cannot be ob-
served by recording the fluorescence at a low frequency
sampling rate. On the contrary, as shown in the Experi-
mental Results section, FCS makes it possible to measure
the bleaching rate in the confocal volume, since it gives
access to very short time behaviours (down to about 1µs).

We now focus on the regime attained at long times.
In this so-called quasi-stationary regime, all the terms of
expansion (13) vanish, except the slowest one, such that
Eq. (13) can be rewritten:

C(Er , t) = c1(Er ) e−k1t (15)

In order to derive an estimate of the quasi-stationary
bleaching ratek1, we consider the time evolution of the
total number of molecules,N(t), contained within the
vesicle:

N(t) =
∫

Ves
C(Er , t) dEr (16)
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then:
d N

dt
=
∫

Ves

∂C

∂t
dEr (17)

Inserting Eq. (9) into Eq. (17) yields:

d N

dt
=
∫

Ves
[D1C(Er , t)− σBφ(Er )C(Er , t)] dEr (18)

Because the termD1C(Er , t) vanishes after integration
due to the boundary condition at the compartment surface,
inserting Eq. (15) into Eq. (18) reduces it to:

d N

dt
= −σB e−k1t

∫
Ves
φ(Er )c1(Er ) dEr (19)

On the other hand, inserting Eq. (15) into Eq. (17) leads
to:

d N

dt
= −k1 e−k1t

∫
Ves

c1(Er ) dEr (20)

From Eqs. (19) and (20) we conclude that:

k1 = σBφ̃ (21)

with:

φ̃ =
∫

Vesφ(Er )c1(Er ) dEr∫
Vesc1(Er ) dEr (22)

However, in the case of weak photobleaching, the con-
centration depletion is weak, such thatc1(Er ) is almost
constant. Consequently:

φ̃ ∼=
∫

Vesφ(Er ) dEr∫
VesdEr = φ̄ (23)

Assuming a top hat profile for the laser beam, with an
aperture half angle of 33◦ (corresponding to the 1.2 N.A. of
the water objective), one obtains̄φ = 0.41× P/R2, where
P is the laser power (in photon/s) andR is the vesicle
radius. From Eqs. (21) and (23) one immediately deduces,
in the case of weak photobleaching, that:

k1
∼= 0.4σB

P

R2
(24)

This approximation is valid as long as the concentration
depletion in the laser beam is weak. It implies that the
probability for a molecule to be photobleached, when it
diffuses through the laser beam, must be much smaller
than 1. Let us consider a plane, perpendicular to the laser
axis, where the laser beam radius isρ and the intensity is
P/πρ2. According to the laws of diffusion, the average
time taken by a molecule to cross the laser beam of diam-
eter 2ρ is about (2ρ)2/4D = ρ2/D. Then the condition of
weak photobleaching reads:

σB
P

πρ2
× ρ

2

D
¿ 1 (25a)

or, by introducing the photobleaching parameterpB =
σB P/D:

pB ¿ 1 (25b)

In this regime, the molecules explore the whole compart-
ment before being photobleached and therefore the rele-
vant laser intensity is averaged over the accessible volume,
as given by Eq. (23). It is worth to note that in the case of
weak photobleaching (i.e. fast diffusion) the photobleach-
ing decay time,τ1 = 1/k1

∼= 2.5 R2

σB P , is much larger than
the diffusion time through the vesicle, TR

∼= R2/6D. Cor-
respondingly, the time necessary for the quasi-stationary
regime to be established is given byτR.

Numerical Results

As described above, the quasi-stationary regime is
established when the diffusion through the whole com-
partment has taken place. During the time of diffu-
sion, τR, the shape of the concentration hole varies, as
one can see in Fig. 2 by comparing 3D plots of the

Fig. 2. 3D representation of the calculated concentration of fluorescent
molecules within the compartment,C(r, z, t), at two different times: (a)
t = 0.01 s; (b)t = 0.1 s. The diffusion time,τR, through the compart-
ment (R= 10µm) is about 0.05 s (D = 3× 10−6 cm2/s). Note that this
time lies betweent = 0.01 s (a) andt = 0.1 s (b).
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Fig. 3. Calculated fluorescence decays for various compartment sizes
(see Materials and Methods section). The radii of the compartments are
indicated close to the corresponding curves. The dotted lines are the
long time fits. The times of diffusion through the compartment radii,
τR = R2/6D, are indicated by the arrows. The diffusion regime cor-
responds to the parameterpB = 0.1, i.e. to a weak photobleaching
(see Eq. 25).

concentration, calculated with a vesicle of radiusR=
10µm andD = 3× 10−4 cm2/s, at two different times.
The time of diffusion through the vesicle radius,τR, is
about 0.05 s, which lies betweent = 0.01 s (Fig. 2a)
and t = 0.1 s (Fig. 2b). Interesting enough is that the
time evolution of the concentration can be conveniently
put into evidence by monitoring the number of fluores-
cent molecules in the confocal volume,NCV(t). As can
be seen in Fig. 3, the very short time behaviour is clearly
independent of the compartment size for three different
vesicles of radii 10, 20 and 30µm. This agrees with
the discussion in the previous section. Conversely, for
the long time behaviour (i.e.t > τR) one sees that the
larger the vesicle diameter, the slower the concentration
decrease, in agreement with Eq. (24). In addition, the ex-
ponential regime is clearly reached after the characteristic
time τR.

An important (and somewhat unexpected) result of
the present theoretical and numerical study is that the pho-
tobleaching ratek1 is independent of the diffusion constant
D, provided that the fast diffusion condition is fulfilled, i.e.
whenD À σB P or pB ¿ 1. Conversely, in the slow dif-
fusion regime,k1 becomes dependent on the diffusion co-
efficient, because any molecule entering the laser beam is
photobleached (pB ≥ 1). Consequently the photobleach-
ing decay rate is driven by the diffusion of molecules
through the compartment, towards the laser beam. One
can see in Fig. 4 the influence of the parameterpB on the
photobleaching rate.

Fig. 4. Calculated fluorescence decays for various values of the photo-
bleaching parameterpB in a vesicle of radiusR= 10µm. As long as
pB ¿ 1 the photobleaching rate marginally depends onpB, in contrast
to the casepB ≥ 1. The curve withpB = 0.1 is also shown in Fig. 3
where the time scale is limited tot < 1 s.

Experimental Results

Photobleaching in Solution

Experiments were performed with two fluo-
rochromes having very different propensities to photo-
bleach. While LY-CH appears to be stable in solution with
the laser powers used, one observes in Fig. 5 a decrease
of the fluorescence rate of FITC at laser powers above
about 10µW. Since this photobleaching behaviour is not

Fig. 5. Examples of the fluorescence count rate behaviour of FITC in
solution (20 nM), measured for various laser powers. The fluorescence in-
tensity shows a significant decay for laser powers above about 10−2 mW,
which means that the photobleaching of molecules is no more balanced
by the flow of incoming intact molecules. Due to this photobleaching ef-
fect, the fluorescence count rate corresponding to the higher laser power
(1.7× 10−1 mW) quickly reaches a value lower than that corresponding
to 8.5× 10−2 mW.
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concerned by compartmentalisation, we will not describe
its kinetic [27].

Complementary experiments (data not shown) have
been performed by illuminating uniformly, with a high
power laser (Coherent Innova 200), wells (1 mm deep and
a few mm wide) containing solutions of fluorochromes.
The corresponding fluorescence decay rates are there-
fore independent of the diffusion which allows to di-
rectly measure the photobleaching cross sections:σB

∼=
2.5× 10−21 cm2 for LYCH at λ = 457 nm andσB

∼=
4× 10−20 cm2 for FITC at λ = 488 nm. We note that
this value for the photobleaching cross sections of FITC
is larger than the value implicitly given by Widengren [8]
(about 10−20 cm2).

Photobleaching in Vesicles

The most important consequence of compartmental-
isation is that, for laser powers where the corresponding
fluorescence rate in solution is constant (which is always
the case in the reported experiments, unless specified),
photobleaching becomes observable, as shown in Figs. 6
and 7 for FITC and LY-CH. These figures clearly show
the expected influence of the vesicle size and of the laser
power on the photobleaching time. Note that the decay
timesτ1 indicated in the figures are the shortest times of
the multi-exponential fits (see Eq. 9). Up to now, we have
not studied in detail the origin of the longer decay times
and we assumeτ1 to correspond to the decay time of the
theoretical analysis. In order to quantitatively assert the
theoretical analysis, let us rewrite Eq. (24) by introducing

Fig. 6. Variation of the fluorescence decays of FITC with the vesicle
radius. All the vesicles come from the same preparation, with a FITC
concentration of 20 nM. The laser power is set to a value such that the
fluorescence count rate would be constant in solution (see Fig. 5).

Fig. 7. Variation of the fluorescence decays of LY-CH with the laser
power. All the vesicles have about the same radius and come from the
same preparation, with a LY-CH concentration of 20 nM. The laser power
are set to values such that the fluorescence count rate would be constant
in solution.

a photobleaching dose,U1, defined by:

U1 = τ1× P = 2.5
R2

σB
(26)

P being expressed in photons/s, this equation can be in-
terpreted as the number of photons that must cross the
vesicle to deplete the fluorescence rate by a factore.
Figure 8 clearly shows that the experimental results are
in good agreement with Eq. (26). It must be noticed that
an important source of uncertainty comes from the vesi-
cle diameter measurements. By fitting the experimental
data one can estimate the photobleaching cross section,

Fig. 8. Photobleaching dose,U1, versus the square of the vesicle radius.
This plot is obtained by compiling data obtained with various laser pow-
ers. The photobleaching propensity of FITC is about 50 times larger than
that of LY-CH.
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Fig. 9. Image of a living cell acquired using the confocal laser scanning
microscope. Due to the low fluorescent level required for FCS, pinhole
was slightly open. FCS was performed in the nucleus, at the point indi-
cated by the cross.

σB = 7.0× 10−22 cm2 for LY-CH and σB = 3.1×
10−20 cm2 for FITC. In the case of FITC this value agrees
well with the results obtained by illuminating uniformly
the solution while there is a discrepancy of a factor 3 for
LYCH (see above).

Photobleaching in Living Cells

FCS was performed on ten living cells at two laser
powers (Fig. 9). FITC photobleaching, as observed on the
count rate curves, was significant even at the lowest laser
power and increased with the laser power (Fig. 10). As
expected, photobleaching is more pronounced than in so-
lution (see Fig. 5), due to compartmentalisation. The cell
itself represents a compartment like a vesicle, but it in-
cludes many domains and sub-domains.

Fluorescence Correlation Spectroscopy in Solution

When the laser power is low enough, such that the flu-
orescence rate is stationary in solution, the molecules have
nevertheless a non zero probability to be photobleached
during their dwell time within the confocal volume. To
put into evidence the photobleaching probability by using
the autocorrelation function, we performed experiments
in solution, at various laser powers, on LY-CH and FITC
(Figs. 11 and 12). One immediately observes, in both fig-
ures, that the amplitude of the autocorrelation function

Fig. 10. Variation of the fluorescence decays of FITC in living cells.
Measurements were performed in ten cells at positions located in the
nucleus and at two laser powers. Mean± s.e.m. curves were figured out.

decreases with the laser power. This may be due to the sat-
uration of the transition: as the laser power increases, the
fluorescence rate saturates, while the elastic and inelastic
Raman scattering rates linearly increase. As already dis-
cussed in the literature [28], this results in a decrease of the
autocorrelation amplitude. This effect will be taken into
account in the following, when deriving the number of
fluorescent molecules from the autocorrelation amplitude

The autocorrelation curves of LY-CH were fitted
using Eq. (3), while fixing the diffusion time atτD =
19 µs. The fitted value ofkB increases linearly with the
laser power as shown in the inset of Fig. 11 (the triplet

Fig. 11. Autocorrelation curves of LY-CH in solution, at increasing laser
powers: 0.16 mW, 0.24 mW, 0.40 mW, 0.56 mW and 0.81 mW, from
top to bottom curves (at these laser powers the fluorescence count rate
is constant in solution). By fixing the diffusion timeτD to a constant
value of 19µs, one observes in the inset that the photobleaching rate,
kB, within the confocal volume increases with the laser power.
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Fig. 12. Autocorrelation curves (solid lines) of FITC in solution, at
increasing laser powers: 4.4× 10−3, 9.5× 10−3, 8.5× 10−2 and 1.7
× 10−1 mW, from top to bottom curves. The dotted lines correspond to
the fits. One observes in the inset that the triplet fraction,Teq increases
with the laser power (solid circles), while the triplet time,τT, decreases
(open squares).

parameters,Teq andτT being almost constant. This value
of 19µs corresponds to a fit performed at a laser power
of 0.083 mW. Note that, for the laser powers used, the
photobleaching probability, is very low (kB × τD ¿ 1),
which corresponds to the fast diffusion regime (Eq. 25).
Despite the fact that the fits of the autocorrelation func-
tions are not very good, we took benefit from the linear
relationship betweenkB and the laser power to estimate
the photobleaching cross section of LY-CH:

kB
∼= σB

P

πω2
r

(27)

whereP is the laser power expressed in photon/s. From the
measured value ofτD (19 µs) and using the same value
of D (2.8×10−6 cm2/s) than for Rh6G (because of the
similar molecular weights of Rh6G and LY-CH), we cal-
culatedωr =

√
4DτD = 0.15µm. The slope of the linear

relationship betweenkB andPlaserbeing 2.6 kHz/mW, we
deduceσB = 7.8× 10−22 cm2. Taking into account the
poor quality of the autocorrelation fits, this value ofσB

is surprisingly close to the one obtained from the photo-
bleaching rate in compartment, that is 7.0× 10−22 cm2.

The autocorrelation curves obtained with FITC
(Fig. 12) behave differently than for LY-CH and are nev-
ertheless very similar to the results reported by Widen-
gren [29]. Since the corresponding experiments have been
performed at laser powers where the fluorescence inten-
sity is significantly affected by photobleaching effects
(see Fig. 5), we calculated the autocorrelation curves at
times longer than 90 s, where the fluorescence inten-

sity reaches a stationary regime. As shown in the inset,
strong effects are observed on the triplet fraction,Teq,
(which increases with the laser power) and on the triplet
time, τT, (which decreases with the laser power). Con-
versely, the photobleaching of FITC could not be put into
evidence with parameterkB, despite the very high pho-
tobleaching cross section of FITC measured in vesicles
(σB = 3.1× 10−20 cm2). We suggest that this may be due
to the saturation of the transition and to the triplet pop-
ulation in the centre of the confocal volume. The con-
sequence of these phenomena is an apparent increase of
the confocal volume radiusωr , that counterbalances the
photobleaching effect when the laser power is increased
[29]. Note that for LY-CH, the triplet population and the
saturation are lower, as indicated by the variation of the
autocorrelation curves, (compare Figs. 11 and 12) so that
photobleaching can be put into evidence by analysing the
autocorrelation function.

Fluorescence Correlation Spectroscopy in Vesicles

As shown in Fig. 13a, the autocorrelation function
calculated over a period of time where the fluorescence
intensity strongly decreases is significantly biased and,
clearly, cannot be fitted with a standard diffusion model.
We have therefore investigated two different strategies in
order to recover a unbiased autocorrelation function: the
rectifying and the time slicing methods (see the Materials
and Methods section).

Figure 13a shows that the so called rectifying proce-
dure significantly modifies the shape of the autocorrelation
function in the case of strong fluorescence decay due to
photobleaching. Conversely, when the intensity variation
over the range used to calculate the autocorrelation is less
than typically 10%, the correction is insignificant. The
time slicing method appeared to give identical results to
those of the rectifying method, as one can see in Fig. 13b. A
procedure analogous to our time slicing method has been
proposed by Chenet al. [30] when performing Photon
Counting Histogram on eGFP in vivo.

In order to numerically evaluate the validity of the
above mentioned corrections, we calculated the average
number of molecules in the confocal volume,〈N(t)〉, for a
series of 5 successive, 30 s long, time ranges. This implies
several steps: first, applying the rectifying or time slicing
procedure to each time range; then adjusting the ampli-
tude of autocorrelation curves. Note that in the case of a
strong fluorescence decay the amplitude adjustment must
be done twice: the first adjustment corresponds to formula
(8) and is based on the shape,f (t), of the intensity decay;
the second adjustment corrects the autocorrelation ampli-
tude from the consequences of the relative increase of the
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Fig. 13. Autocorrelation curves of LY-CH in a vesicle of radiusR=
18 µm at a laser power of 0.81 mW. Dotted lines correspond to orig-
inal raw data, solid lines (resp. circles) correspond to raw data cor-
rected with the rectifying (resp. time slicing) method. (a): effect of
the fluorescence decay for the three first time slices of the fluores-
cence trace (see inset); the autocorrelation curves of the first time
slice (n◦1) is significantly biased by the fluorescence decay, such that
the corresponding correction is important. Conversely the autocorre-
lation curve of the second time slice (n◦2) is marginally affected by
the photobleaching, while from the third time slice original and cor-
rected raw data give superimposed autocorrelation curves (n◦4 and 5
not shown). (b): comparison between the two raw data correction meth-
ods applied to the two first time slices (30 s long); the agreement be-
tween the two methods is very satisfying, even in the case of strong
photobleaching.

elastic and inelastic scattered light in the total count rate
I . This correction is done by assuming that the amount
of scattered light,Is, is given by the residual count rate at
long time, i.e. by the constantA0 in the count rate decay fit
(see Eq. 9). By multiplying the autocorrelation amplitude
by the constantI 2/(I − Is)2 [28], one sees in Fig. 14 that
the agreement between the count rate (corrected from the

Fig. 14. Simultaneous plots of the fluorescence count rate decay, cor-
rected from the base line contribution (left axis) and of the num-
ber of molecules calculated from the corrected autocorrelation curves
(see text).

scattered light contribution) and the number of molecules
determined by the corrected autocorrelation curve is very
satisfactory. In contrast, a simplistic analysis of Fig. 13b
based on the relation〈N〉 = [G(0)− 1]−1 would suggest
that there are more molecules between 30 and 60 s than
between 0 and 30 s!

Fluorescence Correlation Spectroscopy in Living Cells

As already mentioned, from the point of view of
photobleaching living cells are expected to behave like
compartments, thus the decay of the fluorescence due to
photobleaching is expected to affect the autocorrelation
curve shape. Figure 15 shows the autocorrelation func-
tions corresponding to the first and the last, 5 s long, time
ranges of Fig. 10. Unbiased autocorrelation functions were
calculated using both the rectifying and the time slicing
methods, like in vesicles. The correction was more signif-
icant for the first time slice where the fluorescence decay
is more pronounced (compare in Fig. 14, the first and last
5 s time slices). Autocorrelation curves were fitted, and re-
liable adjustments were obtained using either the anoma-
lous or the free 3D two-component diffusion model. Note
that after correction for photobleaching, estimated second
diffusion times and anomalous coefficients were signif-
icantly modified [6]. In this particular case, unlike the
previous section, the relative fluorescence decay is weak.
This allows to estimate immediately the number of fluo-
rescent molecules in the confocal volume using the simple
formula〈N〉 = [G(0)− 1]−1 whereG(t) is the corrected
autocorrelation functiun. We see that in this case〈N〉 de-
creases by a factor of 2 after illumination for 30 s at a laser
power of 4.2× 10−2 mW.
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Fig. 15. Autocorrelation curves of FITC in living cells, at the highest
laser power (0.042 mW), for the first acquisition (0-5 s, botton curves) and
the last one (25–30 s, top curves). Dotted lines: original raw data, solid
line: data corrected with the time slicing method. Measurements were
performed in ten cells and the mean curves are shown. Photobleaching
is more significant during the first 5 s (see Fig. 10) and the correction is
thus more significant. In this case the quantity 1/[G(0)− 1] provides a
good estimation of the number of molecules in the confocal volume. As
expected this number is lower after 25 s of irradiation.

DISCUSSION AND CONCLUSION

When photobleaching takes place in a compartment
(that of a vesicle or a cell), two rates must be compared:
the first one is the photobleaching rate that would occur if
the laser power were distributed uniformly over the whole
compartment; the second is the diffusion rate through that
compartment. The photobleaching rate observed at long
times is determined by the slowest of those two charac-
teristic rates. As a matter of fact, if the diffusion is fast
enough (i.e. the molecules are small enough,D À σB P),
the photobleaching rate does not depend on the diffusion
constant and is determined by the laser intensity averaged
over the compartment, that isk1 ∝ σB P/R2. Conversely,
if the diffusion is slow (i.e. the molecules are large, or
involved in a large molecular complex or transiently im-
mobilised due to an interaction), the input of unbleached
molecules into the irradiated region determines the pho-
tobleaching rate, that scales asD/R2. Note that in both
cases, the photobleaching rate observed at long time is
dependent on the size of the compartment or sub-domain.
This explains why the photobleaching rate in living cells is
larger compared with the situation in solution and, partly,
why the photobleaching is heterogeneous inside cells [31].
Note that the photobleaching rate at very short time is in-
dependent on both the diffusion and compartment size and

only dependent on the photostability of the fluorochrome
and the laser power.

When performing FCS, one usually wants to mea-
sure the concentrations of the various molecular com-
ponents that are simultaneously present in the confocal
volume. If all the components satisfy the fast diffusion
condition, D À σB P, they all photobleach at the same
rate (k1 ∝ σB P/R2) and their relative concentrations are
constant along the decay time. Consequently, one can av-
erage the autocorrelation curves of the consecutive time
slices to obtain concentrations and diffusion constants.
Conversely, when some of the components are in the fast
diffusion regime and some other are not, the photobleach-
ing rate varies fromσB P/R2 for the fastest component
down toD/R2 for the slowest one, so that the relative con-
centrations change during the fluorescence decay. In that
case, it is not valid to average the autocorrelation curves
of the consecutive time slices. However, these autocor-
relation curves must give an evolution of the concentra-
tions that is consistent with the photobleaching rates which
can be deduced from the laser power, the photobleach-
ing cross section, the compartment size and the diffusion
constants.

At this point it is interesting to evaluate the high-
est molecular weight (MW) of a FITC labelled molecule
such that one is still in the fast diffusion regime. Accord-
ing to Eq. (25), this condition readsD À σB P. Assum-
ing a laser power of about 10−2 mW, e.g.∼= 1013 pho-
tons/s (corresponding to a count rate of several tens of
kHz per molecule), a photobleaching cross sectionσB

∼=
10−20 cm−2, the fast diffusion condition is satisfied for
D À 10−7 cm2/s, that is for MW¿ 20× 106 g/mol. Note
that this upper limit of the MW corresponds to a globular
molecule in aqueous solution. In living cells, where the
viscosity is typically 3 to 5 times larger, the fast diffusion
condition rather corresponds to MW¿ 106 g/mol. This
limit would be significantly higher for more stable fluo-
rophores with fluorescence quantum yield high enough for
acquisition at low laser power, such as Alexa (Molecular
Probes), Cynanine (Amersham) and also the natural fluo-
rescent protein eGFP (“enhanced Green Fluorescent Pro-
tein”). For such dyes the slow diffusion regime would only
concern transiently immobilised molecules, following in-
teraction, making data interpretation straightforward.

Last but not least, it is worth to note that, knowing
the fluorescence decay rate,k1, and the photobleaching
constant within the confocal volume,kB, one can com-
bine Eqs. (24) and (27) to evaluate the sizeR of the
compartment:kB/k1

∼= (R/ωr )2. Of course this evalua-
tion is feasible, providing one is able to properly analyse
the autocorrelation curve to a get reliable value ofkB. Un-
fortunately, when several components are simultaneously
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presents (which is the interesting case) this goal is proba-
bly difficult to reach.
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