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Circumvention of Fluorophore Photobleaching
in Fluorescence Fluctuation Experiments:
a Beam Scanning Approach
Dmitri Satsoura,[b] Brian Leber,[b] David W. Andrews,[b] and C�cile Fradin*[a, b]

Introduction

Biophysical methods for single-molecule analysis have recently
attracted a growing interest among biochemists and biolo-
gists.[1] Because of their relative ease of application for the
study of biological molecules in solution and in the cellular en-
vironment, fluorescence-based methods are now widely used
in the life sciences, leading to unprecedented results at the
molecular level.[2] Fluorescence fluctuation methods, which rely
on the statistical analysis of the spatial or temporal fluctuations
of the fluorescence signal, stand out among several single-mol-
ecule analysis methods. These fluorescence-based methods
provide the means to follow the dynamics of a multitude of
biologically relevant processes, such as diffusion,[3,4] velocity,[5]

rotation,[6] conformational changes,[7] and protein–protein in-
teractions.[8] The analysis of the fluorescence fluctuations is
usually done in one of two ways. The first is to consider the
autocorrelation function (ACF) of the fluorescence signal, as
done, for example, in fluorescence correlation spectroscopy[3,9]

(FCS) and image correlation spectroscopy.[10] The second is to
consider the photon-counting histogram[11,12] (PCH), as done,
for example, in fluorescence intensity distribution analysis
(FIDA).[13]

A crucial requirement for fluorescence-based methods is the
availability of an adequate fluorophore to label the biological
molecule of interest. In general, such a fluorophore should not
perturb the biological function of the molecule, its specific
brightness should be as high as possible, and it should be
photostable. In particular, it should be resistant to photo-
bleaching, a process defined as the irreversible light-induced
destruction of the fluorophore. Photobleaching is often due to
reaction of the excited-state fluorophore with another mole-

cule. Thus, this common drawback is intimately related to the
very process that makes fluorescent molecules useful. Al-
though progress is constantly being made towards improving
the photostability of available organic fluorophores and fluo-
rescent proteins, they are all still subject to photobleaching. At
the moment, quantum dots are the only fluorescent probes
that are truly resistant to photobleaching, yet their blinking,
toxicity and bulky size makes them less than ideal probes for
some applications.
In fluorescence fluctuation measurements, fluorophores are

observed while they diffuse through the tight focus of a laser
beam where the photon flux is very high. Quickly diffusing flu-
orescent particles such as dyes are unlikely to photobleach
during the short time they usually spend in the laser focus.
The situation, however, is different for particles that diffuse
slowly. As the use of fluorescence fluctuation techniques ex-
tends to slower particles, for example large molecular com-
plexes, vesicles, or membrane proteins, and to different envi-
ronments, for example viscous media such as polymer gels,
concentrated solutions, or cells, the probability for fluoro-
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Photobleaching is a fluorophore-damaging process that com-
monly afflicts single-molecule fluorescence studies. It becomes an
especially severe problem in fluorescence fluctuation experiments
when studying slowly diffusing particles. One way to circumvent
this problem is to use beam scanning to decrease the residence
time of the fluorophores in the excitation volume. We report a
systematic study of the effects of circular beam scanning on the
photobleaching of fluorescent particles as observed in single-
photon excitation fluorescence fluctuation experiments. We start
by deriving a simple expression relating the average detected
fluorescence to the photobleaching cross section of the fluoro-

phores. We then perform numerical calculations of the spatial
distribution of fluorescent particles in order to understand under
which conditions beam scanning can prevent the formation of a
photobleaching hole. To support these predictions, we show ex-
perimental results obtained for large unilamellar vesicles contain-
ing a small amount of the fluorescent lipophilic tracer DiD. We
establish the required scanning radius and frequency range in
order to obtain sufficient reduction of the photobleaching effect
for that system. From the detected increase in fluorescence upon
increase in scanning speed, we estimate the photobleaching
cross section of DiD.
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phores to photobleach while under observation increases. This
is an important issue, because the interpretation of fluores-
cence fluctuation measurements is model-dependent, and
photobleaching effects are not always easy to recognize and
correct for. Fluorescence fluctuation measurements are affect-
ed by photobleaching in two ways: 1) Photobleaching of fluo-
rophores while they reside in the detection volume immediate-
ly results in a reduced average number of detected fluorescent
particles and in a reduced apparent residence time in the de-
tection volume. We refer to this effect as short-term photo-
bleaching. 2) Over the course of a measurement, photobleach-
ing throughout the light cone (single-photon excitation) or at
the laser focus (multi-photon excitation) results in a progres-
sive decrease of the total number of fluorescent particles pres-
ent in the sample and in a nonuniform concentration of fluoro-
phores. We refer to this effect as long-term photobleaching.
The influence of short-term photobleaching on the ACF has
been approximated successfully as a steady-state process.[14,15]

On the other hand, no detailed description of the influence of
photobleaching on the PCH is available, although computer
simulations suggest that it might be important.[16] Long-term
photobleaching results in non-steady state effects, with the
result that the forms of both the ACF and PCH depend on the
duration of the measurement. For measurements performed in
closed compartments, such as cells that contain only a limited
pool of fluorophores, the decrease in the total number of fluo-
rescent particles, reflected in a decrease in the fluorescence
count rate, becomes especially noticeable.[17–19] Methods have
been proposed to correct for this effect when calculating the
ACF[20] or the PCH.[21]

Herein, we explore the potential of beam scanning as a way
to reduce the effects of photobleaching in fluorescence fluctu-
ation experiments. We focus our efforts on circular beam scan-
ning, which has the advantage of being easily implemented
and of not resulting in significant modifications of the ACF and
PCH. Linear and circular beam scanning have been used in
conjunction with FCS or PCH methods to improve the signal-
to-noise ratio,[22] to study the oligomerization of slowly diffus-
ing particles,[23] to increase the visibility of rare particles,[24–27]

and to study membrane dynamics.[28] In several cases, beam
(or sample) scanning was also presented as a way to reduce
photobleaching.[22,27,29, 30] It was noted that scanning could in-
crease both the measured concentration and molecular bright-
ness of the detected fluorophore,[26,27] and this approach was
found to be especially useful in the case of slowly diffusing
particles.[22,26, 29] However, these effects have not yet been stud-
ied in detail. We start by briefly summarizing the different the-
oretical approaches that have been used to describe the effect
of photobleaching on fluorescence fluctuation measurements.
We then develop a simple theoretical framework to under-
stand how circular beam scanning will modify the output of
these measurements. The first part of this framework deals
with short-term photobleaching effects, and we derive a sim-
plified expression for the average detected fluorescence as a
function of the beam scanning speed and of the concentra-
tion, diffusion coefficient, and photobleaching cross section of
the fluorophores. We then turn our attention to long-term

photobleaching effects. Assuming that the laser focus is acting
as a sink for fluorescent particles, we numerically calculate the
sample’s particle distribution, obtained as a result of linear and
circular beam scanning. We also discuss which range of scan-
ning parameters can be used to avoid the formation of a pho-
tobleaching hole. We subsequently use large unilamellar lipid
vesicles (LUVs), made fluorescent by the introduction of a
small fraction of the lipophilic tracer DiD to the membrane, as
a model experimental system for testing the reduction of pho-
tobleaching in the presence of beam scanning as observed in
FCS and FIDA experiments. We show that photobleaching can
be eliminated by scanning the beam at a sufficient speed and
by making appropriate choices for the scanning radius and fre-
quency. Finally, we estimate the photobleaching cross section
of the DiD fluorophore from analysis of the average fluores-
cence signal recorded as a function of scanning speed.

Experimental Section

Materials : Lipids were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). Phosphatidylcholine (PC) and phosphatidyle-
thanolamine (PE) were purified from egg. Phosphatidylinositol (PI)
was from bovine liver. Phosphatidylserine (PS) and cardiolipin (CL)
were purchased as synthetic lipids in the dioleoyl (DO) or tetrao-
leoyl (TO) forms, respectively. HEPES [4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid] was obtained from BioShop Canada Inc.
(Burlington, Ontario, Canada). The fluorescent carbocyanine dye
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine, 4-chloro-
benzenesulfonate salt (DiD) and the fluorescent dye Alexa Fluor
633 C5-maleimide (Alexa 633) were purchased from Molecular
Probes (Eugene, OR, USA). Other chemicals were purchased from
Sigma–Aldrich (Oakville, Ontario, Canada).

LUV Preparation: Large unilamellar vesicles (LUVs) were prepared
from PC, PE, PI, DOPS and TOCL, with a mass ratio of
48:28:10:10:4. A small fraction (0.002%) of the lipophilic dye DiD
was added as a tracer. Lipids and lipophilic tracers were mixed in
the appropriate ratios from stock solutions dissolved in chloroform
and methanol, respectively. The organic solvents were removed by
evaporation under a stream of nitrogen gas, followed by incuba-
tion (2 h) under vacuum to remove traces of solvent. Dry lipid films
were then resuspended in liposome buffer (10 mm HEPES at
pH 7.4, 200 mm KCl, 5 mm MgCl2, 0.2 mm EDTA), subjected to 10
freeze–thaw cycles, and extruded through a 100 nm Nucleopore
polycarbonate membrane (Nucleopore, San Diego, CA, USA).

Fluorescence Fluctuation Instrument: Fluorescence fluctuation
measurements were carried out using an Insight Research Spec-
trometer (Evotec Technologies, Hamburg, Germany). The configura-
tion of the instrument allows recording autocorrelation functions
and photon counting histograms in parallel and permits beam
scanning. For fluorescence excitation, we used a 637 nm continu-
ous-wave laser diode (Radius 635-25, Coherent, Santa Clara, CA,
USA). The laser beam is attenuated by neutral density filters,
passes a beam expander, and is directed into the microscope ob-
jective (40J , 1.15 N.A. Olympus U-APO, water immersion objective)
via a dichroic mirror and a scanning mirror. Fluorescence collected
by the same objective is focused onto a confocal pinhole (70 mm)
to eliminate out-of-focus fluorescence. Afterwards, the light is
passed through a spectral band-pass filter before reaching the
photon-counting detector (SPCM-CD3017, Perkin–Elmer Optoelec-
tronics, Wellesley, MA, USA). The inclination of the scanning mirror
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placed just before the objective is controlled by a set of two piezo-
electric actuators (S-334, Physik Instrumente, Karlsruhe, Germany),
providing the instrument with beam-scanning capacity. The piezo-
electric actuators allow for a maximum �25 mrad tilt of the mirror
with mrad resolution (corresponding to a �50 mrad tilt of the laser
beam and to a �170 mm lateral displacement of the laser focus
away from the optical axis) in either the x or the y direction. The
high resonant frequency of the mirror–piezoelectric actuators
system (�1 kHz) allows for periodic scanning of the laser focus at
a frequency up to 100 Hz. The actuators are interfaced to a PC via
a piezo control system (E-501, Physik Instrumente). Setting the fre-
quency and amplitude of the two actuators to the same value re-
sults in circular scanning.

Fluorescence Fluctuation Measurements: The Alexa 633 dye or flu-
orescently labeled LUVs were diluted in liposome buffer at nano-
molar (Alexa) or subnanomolar (LUVs) concentration, and samples
(200 mL) were applied to a 96-well microplate with coverslip
bottom (Whatman Inc. , Brentford, UK) placed on the fluorescence
fluctuation instrument. The laser beam was focused 150 mm above
the surface of the coverslip. All measurements were performed at
room temperature. Unless otherwise stated, measurements were
recorded for a period of 10 s, and each measurement was repeated
10 times, thus error bars correspond to the standard deviation of
10 measurements. Data analysis for the ACFs was carried out with
the software KaleidaGraph (Synergy Software, Reading, PA, USA).
Data analysis for the PCHs was carried out with the software Aca-
pella (Evotec Technologies, Hamburg, Germany), which uses the
FIDA method.

Numerical Calculations: Numerical calculations were performed
using the software Maple (Maplesoft, Waterloo, Ontario, Canada).

Theory

Fluorescence Fluctuation Spectroscopy in the Absence of
Photobleaching

In standard fluorescence fluctuation spectroscopy experiments,
the fluorescence signal F(t) coming from a small immobile de-
tection volume is collected and its temporal fluctuations are
analyzed by analysis of the autocorrelation function (for FCS)
or photon-counting histogram (for FIDA). The average fluores-
cence, or count rate, <F(t)> , measured in these experiments
is related to the average number of fluorophores present in
the detection volume, N, and to their specific brightness, B, de-
fined as the average number of photons detected per fluoro-
phore and per second. In the case of a single fluorescent spe-
cies:

FðtÞh i ¼ NB: ð1Þ

The autocorrelation function, G(t), is defined by [Eq. (2)]:[31]

GðtÞ ¼ FðtÞFðt þ tÞh i
FðtÞh i2 	 1, ð2Þ

and the photon-counting histogram, PACHTUNGTRENNUNG(k,d), refers to the prob-
ability of detecting exactly k photons during a time interval
d.[11,12] These two functions extract different information from
the signal. The ACF is sensitive to the dynamics and concentra-

tion of the fluorescent particles, while the PCH is sensitive to
their specific brightness and their concentration, but not their
dynamics.
In the case of a single fluorescent species with diffusion co-

efficient D, and assuming a 3D Gaussian detection volume
with 1/e2 radius w0 and 1/e2 height z0, the ACF takes the ana-
lytical form given in Equation (3):[3]

GDðtÞ ¼
1=N

1þ t=tD

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t=S2tD

q 1þ T
1	 T

exp 	 t

tT

� �� �
, ð3Þ

where tD=w0
2/4D is the characteristic diffusion time, S=z0/w0

is the detection volume aspect ratio, and tT and T are the relax-
ation time associated with triplet state and the average frac-
tion of fluorophores found in that state, respectively. In the
limit of large aspect ratios (S@1), tD corresponds to the aver-
age time necessary for a particle to escape the detection
volume when starting from a random location in that volume.
The shape of the PCH is governed by super-Poissonian sta-

tistics ; two types of phenomena cause variations in the
number of photons detected during consecutive time inter-
vals : 1) fluctuation of the number of molecules in the detec-
tion volume and 2) fluctuation of the number of fluorescence
photons detected from each of these molecules.[12] In the case
of one-photon excitation, the detection volume is not perfectly
approximated by a Gaussian profile. Thus, no simple analytical
form adequately describes the PCH. Instead, a very large
number of convolutions must be performed to retrieve the
exact photon distribution P ACHTUNGTRENNUNG(k,d). To efficiently handle the con-
volution operations, FIDA, which is a numerical method that
relies on the use of generating functions, was introduced.[13] To
further facilitate the rapid evaluation of PACHTUNGTRENNUNG(k,d), the spatial pro-
file of the detection volume is taken into account through two
effective parameters, A0 and A1. These parameters are deter-
mined experimentally by fitting the PCH for a solution contain-
ing a single well-characterized fluorescent dye. They play
much the same role as the effective aspect ratio S, which is
generally obtained by fitting the ACF obtained for a fluores-
cent dye with Equation (3).

Modification of the ACF and PCH in the Presence of Circular
Beam Scanning

If the laser beam used for fluorophore excitation scans across
the sample, the ACF given above [Eq. (3)] is no longer valid.
For circular beam scanning, a modified expression for the ACF
has been calculated for two-photon excitation[25] and can be
adapted to one-photon excitation by replacing w0 in the origi-
nal expression with

ffiffiffi
2

p
w0 to account for the altered definition

of w0 in the case of two-photon excitation. For a beam scan-
ned along a circular trajectory of radius R at a frequency f, this
leads to Equation (4):
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GðtÞ ¼ GDðtÞ exp 	 2R2 1	 cosð2pftÞ½ �
w2

0 1þ t=tD

� �
8<
:

9=
;: ð4Þ

At low scanning frequencies (2pf !1/tD), Equation (4) simpli-
fies to Equation (5):

GðtÞ ¼ GDðtÞ exp 	
t=ts

� �2
1þ t=tD

� �
2
4

3
5, ð5Þ

where the characteristic scanning time tS=w0/ ACHTUNGTRENNUNG(2pfR) has been
introduced. This expression is similar to that obtained for parti-
cles subjected to a flow,[32] except that the quantity v=2pfR=
w0/tS represents the speed of the laser focus and not the flow
velocity.

In contrast to the ACF, the PCH should not be affected by
beam scanning in the absence of photobleaching as long as
the sampling time d used to construct the PCH remains much
shorter than the particle residence time, d!tS.

Modification of the ACF and PCH because of Short-Term
Photobleaching

For a given set of conditions, photobleaching can be charac-
terized by the rate at which fluorophores are destroyed. Be-
cause photobleaching usually occurs from fluorophore excited
states, the photobleaching rate strongly depends on the light
flux and is consequently not uniform across the detection
volume. For the purpose of discussing the effects of short-term
photobleaching, however, it is useful to define an effective
average photobleaching rate for the detection volume, kP.
When 1/kP<tD, the fluorescent particles will, on average, be
detected for a duration tP=1/kP, after which they photobleach
and become nonfluorescent. The apparent residence time of
the particles in the detection volume, which determines the
characteristic decay time of the ACF, then approaches tP in-
stead of tD. At the same time, the apparent average number of
particles detected in the detection volume decreases. A modi-
fied expression for the ACF taking into account this short-term
photobleaching process (and based on the approximation of a
uniform photobleaching rate across the detection volume),
Equation (6), has been used by several groups:[15,16,33]

GðtÞ ¼ GD 1þ A exp 	t=tP

� �
	 1

h in o
: ð6Þ

Due to the simplifying assumption of a uniform kP, the ACF
behaves as if only a fraction A of the particles is affected by
photobleaching. While one study provides a theoretical justifi-
cation for A�0.8 in agreement with measurements,[15] the
exact value of this parameter will depend somewhat on experi-
mental conditions, for example on the exact form of the exci-
tation profile.
Short-term photobleaching also affects the PCH, because it

decreases the total number of fluorescence photons. Numeri-
cal simulations have shown that the analysis of PCHs obtained

for particles subjected to photobleaching should return values
for the fluorophore concentration and specific brightness
which are smaller than the actual values.[16] These simulations
also showed that even in the case of severe photobleaching,
the PCH for a single fluorophore species still obeys super-Pois-
sonian statistics, at least in appearance.[16]

Effect of Short-Term Photobleaching on Average Count Rate

To assess the effect of short-term photobleaching on the aver-
age count rate, we make the approximation that the detection
volume is uniformly illuminated. This allows the use of the
same effective photobleaching rate kP that was introduced in
the previous section. At least at low excitation power, I, this
rate should be proportional to the light energy flux,
F= I/pw0

2. More specifically:[15]

kP ¼
sPl

hc
F ð7Þ

where sP is the effective photobleaching cross-section, l is the
excitation wavelength, h is Planck’s constant and c is the
speed of light. For a fluorophore entering a uniformly illumi-
nated area at time t=0, the probability of still being fluores-
cent at time t depends on the lifetime associated with the
photobleaching process, tP=1/kP, and is given by exp ACHTUNGTRENNUNG(	t/tP).
Therefore, the average fluorescence intensity F collected from
N fluorophores with specific brightness B spending a time tR in
the detection volume is [Eq. (8)]:

F ¼ NB
tR

Zt¼tR

t¼0

exp 	t=tP
� �

dt ¼ NBtP
tR

1	 exp 	tR=tP

� �h i
ð8Þ

The variation of F with tP is shown in Figure 1. If the charac-
teristic time associated with photobleaching, tP, is much larger

Figure 1. Expected average normalized fluorescence, <F(t)> (NB)	1, as a
function of normalized photobleaching characteristic time, tPtR

	1 [c, cal-
culated according to Eq. (8)] . The same curve is also shown as a function of
normalized scanning speed, 2vtP/ ACHTUNGTRENNUNG(3w0), in order to demonstrate the range
of intensities that can be observed experimentally in the case when tP=tD
[b, calculated according to Eq. (10)] .
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than the residence time of the particles in the detection
volume, tR, short-term photobleaching effects are negligible,
and we recover F=NB. On the other hand, if tP�tR, then a
fraction of the N fluorophores in the detection volume is pho-
tobleached and F<NB ; in particular, F=NB/2 for tP�tR/1.594.
Finally, F goes to zero for tP !tR. Although we made simplify-
ing assumptions about the light distribution in the detection
volume, a comparison between Equation (8) and a more pre-
cise estimate of the same quantity obtained through numerical
simulations[34] shows that the approximations made to obtain
Equation (8) conserve the correct form for F while yielding a
simple analytical function.

Dependence of the Average Count Rate on Scanning Speed

For beam scanning, the residence time of a diffusing particle
in the detection volume can be approximated by:

tR ¼ 1

�
1
t0D

þ 1
t0S

� �
ð9Þ

where t’D is the average residence time in the detection
volume of a diffusing particle in the absence of beam scan-
ning, and t’S is the average residence time of an immobile par-
ticle in the presence of beam scanning. Note that t’D is not
identical to the characteristic diffusion time tD=w0

2/4D. While
t’D is, by definition, the average total residence time of the par-
ticles in the experimental detection volume (from the moment
they enter to the moment they exit), tD corresponds to the
average escape time from an hypothetical detection volume
with infinite aspect ratio for particles starting from a random
location in that volume. So these two quantities are slightly
different, with tD being independent of S, while t’D weakly de-
pends on S. In the case of a sphere (S=1), t’D=4tD/3, while
for a cylinder t’D=tDJ ln(2S).

[24] Similarly, t’S and tS are slightly
different quantities. If the detection volume is a sphere, it is
easy to show that t’D=3tD/2. By inserting Equation (9) in Equa-
tion (8) and assuming the limit of detection volumes with
small aspect ratio (S�1), we obtain the average count rate ex-
pected as a function of scanning speed [Eq. (10)]:

FðvÞ ¼ NBtP
3
4tD

þ 2v
3w0

� �
1	 exp 	 1

tP
3
4tD

þ 2v
3w0

� �
2
4

3
5

8<
:

9=
; ð10Þ

This expression is plotted in Figure 1 assuming that N does not
depend on the scanning speed, that is, assuming that long-
term photobleaching effects are negligible. This assumption,
however, does not always hold true, as discussed below. When
it does, and when kP/1.594>3/ ACHTUNGTRENNUNG(4tD), the count rate reaches
half its maximum value at the scanning speed vP= (3w0/2)J
(kP/1.594	3/4tD). Thus vP represents a crossover value for the
beam velocity: If v!vP short-term photobleaching effects are
dominant, and if v@vP they are negligible.

Long-Term Photobleaching Effects: Linear Beam Scanning

We have so far neglected long-term photobleaching effects,
taking into account neither the photobleaching occurring out-
side of the detection volume nor the modification of the con-
centration profile due to diffusion of photobleached molecules
outside of the illuminated area. The fact that photobleaching
in single-photon excitation occurs throughout the light cone,
that is, also above and below the laser focus, means that the
diffusion of photobleached molecules should be treated as a
two-dimensional problem.[18,34] Therefore, we model the effect
of photobleaching on the particle distribution in the focal
plane, CACHTUNGTRENNUNG(x,y), by solving the two-dimensional diffusion equation
in the presence of a continuous sink placed at the position of
the laser focus. We first consider linear beam scanning and
look for steady-state solutions to the diffusion equation for a
sink with constant speed, v. In the referential linked to the
sink, the time-independent diffusion equation is:

@2C
@x2

þ @2C
@y2

¼ 	 v
D
@C
@x

: ð11Þ

If a sink destroying particles at an effective rate a is placed
at the origin, Equation (11) is valid everywhere except at the
origin. The presence of the sink is reflected in a boundary con-
dition stating that the flux of particles around the origin must
be 	a. Note that a represents a global destruction rate for the
total volume of the sink. For example, for a uniform photo-
bleaching process occurring at an effective rate kP across an
area V where the fluorophore concentration is C, we would
have a=CVkP. Taking into account this boundary condition,
the solution to Equation (11) is given in Equation (12):

Cðx; yÞ ¼ C0 	
a

2pD
K0

v
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
2D

 !
exp 	vx=2D
� �

ð12Þ

where K0 is the modified Bessel function of the second kind
and zeroth order, and C0 is the particle concentration in the ab-
sence of the sink. The resulting 2D concentration is shown in
Figure 2a, and the concentration profile along the x-axis is
shown in Figure 2b. In front of the sink (x>0), the particle
concentration increases sharply over the characteristic length
2D/v because of the exponential factor in Equation (12).
Behind the sink (x<0), the concentration increases only slowly,
a reflection of the fact that the sink is leaving a trail of photo-
bleached particles behind it.

If the sink is turned on at time t=0, the particle distribution
at time t, before the steady state is reached, can be obtained
by integrating the Green function for the diffusion equation
over the trajectory of the sink. In the referential linked to the
sink we obtain Equation (13):

Cðx; y; tÞ ¼ C0 	
Z

t

0

a

4pDu
exp 	 x þ vuð Þ2þy2

4Du

� �
du ð13Þ

838 www.chemphyschem.org < 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemPhysChem 2007, 8, 834 – 848

C. Fradin et al.

www.chemphyschem.org


This integral does not have a simple analytical solution,
except when t goes to infinity, in which case C ACHTUNGTRENNUNG(x,y,t) becomes
equal to the steady-state solution CACHTUNGTRENNUNG(x,y). Several transient parti-
cle distributions are shown in Figure 2b for comparison with
the steady-state solution. It takes only a very short time,
�D/v2, for the sharp particle gradient present in front of the
sink to be established (corresponding to the time necessary for
the particles to diffuse over the distance 2D/v). On the other
hand, the tail is established only progressively, and its length,
�vt, increases linearly with time.
The shape of the steady-state particle distribution depends

only on the value of v/D, while the magnitude of the photo-
bleaching “hole” caused by the sink depends separately on v,
D, and, of course, a. When the velocity of the sink increases,
the particle distribution becomes more and more asymmetric,
while the overall amplitude of the photobleaching hole dimin-
ishes. Both effects act to reduce the influence of long-term
photobleaching (Figure 2c). A large diffusion coefficient, while
making the particle distribution more symmetric, also decreas-
es the depth of the photobleaching hole. Thus, quickly diffus-

ing particles will have a lesser tendency to form a photo-
bleaching hole than slowly diffusing particles.
In a beam-scanning experiment, we are interested in the

concentration of fluorescent particles found immediately in
front of the detection area, C ACHTUNGTRENNUNG(w0,0), because this concentration
determines the incoming flux of fluorescent particles in the de-
tection volume and consequently the value of the parameter N
[Eq. (8)] . The parameter CACHTUNGTRENNUNG(w0,0), called the apparent particle
concentration, is plotted in Figure 2d as a function of beam
velocity. It increases sharply above the critical velocity vc=
2D/w0 at which the particle distribution starts decaying over a
distance shorter than w0 in front of the sink. For v<vc, the
laser focus does not move forward as fast as the photobleach-
ed particles diffusing in front of it, so the detection volume re-
mains in the photobleaching hole and the apparent particle
concentration is lower than the real concentration. On the
other hand, for v>vc the beam moves forward faster than al-
ready photobleached particles, and the apparent particle con-
centration is equal to the real particle concentration.

Figure 2. Linearly moving sink. a) Steady-state concentration profile C ACHTUNGTRENNUNG(x,y) in the referential linked to the sink (v=10 mms	1, D=1 mm2s	1, a/C0=1 mm2s	1).
The contours represent reduction in concentration of 1%, 2%, 3%, 4%, 5% and 10% compared to the reference concentration C0. b) Establishment of the
photobleaching hole, as evidenced by the normalized particle distribution along the trajectory of the sink, shown for different times after the sink was turned
on, and compared to the steady-state distribution (v=10 mms	1, D=1 mm2s	1, a/C0=1 mm2s	1). c) Influence of scanning speed on the shape and depth of
the photobleaching hole (D=1 mm2s	1, a/C0=1 mm2s	1). d) Normalized apparent concentration, C ACHTUNGTRENNUNG(w0,0)/C0, shown as a function of beam velocity
(w0=0.5 mm, a/C0=1 mm2s	1).
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In conclusion, long-term photobleaching effects can be
avoided by linearly scanning the beam or the sample at a ve-
locity larger than the critical velocity vc=2D/w0, which pre-
vents the formation of a region with decreased fluorescent
particle concentration around the detection volume (photo-
bleaching hole).

Long-term Photobleaching Effects: Circular Beam Scanning

In contrast to a sink moving linearly, there is no steady-state
solution in two dimensions for a sink moving in a circular fash-
ion. We then need to consider transient solutions, which we
obtain by integrating the Green function for the diffusion
equation over the trajectory of the sink. For a sink rotating
about the origin with radius R and frequency f, having started
photobleaching particles at t=0, and found in (x,y)= (R,0) at t,
the distribution of fluorescent particles is given by Equa-
tion (14):

Cðx; y; tÞ ¼ C0	Z
t

0

a

4pDu
exp 	 x 	 R cosð2pfuÞ½ �2þ y þ R sinð2pfuÞ½ �2

4Du

� �
du

ð14Þ

This particle distribution is shown in Figure 3. The circularly
moving sink leaves a trail of nonfluorescent particles in its
wake (Figure 3a), as in the case for a sink moving linearly. After
one rotation period, the sink starts “biting its tail” and catching
up with the nonfluorescent particles it created earlier (Fig-
ure 3b). After a very short transient during which the front is
established (which, by analogy with the linear motion case,
must happen for t<D/v2), and after a longer transient during
which the tail is established ACHTUNGTRENNUNG(t<1/f), the particle concentration
along the sink trajectory keeps decreasing regularly without
changing its shape significantly, (Figure 3c). As a result, the
particle concentration found immediately in front of the sink,
CACHTUNGTRENNUNG(R,w0), decreases slowly with time during a circular scanning
experiment. In addition, a sudden drop in particle concentra-
tion is observed each time the beam completes a full circle
(Figure 3c, inset). Once the critical velocity at which the front
is established is reached (vc=2D/w0, or fc=D/pRw0), the pri-
mary effect of further increasing the frequency for a fixed scan-
ning radius and scan duration is to slightly decrease the appar-
ent particle concentration along the beam trajectory, since flu-
orophores have less and less time to diffuse away before the
beam completes a full circle (Figure 3d). This effect becomes
important for f> ft=1/tD. Increasing the scanning radius for a
fixed scanning frequency also affects the apparent number of
particles. Again, the first effect should be the topping of the
critical velocity (vc=2D/w0, obtained for Rc=D/pfw0). The
second effect, equally striking, is escaping the photobleaching
hole. For very small scanning radii, a symmetric photobleach-
ing hole is established, as in the case of an immobile source,
so that even above the critical velocity the apparent concen-
tration can be significantly smaller than the real sample con-
centration (Figure 3e). To better illustrate that effect, Figure 3 f
shows the apparent particle concentration as a function of

scanning radius for a constant velocity, which gives an indica-
tion of the amplitude and range of the photobleaching hole.
Both keep increasing with time, in particular the hole radius
scales as Rh ¼

ffiffiffiffiffiffiffiffi
4Dt

p
, and the apparent particle concentration

will critically depend on whether R is smaller than Rh.
The main conclusion that can be drawn from these calcula-

tions in the case of circular scanning is that, as in the case of
linear scanning, the principal requirement in order to avoid
long-term photobleaching is the use of a scanning velocity
larger than the critical velocity vc=2D/w0. In addition, to
ensure that the scanning conditions will prevent the beam
from returning too quickly to regions where the fluorescent
particle concentration has been depleted, the scanning fre-
quency has to be lower than ft=1/tD, and the scanning radius
has to be larger than the photobleaching hole radius
Rh ¼

ffiffiffiffiffiffiffiffi
4Dt

p
.

We note that our modeling relies on two important simplifi-
cations. The first simplification is that we have assumed the
global rate a at which particles are photobleached to be con-
stant. Yet a depends on the concentration of particles in the
detection volume (a=CVkP), which in the presence of beam
scanning can be compared to the concentration particles
found right in front of the beam, CACHTUNGTRENNUNG(w0,0). In non-steady state
situations where CACHTUNGTRENNUNG(w0,0) is time-dependant, a�C ACHTUNGTRENNUNG(w0,0)VkP is
also time-dependent, and the shape of the solutions we have
calculated is not exact. Since fluorescent particle concentration
tends to decrease with time due to photobleaching, we expect
the effective photobleaching rate a to decrease with time in
these situations, in turn reducing the rate at which fluorophore
concentration decreases. Thus by considering a to be constant,
we overestimate the importance of non-steady state effects
such as the slow concentration decrease illustrated in Fig-
ure 3c. All our conclusions, however, remain qualitatively cor-
rect. Indeed, non-steady state effects similar to the ones we
predict here have been predicted for comparable systems
(photobleaching in a biological membrane in the absence of
beam scanning) using more sophisticated modeling.[19] The
second simplification is that while we have considered a point
source in our calculations, the photobleaching area is extend-
ed in a real experiment. This means that the solutions we
obtain are different from the exact solution close to the sink.
Considering the exact light distribution would eliminate the di-
vergence at the sink observed in our calculations, but would
not change the conclusions drawn from our simple model.

Results and Discussion

Characterization of Photobleaching from the Fluorescence
Fluctuation Data

To illustrate the influence of photobleaching on the output of
fluorescence fluctuation experiments, we carried out FCS and
FIDA measurements for the small organic dye Alexa 633 both
with and without circular beam scanning. We varied the light
energy flux at the laser focus in the range 0–70 kWcm	2. Rep-
resentative ACFs and PCHs are shown in Figures 4a and b, and
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parameters obtained from the fit of the autocorrelation data
are shown in Figures 4c and d.
Upon increasing the excitation power, the ACFs obtained

without beam scanning (Figure 4a, black curves) are affected
by two competing effects. For F920 kWcm	2, the character-
istic decay time of the ACF progressively shifts towards longer
lag times owing to optical saturation.[35] Further increasing the

excitation power results in a shift of the decay time towards
shorter lag times, presumably due to photobleaching.[15] This
effect is captured in the dependence of the apparent charac-
teristic diffusion time tD obtained by fitting the ACFs with a
simple diffusion model [Eq. (3)] , and shown in Figure 4c. The
characteristic decay time increases for F up to 20 kWcm	2 and
decreases afterwards. If photobleaching is taken into account

Figure 3. Circularly moving sink. a) Concentration profile CACHTUNGTRENNUNG(x,y,t) for a sink rotating around the origin after t=0.5 s. b) Concentration profile C ACHTUNGTRENNUNG(x,y,t) for a sink
rotating around the origin after t=2.5 s. For (a) and (b), f=1 Hz, R=5 mm, D=1 mm2s	1, a/C0=1 mm2s	1; the contours represent reduction in concentration
of 1%, 2%, 3%, 4%, 5% and 10% compared to the reference concentration C0. c) Normalized concentration profile along the sink trajectory for different scan
durations. Inset : change in the apparent particle concentration, C ACHTUNGTRENNUNG(R,w0), with time (f=1 Hz, R=5 mm, D=1 mm2s	1, a/C0=1 mm2s	1). d) Influence of change in
scanning frequency on the particle concentration (R=5 mm, D=1 mm2s	1, a/C0=1 mm2s	1), as shown by changes in the particle distribution along the sink
trajectory (calculated for t=2.5 s). e) Influence of the scanning radius on the particle concentration (f=1 Hz, D=1 mm2s	1, a/C0=1 mm2s	1, t=2.5 s), as
shown by changes in the particle distribution along the x-axis. f) Normalized apparent particle concentration as a function of scanning radius at constant
velocity (v=20 mms	1, D=1 mm2s	1, a/C0=1 mm2s	1).
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when fitting the ACFs [Eq. (6)] , tD increases monotonously with
the excitation power (Figure 4c) as expected from optical satu-
ration. From this fit, the characteristic photobleaching time tP
(shown in Figure 4c) and the associated amplitude A are ob-
tained. While it is expected that A�0.8, we found that it
varied between A�0 at low excitation intensity and A�0.5 for
F�70 kWcm	2. This discrepancy probably indicates that in
the range of excitation intensity we explored (where tP>tD),
the photobleaching effect is too weak for the fit to be reliable.
In contrast, other groups that successfully used Equation (6) to
fit correlation data worked at much higher light energy fluxes
(where tP<tD) and recovered A�0.8.[14,15]

In the presence of circular beam scanning, photobleaching
is reduced, and the dominant process affecting the ACFs (Fig-
ure 4a, gray curves) is optical saturation. This is evidenced by
the monotonous increase of both the characteristic scanning
time tS and the characteristic diffusion time tD (shown in Fig-
ure 3c), obtained by fitting these ACFs with a diffusion-velocity

model [Eq. (5)] . The radius of
the detection volume, w0, can
be calculated from tS since w0=

vtS. w0 is found to increase
steadily from 0.6 mm at low ex-
citation intensity to 0.75 mm for
F�80 kWcm	2. Examination of
the different values for tD recov-
ered using different fitting
methods shows that they are
similar only at very low light
flux (Figure 4c). As soon as pho-
tobleaching kicks in (F>

10 kWcm	2), each fitting
method returns a different
value for tD, the highest being
obtained when using Equa-
tion (6). This means that in the
presence of photobleaching,
analysis methods not taking it
into account cannot be trusted
to yield a proper value for tD.
As a rule, the residence time of
the particles in the detection
volume is limited by the short-
est of the relevant characteristic
times in the system, and analy-
sis of the corresponding ACF
will yield a precise value only
for this shortest time. Thus, in
the presence of severe photo-
bleaching, tP is measured pre-
cisely, but tD is not, and in the
presence of fast beam scanning,
tS is measured precisely, but tD
is not.
The increasing influence of

photobleaching with excitation
intensity is further evidenced by

comparing the PCHs recorded with (gray symbols) and without
(black symbols) beam scanning (Figure 4b). While at very low
excitation intensity the two PCHs are virtually identical, at high
excitation intensity there is a clear shift of the distribution to-
wards higher photon counts in the presence of beam scan-
ning. The PCHs obtained in the presence of beam scanning
were analyzed by the FIDA method while letting the two pa-
rameters that describe the geometry of the detection volume,
A0 and A1, vary. Both parameters were found to increase with
increasing excitation intensity. When the PCHs recorded with-
out beam scanning were analyzed in the same way, the values
obtained for A0 were found to be similar to those obtained
with beam scanning, while the values obtained for A1 were
not, and the discrepancy increased with excitation power. We
attribute this behavior to photobleaching: As the photobleach-
ing becomes more severe, the fluorophore concentration
across the detection volume becomes nonuniform, and this re-
sults in an incorrect evaluation of the geometrical parameters.

Figure 4. Correlation data obtained for the dye Alexa 633. a) Autocorrelation functions and b) photon counting
histograms recorded without (black lines and symbols) and with (gray lines and symbols) beam scanning
(f=15.9 Hz, R=50 mm). All curves are representative 5 min measurements. Thick lines and symbols correspond to
experimental data. Thin lines correspond to fit as explained in the text. c) Characteristic times obtained from the
fit of the ACFs. Upper panel: characteristic diffusion times tD obtained from fitting the ACFs in the absence of
beam scanning using either Equation (3) (*) or Equation (6) (*) compared to the characteristic diffusion time tD
and characteristic scanning time tS obtained by fitting the ACFs in the presence of beam scanning using Equa-
tion (5) (* and J , respectively). Lower panel : characteristic photobleaching time obtained from fitting the ACFs in
the absence of beam scanning using Equation (6). d) Parameters obtained from the fit of the PCHs. Upper panel:
average number of fluorescent particles in the detection volume. Lower panel : specific brightness of the fluores-
cent particles.
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Thus, because the correct values for A0 and A1 cannot be ob-
tained when photobleaching is present, we subsequently ana-
lyzed PCHs without beam scanning while fixing the values of
A0 and A1 to the values obtained with beam scanning at the
same intensity. The results of these fits (number of molecules
in the detection volume and specific brightness) are shown in
Figure 4d. In the absence of photobleaching (i.e. at low excita-
tion intensity or in the presence of beam scanning), the PCHs
are perfectly described by super-Poissonian statistics for a
single species of fluorophore, as expected. In addition, and in
agreement with the simulations performed by Dix et al. ,[16] in
the presence of photobleaching (high excitation intensity, no
scanning) the PCH is apparently still governed by super-Poisso-
nian statistics, but the apparent number of molecules decreas-
es by about 30%, while only a 5% decrease in the specific
brightness of the dye is detected (Figure 4d).
To see how analysis of the fluctuation might change for

slowly diffusing particles, ACF and PCH curves were recorded
for a sample of LUVs containing a small amount of the lipo-
philic dye DiD. Representative curves, obtained for F=

10 kWcm	2, are shown in Figure 5. For the vesicles, photo-

bleaching is present even at this low excitation intensity, and

its effects can be detected in the PCHs (Figure 5b), which
show that more photons are detected with beam scanning
(gray curves) than without (black curve). The PCHs were fit
with a single-component model. Although agreement with the
experimental data is not perfect (which was expected, because
the vesicles have a distribution of specific brightness) we were
able to recover the dominant trends in terms of concentration
and specific brightness. We observed that both the apparent
concentration and the specific brightness of the particles in-
creased significantly in the presence of beam scanning (by
�100% and �70%, respectively, when increasing the beam
velocity from 0 to 5000 mms	1). The contrast to the case of the
dye is worth pointing out: the vesicles each carry several fluo-
rophores, thus photobleaching results in an actual reduction of
their specific brightness, and this is reflected in the FIDA re-
sults.
The corresponding ACFs are shown in Figure 5a. In the ab-

sence of beam scanning, a simple diffusion model [Eq. (3)] fails
to account for the data, at least in part because of photo-
bleaching. However, because we also expect a certain distribu-
tion in the size of the vesicles, we cannot use Equation (6) to
evaluate the relative effects of diffusion and photobleaching.
The characteristic diffusion time tD=15.4 ms returned by the
simple diffusion model should consequently be treated as the
lower limit for the actual characteristic diffusion time. Indeed,
the extruded vesicles used in our experiments have a 50 nm
radius, and according to the Stokes–Einstein equation, they
should have a diffusion coefficient D�4 mm2s	1, corresponding
to tD�30 ms for w0�0.7 mm. The ACFs obtained in the pres-
ence of circular beam scanning look different depending on
the relative values of 2pf and 1/tD, as predicted by Equa-
tion (4). For f@ ft=1/ ACHTUNGTRENNUNG(2ptD)�10 Hz, oscillations are clearly visi-
ble in the ACF (Figure 5a, dashed gray curve) because the
same fluorophores are observed in the detection volume after
a 2p revolution of the beam.[25] In this case, the ACF is well fit
by Equation (4), yielding f=65 Hz and R=0.9 mm (where the
value of w0 obtained from the experiments with the dye has
been used to calculate R), which is in reasonable agreement
with the actual scanning parameters (f=60 Hz, R=1.3 mm). As
f approaches 10 Hz, the amplitude of these oscillations be-
comes negligible (Figure 5a, solid gray curve), since fluoro-
phores have time to diffuse away before the beam can com-
plete a full revolution, and the ACF can be fit using the simpli-
fied Equation (5). In that case, we simply retrieve the character-
istic residence time due to scanning, which was found to be
similar to that obtained for the dye experiments.
In summary, the following remarks can be made from the in-

spection of the correlation data shown in Figure 4 and
Figure 5. First, in the range of excitation power usually used in
FCS experiments (F�1–20 kWcm	2), photobleaching effects
are hardly noticeable for very quickly diffusing fluorophores
such as dyes, while they are very severe for slowly diffusing
particles such as vesicles. Second, photobleaching is difficult to
diagnose from the analysis of a single ACF, but it is evidenced
by a shift of the PCH towards higher photon counts upon acti-
vation of beam scanning.

Figure 5. a) Autocorrelation functions obtained for DiD-labeled vesicles with
and without beam scanning, for a light energy flux F=10 kWcm	2.
b) Photon counting histograms corresponding to the autocorrelation curves
shown in (a). Thick lines are representative 5 min measurements. Thin lines
are fit as explained in the text.
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Optimization of the Scanning Parameters for Long-Term
Photobleaching Suppression

In order to experimentally assess the influence of scanning pa-
rameters on the reduction of long-term photobleaching ef-
fects, we measured the average fluorescence intensity collect-
ed from a LUV sample while scanning the beam over circular
trajectories with different radii but with a fixed scanning
speed. The constant scanning speed ensured that the resi-
dence time of the fluorophores remained the same. This way,
short-term photobleaching effects remained the same, and
long-term photobleaching effects could be investigated. The
result of this experiment is shown in Figure 6. For the studied

system, the critical velocity vc=2D/w0, above which we expect
a reduction of the long-term photobleaching effects, can be
estimated to be vc�10 mms	1 (since w0�0.7 mm and D
�4 mm2s	1). Indeed, for v<10 mms	1 (filled symbols), we ob-
serve that the fluorescence intensity collected at all radii re-
mains very similar to the fluorescence intensity collected in the
absence of beam scanning. On the other hand, for v>
10 mms	1 (half-filled and empty symbols), the fluorescence in-
tensity rapidly increases with scanning radius. This confirms
that for v<vc, the velocity of the beam is not sufficient to
avoid the influence of fluorophores that have just been photo-
bleached and are still in the proximity of the detection
volume. For v>vc, all curves show the following trend: As the
scanning radius is increased from R�0 to R�30 mm, the re-
corded fluorescence increases steeply. It then reaches a plateau
between R�30 mm and R�60 mm and finally starts slowly de-
creasing above R�60 mm. The reduced intensity observed
below R�30 mm can be attributed to the presence of a photo-
bleaching hole. Indeed, the curves shown in Figure 6 have a
very similar behavior to those in Figure 3 f, which showed the
apparent number (because of the creation of a photobleaching
hole) of particles as a function of scanning radius. Each point
in Figure 6 corresponds to the average of three different 10-s
measurements, meaning that the total measurement duration

was about 30 s. Considering D�4 mm2s	1 for the vesicles, we
expect the photobleaching hole to have a radius Rh ¼

ffiffiffiffiffiffiffiffi
4Dt

p

�20 mm, which is very close to what we actually observe. The
influence of the photobleaching hole can thus be avoided by
choosing R>Rh, or it can be reduced by limiting the duration
of the measurements, by allowing the sample to rest between
measurements, or by taking consecutive measurements in dif-
ferent places in the sample. On the other hand, the slow de-
crease in fluorescence count rate observed for radii R>Ri
�60 mm at all scanning speeds can be attributed to comatic
aberrations. This type of optical aberration occurs when the
laser beam is off axis and results in a distortion of the point
spread function, which becomes larger as the angle between
the laser beam and the optical axis increases. This effect is
negligible at small scanning radii, but causes a visible reduc-
tion in the fluorescence count rate and brightness per mole-
cule for R>Ri. The value of Ri obviously depends on the optical
components used for collecting the fluorescence, in particular
of the objective lens. We finally note that the plateau reached
for v=50 mms	1 is lower than for the two higher scanning
speeds. This we attribute to the fact that short-term photo-
bleaching effects must still be present at this speed; in other
words, v=50 mms	1<vP, as discussed in the next section.
In summary, this experimental data confirms that photo-

bleaching can be reduced for v>vc, and emphasizes the im-
portance of using a scanning radius larger than the radius of
the photobleaching hole, which can also be reduced by de-
creasing the measurement duration.

Influence of the Scanning Velocity on Short-Term Fluoro-
phore Photobleaching

To verify that an increase in the scanning speed results in an
increase in measured fluorescence according to Equation (10),
we measured the average fluorescence intensity as a function
of scanning speed for both a dye sample and a vesicle sample
(Figure 7a). Agreement with Equation (10) is expected only if
the scanning conditions have been chosen such that long-
term photobleaching effects are negligible. Consequently, for
these measurements the scanning parameters were selected
according to the discussion in the previous sections. Specifical-
ly, we kept v>vc�10 mms	1, R>Rh�20 mm, R<Ri�60 mm
and f< ft�30 Hz for the vesicle sample. For the dye sample, al-
though we estimated that vc�1000 mms	1, long-term photo-
bleaching effects are negligible in all scanning conditions be-
cause the large diffusion coefficient of the dye ensures that
any photobleaching hole will be very shallow. Thus, in that
case the only scanning requirement is R<Ri�60 mm.
The average fluorescence intensity measured for Alexa 633

at low excitation power (F=8 kWcm	2) remained constant
over the large range of scanning speeds explored, a sign of
the absence of photobleaching effects. On the other hand, at a
comparable excitation power (F=10 kWcm	2), the influence
of photobleaching is clearly visible in the fluorescence intensity
curve recorded for the vesicles. Using a very high excitation
power (F=70 kWcm	2) resulted in visible photobleaching ef-
fects for both the vesicles and the dye, in agreement with the

Figure 6. Fluorescence intensity measured from a vesicle sample with circu-
lar beam scanning at constant speed, as a function of the beam scanning
radius (F=10 kWcm	2).
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fluorescence fluctuation data shown above (Figure 4). As ex-
pected from Equation (10), the two curves showing evidence
of photobleaching both reach a plateau above a certain veloci-
ty, which was different in each case. This confirms the exis-
tence of a crossover velocity vP, above which short-term pho-
tobleaching effects become negligible.
It is possible to obtain more quantitative information about

the photobleaching taking place in the sample by fitting the
experimental data with Equation (10). For the vesicle data
shown in Figure 7a, we found tD=38�6 ms, whereas the
characteristic photobleaching time of the DiD fluorophore was
found to be tP=31�2 ms. Therefore, under these experimen-
tal conditions tP�tD, so that in the absence of beam scanning
about half of the DiD fluorophores photobleach during their
transit through the detection volume. As a result, there was a
�50% decrease in total fluorescence intensity recorded for
this sample at low scanning speeds. This is in contrast to what
was observed for the dye. At the highest excitation intensity
explored, F=70 kWcm	2, the characteristic diffusion time esti-
mated for the dye was tD=460�50 ms, while the estimated
characteristic photobleaching time was tP=2.0�0.2 ms. The
fact that tD<tP means that even at this very high excitation
power, the majority of the fluorophores remained fluorescent
throughout their passage through the detection volume. This
is consistent with the relatively modest intensity decrease ob-
served at low scanning speeds.
The characteristic photobleaching time tP=2 ms estimated

in this manner for the Alexa dye for F=70 kWcm	2 is signifi-
cantly different from the value tP=0.5 ms obtained from analy-
sis of the ACF using Equation (6) (Figure 4). Since photobleach-
ing is not predominant in these conditions (tP>tD), the esti-
mate of this parameter from the ACF might be inaccurate. This

argument is supported by the fact that the amplitude A recov-
ered from the same analysis was less than the expected value
(0.8). Furthermore, we assumed S�1 to derive Equation (10),
so that the values of tP obtained using this equation might
present a systematic deviation from the actual value. However,
since the dependence of the residence time on S is weak, this
deviation should be small. In contrast to what is observed for
tP, the characteristic diffusion time obtained for the dye is rea-
sonably close to that obtained by ACF analysis (tD=460 ms as
compared to tD=564 ms), and the value tD=38 ms obtained
for the vesicles is much closer to the characteristic diffusion
time expected in these conditions for a spherical particle of
radius 50 nm, tD=28 ms, than was the value tD=15.4 ms ob-
tained from the analysis of the corresponding ACF.
The specific brightness of both the dye and the vesicles, as

estimated using one-component FIDA, is shown in Figure 7b.
For the dye, the specific brightness is lower at low beam veloc-
ity in the presence of photobleaching. However, this decrease
is not as important as the decrease in total intensity. In con-
trast, in the case of the vesicles, the decrease in specific bright-
ness at low scanning speed exactly matches the decrease in
total fluorescence intensity. This is because vesicles carry sever-
al DiD fluorophores, about half of which photobleach during
transit through the detection volume, resulting in an apparent
specific brightness of the vesicle that is lower than that in the
absence of photobleaching.
In conclusion, our experimental data confirms that circular

beam scanning allows the elimination of short-term photo-
bleaching effects. We find that, as expected from our simple
model [Eq. (10)] , the measured average fluorescence intensity
increases to its maximum value for v>vP. Fitting this data
allows us to estimate the characteristic diffusion time tD and
the photobleaching time tP.

Influence of the Excitation Power on Fluorophore Photo-
bleaching.

We next looked into the excitation-power dependence of the
photobleaching process. Figure 8 shows the average fluores-

Figure 7. a) Normalized fluorescence intensity as a function of scanning ve-
locity for different samples. The thick continuous lines represent fits of the
data with Equation (10). The thin dashed line is a guide for the eyes. b) Nor-
malized specific brightness obtained by FIDA analysis for the same samples.
Lines are guides for the eyes. * Alexa 633 F=8 kWcm	2, * Alexa 633
F=70 kWcm	2, & vesicles F=10 kWcm	2.

Figure 8. Fluorescence intensity collected from a vesicle sample plotted as a
function of beam velocity for different excitation powers. Lines represent fits
of the data with Equation (10).
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cence intensity recorded for the vesicles as a function of scan-
ning speed for several different excitation powers. As the exci-
tation power is increased, the effective photobleaching rate in-
creases, and photobleaching effects become more noticeable.
This is evidenced in the relative increase in average fluores-
cence intensity as the scanning speed is increased from
10 mms	1 to 30 mms	1, which gets larger when the excitation
power is increased. Additionally, the value of the scanning
speed at which we observe a crossover between important
and negligible photobleaching effects, vP, increases as expect-
ed with the excitation power. This underscores the importance
of choosing scanning parameters according to specific experi-
mental conditions in order to efficiently reduce the effects of
photobleaching.
The reduction of the photobleaching effects obtained in the

presence of optimal beam scanning, defined by the scanning
conditions at which the measured fluorescence intensity is at a
maximum, is illustrated in Figure 9, where the specific bright-
ness of the vesicles with and without beam scanning is com-

pared. In the absence of beam scanning, the specific bright-
ness of the vesicles reaches its maximum value at F=

10 kWcm	2 due to short-term photobleaching. But in the pres-
ence of optimal beam scanning, photobleaching is reduced
such that specific brightness continues to increase until F=

50 kWcm	2. This data very strikingly demonstrates the useful-
ness of beam scanning to recover the proper specific bright-
ness of slow particles.
The effective photobleaching rate of the DiD fluorophore, kP,

obtained from the analysis of different intensity curves using
Equation (10), is shown in Figure 10 as a function of the light-
energy flux. At low flux, kP increases linearly with F, but above
F�40 kWcm	2 a slight saturation is observed. We expect the
photobleaching rate to deviate from a linear behavior at
higher flux, either because of population saturation of the first
singlet excited state (in which case the photobleaching rate
should plateau) or because of population of higher-energy ex-

cited states (in which case the photobleaching rate should
start increasing faster).[15] The first effect seems to predominate
in the case of the DiD fluorophore in the range of energy flux
used in this study. We nevertheless expect the second effect to
become predominant at higher flux.[15] By fitting the data to
Equation (7) in the linear regime (F<40 kWcm	2), we ob-
tained an estimate for the photobleaching cross section of DiD
at 637 nm, sP=1.3�0.2J10	13 mm2. This value is comparable
to the value obtained for the photobleaching cross-section of
EGFP, sP=0.7J10	13 mm2, and about one order of magnitude
smaller than that obtained for fluorescein, sP=24J
10	13 mm2.[36] The photobleaching quantum yield, QP=sP/sA,
can be calculated by considering the absorption cross-section
of the dye, sA=2.6J10	8 mm2 at 637 nm. We obtain QP=6.1J
10	5, a value falling in the range reported for Coumarin dyes
(QP�10	4–10	3) and Rhodamine dyes (QP�10	7–10	6).[15] The
DiD fluorophore thus appears to be a rather photostable fluo-
rophore. This implies that the large photobleaching effect ob-
served for the vesicles is due to their slow diffusion rather than
to an abnormally high susceptibility of DiD to photobleaching.

Conclusions

Our calculations suggest that linear beam scanning is a very ef-
ficient way to reduce both long-term and short-term photo-
bleaching effects in fluorescence fluctuation experiments.
While scanning the beam linearly for more than �100 mm is
not practical, circular beam scanning makes it possible to
maintain a constant scanning speed over a potentially infinite
trajectory and offers the advantage of tractable ACF analysis.
We have shown that three different effects, summarized in
Figure 11, must be considered when trying to optimize circular
scanning conditions in order to reduce photobleaching. First,
to reduce long-term photobleaching effects one must make
sure that v>vc (to overcome the diffusion of newly photo-
bleached particles) and that R>Rh and f< ft to avoid the for-
mation of a photobleaching hole around the detection
volume. Second, to reduce short-term photobleaching effects,
one must have v>vP to decrease the residence time of the

Figure 9. Specific brightness of the DiD-labeled vesicles, obtained using
FIDA to analyze the PCHs recorded for an immobile beam (filled symbols)
and with optimal beam scanning (empty symbols), as a function of excita-
tion intensity.

Figure 10. Effective rate associated with photobleaching of the DiD fluoro-
phore as a function of light energy flux. The dashed line represents a linear
fit of the data for F<40 kWcm	2.
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particles in the excitation volume below the characteristic pho-
tobleaching time tP. Third, technical limitations specific to each
instrument must be determined. In particular, one must have
R<Ri where Ri is determined by the properties of the objective
lens. Finally, the residence time must be maintained above the
sampling time d used to construct the PCH, that is, v<w0/d.
Although the presence of a photobleaching hole has been

described in the context of the slow diffusion of proteins in a
2D lipid membrane[19] and in the context of FCS measurements
carried out in samples with limited volumes,[17,18,34] our study is
the first to point out the influence of the photobleaching hole
in the case of beam scanning. Our study was restricted to
single-photon excitation. For multiphoton excitation, we
expect the conditions necessary to avoid long-term photo-
bleaching effects to relax, as the decisive influence of out-of-
focus photobleaching is absent in that case. However, the con-
ditions necessary to avoid short-term photobleaching effects
should become even more stringent, as multiphoton excitation
has been shown to result in higher effective photobleaching
cross sections.[37]

The influence of fluorophore photobleaching on the out-
come of FCS experiments has been well-studied,[15,17–20,38] but
only very few studies have addressed the same question for
the outcome of PCH analysis.[16,21] Since beam scanning allows
precise regulation of the fraction of photobleached fluoro-
phores present in the detection volume, this method presents
a rare opportunity to study the influence of short-term photo-
bleaching on the PCH and on the result of FIDA analysis, some-
thing beyond the scope of the present study. We do note,
however, that in agreement with numerical simulations,[16] pho-
tobleaching causes a reduction in both the apparent particle
concentration and particle specific brightness obtained by
FIDA.

The important message of this study is that in the case of
slowly diffusing objects, photobleaching drastically affects the
result of fluorescence fluctuation experiments, even when
using photostable dyes and modest excitation powers. The
most striking effect is a dramatic reduction of the apparent
specific brightness of multifluorophore particles as obtained by
FIDA from the PCH in the presence of photobleaching, with
obvious consequences for all studies relying on analysis of the
PCH for determination of the specific brightness of slow fluo-
rescent particles. Since our study shows that to be efficient
against long-term photobleaching, the scanning radius must
be sufficiently large, circular beam scanning will not help
reduce photobleaching in cells, and imaging methods such as
image correlation spectroscopy and raster image correlation
spectroscopy will be the techniques of choice to study slow
cellular diffusion. On the other hand, circular beam scanning is
a very efficient method to reduce photobleaching in open sys-
tems. In particular, it will be most helpful for avoiding photo-
bleaching when measuring the specific brightness and diffu-
sion of large particles in solution.

Keywords: fluorescence · fluorescence correlation
spectroscopy · fluorescence intensity distribution analysis ·
photobleaching · vesicles
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