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ABSTRACT Aninvestigation on the photobleaching behavior of fluorescein in microscopy was carried out through a systematic
analysis of photobleaching mechanisms. The individual photochemical reactions of fluorescein were incorporated into a theo-
retical analysis and mathematical simulation to study the photochemical processes leading to photobleaching of fluorescein in
microscopy. The photobleaching behavior of free and bound fluorescein has also been investigated by experimental means.
Both the theoretical simulation and experimental data show that photobleaching of fluorescein in microscopy is, in general, not
a single-exponential process. The simulation suggests that the non-single-exponential behavior is caused by the oxygen-
independent, proximity-induced triplet-triplet or triplet-ground state dye reactions of bound fluorescein in microscopy. The
single-exponential process is a special case of photobleaching behavior when the reactions between the triplet dye and mo-

lecular oxygen are dominant.

INTRODUCTION

Photobleaching is a dynamic process in which fluorochrome
molecules undergo photo-induced chemical destruction upon
exposure to excitation light and thus lose their ability to fluo-
resce. The photobleaching phenomenon has been the basis of
many fluorescence measurement techniques developed and
successfully applied since the 1970s. One of the most widely
known is fluorescence photobleaching recovery (FPR) based
on early work by Peters et al. (1974). Much of the essentials
of current FPR has come from the laboratories of W. W.
Webb and E. L. Elson (Axelrod et al., 1976; Edidin et al.,
1976; Jacobson et al., 1976; Schlessinger et al., 1976, 1977).
FPR, with its variants known as fluorescence redistribution
after photobleaching (Koppel et al., 1986) and fluorescence
microphotolysis (Peters et al., 1981), has been widely used
in the past 20 years to study the rates of diffusion of fluo-
rescent molecules inside and on the surface of cells. In the
area of fluorescence resonance energy transfer, Jovin and
others have applied photobleaching to derive the efficiency
of energy transfer between a fluorescent donor and an ac-
ceptor molecule in microscopy (Jovin and Arndt-Jovin,
1989; Jovin et al., 1990; Kubitscheck et al., 1991, 1993;
Marriott et al., 1991; Szabo et al., 1992; Young et al., 1994).
This method offers the distinct advantage that complex cor-
rections associated with the determination of energy transfer
by combined donor and sensitized acceptor emissions are
avoided. The approach is based on the demonstration of Hir-
schfeld (1976) that, for unimolecular or pseudo-
unimolecular reactions, the time-integrated emission of a
single-exponential photobleaching process is independent of
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fluorophore quantum yield, excitation intensity, and photo-
bleaching lifetime. Kubitscheck et al. (1991) also tried to
accommodate more complex decay kinetics.

The development of the abovementioned techniques made
it possible to derive quantitative measurements in various
applications in cell science. However, the mechanisms of
photobleaching in biological objects are not yet well under-
stood (for review see Tsien and Waggoner, 1989; Wells et
al., 1989). Almost all the existing knowledge on photo-
bleaching comes from spectroscopy studies of fluorochrome
molecules in solution. In spectroscopy, free fluorochrome
molecules are homogeneously dissolved in solution, and the
chemical environment is well controlled. A single phenom-
enon is studied at a time and generally single-exponential
bleaching is observed.

In microscopy, however, there have not been systematic
studies on the mechanisms of photobleaching. It is generally
assumed that the photobleaching analysis of fluorochrome in
solution can be directly applied to the microscope situation.
This assumption does not take into account that, in micros-
copy, fluorochrome molecules are chemically bound to tar-
gets of interest (such as DNA, RNA, protein, or other cellular
components) about which the chemical microenvironment is
very complex, often differs from one specimen to another,
and is very difficult to control. Although a single-exponential
(or first-order) process is often used as a basis for the pho-
tobleaching techniques in microscopy, the experimental data
from many studies deviate from a pure single-exponential
function / = Be™® (Benson et al., 1985; Koppel et al., 1989;
Rigaut and Vassy, 1991). Benson et al. (1985) carried out an
extensive study on the heterogeneous photobleaching rates of
different areas within a cell using various fluorochromes.
They described their experimental bleaching curve by
a three-parameter exponential: I = A + Be™ for each pixel
in an image, where the offset A was attributed to the
ever-present background fluorescence. Koppel et al. (1989)
used an identical model in their analysis of photobleaching.
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Rigaut and Vassy (1991) examined their photobleaching
curve by transformation in log (i.e., single exponential with-
out an offset) and demonstrated that photobleaching in con-
focal microscopy was clearly not a single-exponential pro-
cess, but the origin of the non-single-exponential behavior
was not discussed. Szabo et al. (1992) reported in their study
using photobieaching fluorescence resonance energy transfer
that the photobleaching kinetics of FITC (fluorescein iso-
thiocyanate) attached to immunoglobulin followed a double-
exponential process. In their analysis for the possible ex-
planation of the second exponential component, they
speculated that the difference in accessibility of quencher
molecules to the fluorochrome molecules and the photo-
chemical destruction of the triplet FITC molecules could be
among the reasons for the double-exponential behavior.
The experimental deviation from the single-exponential
behavior, as repeatedly observed by different research
groups, is not likely to be accidental. This leads to a fun-
damental question of whether certain photochemical pro-
cesses could give rise to non-single-exponential photo-
bleaching behavior under microscope conditions. A better
understanding of photobleaching in microscopy will allow
further utilization of this phenomenon, which is of particular
interest in quantitative analysis of fluorescently stained tis-
sues, cells and cell organelles using confocal laser scanning
microscopy or digital imaging microscopy (see Carrington et
al. (1989) and Tsien and Waggoner (1989) for review).
The study reported here is aimed at a systematic analysis
of photobleaching kinetics in microscopy. It focuses on the
photobleaching process of fluorescein alone. First, the pho-
tochemical and photophysical background of photobleaching
is discussed with a detailed analysis focusing on the specific
mechanisms applicable to fluorescein. Then, new experi-
ments on the photobleaching characteristics of free fluores-
cein in solution and of fluorescein covalently attached to
nucleic acid probes in microscopy are presented. Through a
mathematical simulation, photochemical knowledge of fluo-
rescein from earlier studies (Lindqvist, 1960; Kasche and
Lindqvist, 1964; Usui et al., 1965) is used to study the ki-
netics of fluorescein from a theoretical point of view. The
results from the simulation are compared with the experi-
mental data. Finally, the effects of different photobleaching
mechanisms on the behavior of the photobleaching process
of fluorescein are discussed. It is demonstrated theoretically
and experimentally that the photobleaching of fluorescein in
microscopy is, in general, not a single-exponential process.

PHOTOCHEMICAL AND
PHOTOPHYSICAL BACKGROUND

Decay and photobleaching

Decay and photobleaching are two distinct light-induced
processes, taking place on very different time scales. Upon ex-
posure to excitation light with irradiance H (W cm2) and wave-
length A, (m), fluorochrome molecules absorb the photon en-
ergy (hc/\,, with Planck’s constant h, the speed of light c) and
make an electronic transition from the low energy ground state
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S to the higher energy excited singlet state S*. The rate of photon
absorption k, (s™) by a fluorophore molecule with an absorption
cross-section g, (cm® molecule™) is directly proportional to the
photon flux and thus the irradiance according to

k, = o,[H - A, /(he)] M

For fluorescein, o, is 3.06 X 107* cm*molecule at 488 nm and
pH > 7 (Tsien and Waggoner, 1989). With pulsed excitation, the
number of fluorophore molecules that absorb the photon energy
and reach the excited singlet state will attain a certain maximum,
and then become depopulated via fluorescence emission, radia-
tionless internal conversion, and radiationless intersystem cross-
ing to the excited triplet state T*, at rates k,, k,., and k_, respec-
tively (Fig. 1). Decay refers to the composite effect of these three
processes after the fluorophore is exposed to a narrow pulse of
excitation light. The decay lifetime, S*, of a fluorophore is the
inverse of the sum of these three rate constants and rate constants
of any other processes (e. g., resonance energy transfer), which
depopulate S*. Namely,

T =2k =k kot k... Tk

s* other

and it is commonly 1-10 ns. The decay lifetime is intrinsic to a
particular fluorophore, and thus independent of excitation in-
tensity for levels below saturation. Molecules that cross to the
excited triplet state are likely to be trapped in that state for a
duration of microseconds to milliseconds, since the T*— S tran-
sition is spin-forbidden and therefore the rate &, of the T*—S
transition is very low. The decay process does not necessarily
involve fluorophore decomposition, although the latter could
take place.

In contrast, photobleaching is the process in which the
total number of ground state molecules is depleted via per-

S*

ka| kg

FIGURE 1 Simplified Jablonski energy diagram for a generic fluoro-
chrome. S, S*, and T* represent ground singlet, excited singlet, and excited
triplet electronic energy levels, respectively. Fluorochrome molecules ab-
sorb photon energy at a rate k, and go from the ground singlet state S up
to the excited singlet state S*. Then they may return to the ground state by
radiative (fluorescence) or non-radiative (internal conversion) pathway at a
combined rate k;. They may also undergo non-radiative intersystem cross-
ing, at a rate k_, to T*, where they may return to the ground state at a rate
k. Photobleaching may take place from both S* and T* at rates k., and k,
respectively. Those photobleached molecules can no longer participate in
the excitation-emission cycle.
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manent photochemical destruction when molecules are either
in the singlet or the triplet excited state. Photobleaching is the
cumulative effect of fluorophore loss from each excitation-
emission cycle over time, and the rate of photobleaching is
a function of the excitation intensity. Those bleached mol-
ecules can no longer participate in the excitation-emission
cycle. Under normal mercury arc lamps, photobleaching is
observed on the time scale of seconds to minutes. With a laser
as an excitation source, photobleaching can occur in as short
as a few microseconds. Fig. 2 depicts the conceptual differ-
ence between decay and photobleaching processes.

For an “ideal” case in the absence of photobleaching, the
population kinetics of each energy state are described by:

d
T INSO] = —Ng(®) + kNeo6) + Ny (0

d

7 INae (0] = kNg(®) = (kg + kN, 1) @

d
7 [V (0] = kioNs. (1) — Ky Np (1)

where N(r) is the molecular population in the energy state
designated by the subscript as a function of time, and &, is
the sum of k; and k. Shortly after exposure to a constant
excitation light intensity, the population in the singlet excited
state establishes a steady state. For longer times, the triplet
state also achieves a steady state ((d/dr) [Ns(D)] = (d/dt)
[Ng.(t)] = (d/dt) [N5.(r)] = 0). The system in Eq. 2 can
then be solved for Ng, Ng., and Ny, with the normalized
constraint Ny(r) + Ng.(t) + Np.(1) = 1:

kakl
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All the dye molecules are assumed to reside in the ground
state before the onset of the excitation and are normalized to
unity. The steady state is maintained, and the population in
each state is part of the total initial population in the ground
state. The relative number of molecules in each state is a
function of the excitation rate. At low excitation rate (k, <
ky) and at constant k, and k., Ng. and Ny, are small fractions,
and Ng — 1, i.e., most of the molecules, reside in S (Ng >>
Ng., N1.). At high excitation rate (k, > k), Ny is less than both
Ng. and Ny., and most of the molecules are continuously
pumped up to S*, from which they cross to T* at a rate k.
For any excitation rate, if k, < k., over time Ny >> Ng,, and
a large number of molecules accumulate in the lowest triplet
excited state.

In practice, however, photobleaching does take place, and
fluorophore molecules undergo permanent photochemical
destruction while they are in the excited singlet or triplet
state. The steady state no longer holds [(d/dr) [Ns(r)] #
0; (d/dt) [Ns. ()] # 0; (d/dt) [Ny.(9)] # 0.]. Instead, within
a time period governed by the rates of all the reactions in-
volved, the populations of the ground state, excited singlet,
and excited triplet states will change in unison according to
a characteristic function determined by the reactions in-
volved in the photochemical destruction. Hirschfeld (1976)
derived an analytical expression where photobleaching is as-
sumed to take place from the excited singlet state and the
photochemical reactions are of a unimolecular or pseudo-
unimolecular nature. He demonstrated that photobleaching
followed a single-exponential function. Wells et al. (1989)
derived an analytical expression for photobleaching from the
excited triplet state. In both of these analyses, the models

N.. = were simplified to a single (combined) unimolecular or
S Tk, + Ky + k) + Kk P gle (cor ) \
a isc aTisc pseudo-unimolecular photochemical reaction. In micros-
k.. copy, the photochemical reactions are much more complex,
Ny, = L . . . .
™k, ¥ kg + k) + kk sens1t1v'e to various environmental factors,. and cag involve
many bimolecular processes. In the following section, a de-
_ _ ko, + ki) tailed analysis will be carried out for fluorescein photo-
Ng=1—Ng.—Nn.=1- . T
kik, + ky + k) + kk,, bleaching in microscopy.
FIGURE 2 Schematic diagram depicting the con- SRR RRREERES SRS IR on

ceptual difference between the decay and photo-
bleaching processes. The diagrams above are the
types of excitation, pulsed or continuous, and those
below are the corresponding emission. (a) Decay re- off

fers to the depopulation of the excited singlet state

> > {

after experiencing a brief excitation pulse. This pro- pulsed excitation continuous excitation
cess does not necessarily involve a permanent loss of

fluorochrome molecules, although the latter often oc- a b

curs. The decay process can be resolved on the time decay photobleaching

scale of nanoseconds. (b) Photobleaching is a process
in which the total amount of ground state molecules
are depleted via permanent photochemical destruc-
tion. Photobleaching is the cumulative effect of flu-
orophore loss from each excitation-emission cycle
due to a continuous exposure to the excitation light.
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photobleaching

Photobleaching in fluorescence microscopy can
be observed on the time scale of microseconds to
minutes.
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Photochemical properties and photobleaching
mechanisms of fluorescein

Although in principle bimolecular processes between a sin-
glet excited state dye molecule and a molecule of another
species (such as oxygen) can lead to photobleaching from the
dye singlet, there has not been much evidence of this phe-
nomenon for fluorescein so far. In the early 1960s, Lindqvist
conducted an extensive flash photolysis study on the pho-
toreactions of fluorescein in deaerated water (Lindqvist,
1960). This was followed by studies on the reactions of triplet
fluorescein with oxygen (Kasche and Lindqvist, 1964).
Lindqvist pointed out that because of its very short decay
lifetime (4.5 ns) in aqueous solution, the singlet excited
state was not ordinarily responsible for the photochemical
activity of fluorescein. Imamura and Koizumi (1955)
showed, through a theoretical estimation based on oxygen
diffusion in aqueous solution, that the lifetime of the inter-
mediate to be attacked by oxygen must be at least 107 s.
More recently, Gollnick et al. (1992) found that oxygen ex-
erted no measurable effect on the short-lived excited singlet
state of xanthene dyes even in oxygen-saturated solutions.
There was, however, much evidence in these studies for the
existence of quenching of the long-lived lowest triplet ex-
cited state, which was populated exclusively by a transition
from the singlet excited state. Lindqvist (1960) demonstrated
that the triplet excited state fluorescein molecules became
depopulated via two major pathways: one was the reaction
between a triplet and another triplet or a ground state dye
molecule; and the other was the reaction between a triplet
dye molecule and an oxygen molecule. These two mecha-
nisms were later studied by Usui et al. (1965) and called D-D
(dye-to-dye) and D-O (dye-to-oxygen) mechanisms, respec-
tively. The major reactions involved in these two mecha-
nisms are listed in Table 1, along with the corresponding rate
constants derived by Lindqvist for the pH range used in the
present study. Reactions 4 (T* + T* - R + X) and 5
(T* + S — R + X) represent the occurrence of an electron
transfer process, which leads to the formation of semi-
reduced (R) and semi-oxidized (X) radical forms of the dye
molecule. These radicals in turn undergo further reaction(s)
reverting either to the ground state dye (Kriiger and Mem-
ming, 1974) or to stable non-fluorescent photoproduct(s).
The exact fate of these radicals was difficult to determine in
Lindqvist’s (1960) study. In the present study, all X and R
molecules are considered candidates for the bleached dye
molecules. It is noteworthy that the electron transfer pro-
cesses (reactions 4 and 5) compete with the two quenching
processes (reaction 2, T* + T* — T + S, and reaction 3,
T* + S — S + S) respectively with about equal efficiency.
Quenching of T* by X and R (respectively, T* + X —
S+ Xand T + R— S + R) leads to the return of T* back
to S at an equal rate without causing a net population change
in X and R. Quenching of T* by O, leads to physical quench-
ing (T* + O, —» S + 0,) at a rate of about one order of
magnitude faster than the chemical quenching (T* + O, —
X + HO,).
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To study the photobleaching behavior of fluorescein, all
of the photochemical reactions from the studies of Lindqvist
and Kasche (Lindqvist, 1960; Kasche and Lindqvist, 1964)
are incorporated into a model described by the following six
coupled differential equations:

d
2s Vs (] = [keNs: (0) + kyNpu (1) + koNT.(0)

+ kyNp (N (1) + kNp. ()N (1) + kNp (ONR (2)
+ kgNpo (ONo, (0] — [k, N5 (2) + ksNy. (N5 (7))

d
A [Ng+ ()] = k,Ng(1) — [kyNgu(t) + k, Ng. (2)]

d
dr [N ()] = kigo N5 (1) — [k Ny (1) + K, N7.(0)

+ kyNp. (t)Ng(2) + 2k,N3.(2) + ksN. (ONg(r)  (3)
+ kgNye (DN (£) + kN (ONR (2) + kgNrp. ()N (1)
+ koNp. ()No (1]

d
1IN = K N3(0) + ke (ON(5) + kN (DN, (0
d

= [N (0] = kN(2) + koM (DN (1)

d
Et [Noz(t)] = _kQNT' (t)Noz(t)-

In this system, k,—k, are those derived by Lindqvist and
Kasche (Lindqvist, 1960; Kasche and Lindqvist, 1964) for
the pH range in the current study (Table 1). The nonlinearity
introduced by the bimolecular processes makes it extremely
difficult to find an analytical solution for the system in Eq.
3. Instead, an efficient iterative numerical method has to be
used to study the photobleaching kinetics of fluorescein.

MATERIALS AND METHODS
Experimental approach
Free fluorescein in solution

A fluorescein solution of 0.01 uM was made by dissolving fluorescein
sodium (Merck’s certified grade, without further purification) in phosphate-
buffered saline (PBS; pH 7.6). The solution was then placed in three cu-
vettes: 1) control sample, which was not exposed to the bleaching light
source, 2) air-saturated sample, and 3) deoxygenated sample, from which
oxygen was purged by flushing argon gas (oxygen content < 0.5 ppm,
Hoekloos BV, Schiedam, The Netherlands) for 15 min. A Leitz DM epi-
fluorescence microscope (Leica, Wetzlar, Germany) with a 100-W mercury
arc lamp and a 450-490-nm excitation filter block was used as a bleaching
light source. The objective lens was removed so that a column of light was
impinged on the cuvette. The air-saturated and argon-flushed samples were
exposed to the continuous bleaching light source for 90 min. The fluores-
cence intensity was measured before the first exposure and again at 15-min
intervals on a spectrofluorometer (SPF-500, SLM Instruments, Inc., Urbana,
IL). The cuvettes were well shaken before each measurement. The spec-
trofluorometer was equipped with a xenon lamp, and the emission and ex-
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TABLE 1 Photochemical reactions of fluorescein

Biophysical Journal

Volume 68 June 1995

Reaction No. Description Rate constants*
S+ hv— S* Absorption k, = 3.8 x 107!
$*—> S+ h Fluorescence emission ky = 2134 X 10% 5!
S*— S Internal conversion
S* — T* Intersystem crossing k,, = 6.6 X 10%s™!
™ > S 1 Radiationless deactivation k, = 505!
T*+T*>T*+ 8 2 Triplet quenching kL=5%x10M"'s"
T™*+S—>S+S 3 k,=5%x10"M's?!
T™*+T*—> R+ X 4 Electron transfer k,=6 X108 M* s
T*+S—>R+X 5 Electron transfer ks=5x10"M's
T* +X—>S+X 6 T* quenching by X ki +k, =1XxX10°M!'s
™+R—->S+R 7 T* quenching by R k;
™ +0,->S+0, 8 Physical quenching by O, kg = 1.56 X 10° M s7!
T* + 0, = X + HO, (or 03) 9 Chemical quenching by O, ky =14 X 10* M 57!

S, ground state dye; S*, singlet excited state dye; T*, triplet excited state dye; R, semi-reduced form of the dye; X, semi-oxidized form of the dye; O,, oxygen.
*The rate constants K, to K, were quoted from Lindqvist (1960) and Kasche and Lindqvist (1964), and k,, k, and k. were quoted from Tsien and Waggoner

(1989).

citation monochromator slits were set to 490 * 4 nm and to 512 + 4 nm,
respectively. All the instrument settings were kept constant throughout the
experiment.

Bound fluorescein in microscopy

Fluorescein surface-labeled microspheres (Quantum Series 25, Flow
Cytometry Standards Corp., Research Triangle Park, NC), suspended at a
proper concentration in PBS, were centrifuged at 1200 X g for 30 min onto
standard microscope slides. Non-adherent microspheres were gently rinsed
off with PBS. The slides were air-dried in the dark and embedded in PBS
in the absence of anti-fading agents.

Ficol-isolated human lymphocytes on glass slides were in situ hybridized
and fluorescein molecules were directly (without antigen-antibody complex
or spacer molecules) attached to probes specific for the centromeric region
of chromosome 1. After in situ hybridization the preparation was counter-
stained with diamidino phenylindole and embedded under a coverslip in
PBS.

The imaging system consisted of a Leitz Aristoplan fluorescence mi-
croscope equipped with a 100-W mercury arc lamp and a charge-coupled
device (CCD) camera (series CH250, Photometrics Inc., Tucson, AZ) with
a Kodak (Rochester, NY) KAF-1400 chip of 1348 lines X 1035 pixels by
12-bit planes. The shutter in the CCD camera and a mechanical shutter in
the excitation light path were computer controlled for the desired on-chip
integration and duration of illumination, respectively. A filter block with an
excitation bandwidth of 450-490 nm, a dichroic mirror of 510 nm, and a
long pass emission filter of 520 nm were used for fluorescein-stained
specimens.

A Macintosh IIfx computer served as a host computer, which directly
controlled the shutters and image acquisition. For each object of interest, a
series of images were acquired over time under continuous steady iltlumi-
nation. For interphase chromosomes, a sequence of images were continu-
ously acquired over a period of 120 s, and each image was integrated for
1.0 s. For fluorescent microspheres, images were also continuously acquired
with an integration time of 0.7 s/image. For both preparations, a 2 X 2
binning on the CCD camera was used to increase the signal-to-noise ratio.
The microscope was adjusted to Kohler illumination and checked for flat-
field with uranyl glass. For background subtraction, the part of the gray value
intensity image, /(x,y,t), outside the area of the object was used. The back-
ground mask was found by first applying a gradient filter to I(x,y,t = 0) and
then thresholding the resultant image to locate the area with the magnitude
of the gradient close to zero (i.e., the background area). This area was then
used as an image mask for the subsequent images in the same series, and
amean value for each gray value intensity image under the background mask
multiplied by the area of the whole image was subtracted from the total
integrated intensity. The final scalar value of each image was the total in-

tegrated intensity after the background correction. A bleaching curve was
formed by plotting intensity values of all the images in the series against
time.

Theoretical approach

Study of kinetics by mathematical simulation

Based on the photochemical reactions and their rate constants derived from
Lindqvist’s studies (Lindqvist, 1960; Kasche and Lindqvist, 1964), a system
of ordinary differential equations (ODEs) can be formulated from the re-
action scheme (see Table 1 and Eq. 3). Each differential equation describes
the change of a population of molecules over time. The kinetics can be
monitored by solving this system of ODEs using numerical methods and
integrating it from the nanosecond to the minute scale. The numerical meth-
ods made use of the highly efficient FORTRAN software package Liver-
more Solver for Ordinary Differential Equations (Hindmarsh, 1983) and was
customized for the current study. The algorithm and the initial step size
(Press et al., 1992) took into consideration the drastically different time
scales originating from the nanosecond singlet excited state lifetime and
micro- to millisecond triplet state lifetime (a so-called stiff problem). A
strategy of a dynamically adjusted step size was used to ensure an accurate
solution at the early (fast reaction) stage and a fast convergence of the
solution at the later (slow reaction) stage of the photobleaching process. All
computations were performed in double-precision.

Simulation of “free fluorescein in solution”

Simulation of the photobleaching process of free fluorescein in solution
was accomplished by setting the appropriate initial conditions and re-
cording the population change of each energy state over time. The initial
conditions for simulation of air-saturated fluorescein in aqueous solu-
tion were N(t = 0) = 0.01 uM (as used in the Experimental Approach),
and Ny, (1 = 0) = 250 pM (Usui et al., 1965). For simulation of the
argon-flushed treatment, 0.01% of N, of the air-saturated solution was
used as an estimate based on the result of Vaughan and Weber (1970)
that the inert gas flushing method did not completely remove all O,.
Then Ny, = 0.025 pM and N; = 0.01 uM. In the cuvette experiment,
in which the microscope objective was removed and collimated light
was impinged upon the cuvette, the power density was much lower than
that under the objective (see below). Then k, was estimated to be ~0.038
s71. All the other rate constants (Table 1) used are intrinsic to fluorescein
for the pH used in the present study, and were quoted directly from
Lindqvist (Lindqvist, 1960; Kasche and Lindqvist, 1964).
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Simulation of “bound fluorescein in microscopy”

When a fluorochrome is bound to a surface or encapsulated in a volume,
the notion of concentration is no longer valid. An example would be fluo-
rescein covalently bound to a nucleic acid sequence and tightly bound to a
cellular target. To simulate this situation where the fluorochrome molecules
can no longer diffuse freely, calibrated fluorescent beads from Flow
Cytometry Standards Co. were used. These beads were 9 pum in diameter
and densely coated with fluorescein equivalent to 2.0 X 10° soluble fluo-
rochrome molecules on average (based on the manufacturer’s definition).
Assuming a homogeneous distribution of fluorochrome molecules over the
bead surface, the average intermolecular distance would be comparable to
that of a 10 mM fluorescein solution. Thus, for air-saturated aqueous em-
bedding environment, the initial conditions used in the simulation are
No, = 250 uM and N, = 10 mM.

The excitation irradiance under a 100-W Hg arc lamp, 63X/1.4 oil ob-
jective, and an excitation bandwidth of 450-490 nm, was measured by
inserting an integrating sphere containing a silicon photodiode (Sensor Head
Model 350, 3M Photodyne Inc., Camarillo, CA) under the objective lens.
The power measured was converted, according to Eq. 1, to a k, of ~38 s
for this microscope setup (see also Jovin et al., 1990). For confocal laser
scanning fluorescence microscopy using 1 mW of 488 nm argon laser and
an objective with 1.25 numerical aperture, k, is 3.8 X 10° s~ (Tsien and
Waggoner, 1989).

RESULTS
Experimental result of free fluorescein in solution

The fluorescence intensity measured in the spectrofluorom-
eter was plotted against time over the first 90 min of bleach-
ing (Fig. 3). Purging oxygen by argon flushing reduced the
photobleaching rate, but did not inhibit it completely. This
indicated that photo-oxidation was not the only process that
caused photobleaching. This experiment was repeated for a
continuous argon flush throughout the 90-min period to rule
out the possibility of O, leaking through the rubber stop and
diffusing back into the solution. The result was the same
as that of the single argon flush (data not shown). Both
the air-saturated and argon-flushed bleaching rates were
too slow for the extraction of a meaningful characteristic

function.
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FIGURE 3 Effect of photobleaching on free fluorescein in solution. 0.01
1M fluorescein sodium/PBS (pH 7.6) was placed in three cuvettes: (+) dark
control, not exposed to the bleaching light source; (A) capped with a rubber
stopper, argon flushed for 15 min, and exposed to the continuous bleaching
light source; and (O) air saturated and exposed to the continuous bleaching
light source. The fluorescence intensity was measured on a spectrofluorom-
eter every 10 min over a period of 90 min.
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Experimental result of bound fluorescein
in microscopy

To ensure that the background correction did not introduce
an offset to the bleaching curve and thereby cause a lack of
compliance with a single-exponential function, a criterion
was used such that the sum of the background pixel values
after correction should be as close to zero as possible. With
the method described in the earlier section, it was found that
the sum of the background gray values after the correction
was, on average, <1% of the total integrated intensity of the
image.

Figs. 4 and 5 are two typical examples of bleaching curves
derived from the bleaching time series of the images after
background correction. The integrated intensity normalized
by the maximum initial intensity was plotted against time.
The non-random distribution of the least-square residuals
indicated a deviation of the experimental data from a single-
exponential function for both types of examples. This ex-
periment was repeated for a large number of beads and fluo-
rescently in situ hybridized chromosome centromeres in
different embedding media and under different excitation
intensities. In all cases, a behavior deviating from a single-
exponential function was observed.

Simulation result of “free fluorescein in solution”

The initial conditions used in the simulation were selected so
as to resemble closely the actual experimental conditions.
Fig. 6 a shows the simulation result of the population kinetics
of free fluorescein in air-saturated solution over a period of
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FIGURE 4 The photobleaching curve of a fluorescein surface-labeled mi-
crosphere. The microsphere was embedded in PBS (pH 7.6). The micro-
scope setup was as described in the main text. The images were continuously
acquired, and each image was integrated for 0.7 s. In the upper panel, the
solid line represents the experimental data and the broken line represents the

single-exponential fit. In the lower panel, the corresponding residual plot is
shown.



2594

e o o < -
) > o ) =)
| 1 1 | |

Normalized Fluorescence Intensity

o
o

Time (sec)

Residual
(=]
o
]

T T T T T 1
0 20 40 60 80 100 120

Time (sec)

FIGURE 5 The photobleaching curve of the centromeric region of chro-
mosome 1 in a human lymphocyte. The human lymphocytes were in situ
hybridized and fluorescein was directly attached (without antibody-antigen
complex or spacer molecules) to the probes specific for the centromeric
region of chromosome 1. The interphase chromosomes were embedded in
PBS (pH 7.6). The images were continuously acquired with an integration
time of 1.0 s/image. For other imaging parameters, refer to the main text.

25 h. Because of the very low &, (or the low irradiance of the
bleaching light source), the ground state depletion could last
many hours, and the majority of the dye molecules reside in
S. The relative S* and T* populations were many orders of
magnitude lower than S. However, the population of T* was
greater than S* because of the accumulation over time, de-
spite the low irradiance. The formation of X and R accom-
panied the depletion of S and was almost completely due to
the D-O mechanism because of the high N, (Fig. 6 ¢). The
ground state depletion of the air-saturated fluorescein solu-
tion was completely described by a single-exponential func-
tion with the least-square residual very close to zero (Fig. 6
b). In the simulation of free fluorescein in the argon-flushed
solution (Fig. 7, a—) where N,/N, = 0.4, both D-O and D-D
mechanisms operated, but the buildup of the bleached dye
population was largely due to the D-O mechanism. Because
of the participation of the D-D mechanism, the bleaching
curve of the simulated argon-flushed fluorescein solution de-
viated slightly from a single-exponential function. Fig. 8
shows the comparison of the bleaching process for free fluo-
rescein in air-saturated and argon-flushed solutions. The in-
sert in Fig. 8 focuses on the first 90 min and demonstrates
that the simulation very closely resembles the bleaching be-
havior observed in the actual experiment (Fig. 3).

Simulation result of “bound fluorescein
in microscopy”

In the simulated conventional fluorescence microscopy case
shown in Fig. 9, all the kinetic curves were normalized by
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the initial ground state population. The kinetic curve of the
ground state depletion deviated significantly from a single-
exponential function (Fig. 9 a). This confirms the experi-
mental result in microscopy and indicates a non-single-
exponential nature of the bleaching process. The buildup of
the bleached dye population was predominantly due to the
D-D mechanism with the D-O mechanism contributing a
small portion (Fig. 9 a, right). If the D-D reactions were
artificially suppressed (i.e., k,, k;, k,, k5, and k, were set to
0) while other parameters were held the same as in Fig. 9 a,
then the kinetic curve of the ground state depletion could be
completely described by a single-exponential function (Fig.
9 b). If the D-O reactions were artificially suppressed (i.e.,
kg and k, were set to 0) while other parameters were held the
same as in Fig. 9 a, then the kinetic curve of the ground state
depletion deviated from a single-exponential function (Fig.
9 ¢). If photobleaching was suppressed altogether (i.e., k,, k5,
k,, ks, kg, ki, kg, and k, were set to 0), then the populations
of all three energy states came to a steady state equilibrium
shortly after the onset of excitation (Fig. 9 d).

In the simulated confocal laser scanning microscopy, the
high light intensity immediately “pumped” the ground state
dye molecules to the excited triplet state (Fig. 10 a). The high
triplet population greatly enhanced all the bimolecular pro-
cesses involving T*, particularly reactions 4 and 5. The
buildup of the bleached dye in this case (Fig. 10 ¢) was for
the most part due to the D-D mechanism. Taking the log of
the singlet excited state population resulted in a nonlinear
curve indicating the deviation from a single-exponential
function (Fig. 10 b).

DISCUSSION

Photobleaching via photooxidation
(D-0) mechanism

Irreversible loss of fluorescence caused by the reaction be-
tween an oxygen molecule and a dye molecule has been the
subject of numerous studies in photochemistry. It has also
been recognized that photooxidation may not be the only
process responsible for the irreversible loss of fluorescence.
In the present study, purging oxygen by flushing the sample
solution with argon only reduces the photobleaching rate.
This result is consistent with the findings of Johnson et al.
(1982). It indicates, on the one hand, that argon flushing may
not completely remove all oxygen molecules and, on the
other hand, that there may be at least one other bleaching
process that is independent of oxygen.

It is interesting to note from Table 1 that, since the D-O
mechanism consists of only one pseudo-unimolecular reac-
tion (and thus one exponential term) leading to the bleached
dye molecules, the bleaching behavior will be a single-
exponential process in the absence of all D-D reactions. In
the simulation of fluorescein in solution, where Ny is low and
Ng << N,,, the probability of a reaction between dye mol-
ecules is very low. This probability is governed only by the
concentrations of the reacting molecules, since the rate of
reaction is constant at a given temperature. The photobleach-
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ing in this case is primarily caused by the D-O reactions and
shows a single-exponential behavior (Fig. 6 ). In the simu-
lation of bound fluorescein in microscopy, if the D-D reac-
tions are assumed not to take part in photobleaching, then
photobleaching is again a single-exponential behavior (Fig.
9 b) due solely to the D-O reactions. These simulation results
suggest that single-exponential behavior is only a special
case of photobleaching when D-O reactions are the predomi-
nant mechanism leading to photobleaching.

A thorough deoxygenation of the sample environment
may not be completely advantageous with respect to the pre-
vention of photobleaching. The complete removal of oxygen
increases the triplet state lifetime (Tsien and Waggoner,
1989), increases the accumulation of triplet state dye mol-
ecules, and promotes the bimolecular reactions via the D-D
mechanism. It is important to note that of the two reactions
involving the D-O mechanism (physical quenching in reac-
tion 8, T* + O, — S + O,, and chemical quenching in
reaction 9, T* + O, — X + HO, (Kasche and Lindqyvist,
1964)), the physical quenching in fact does not lead to
bleached molecules. Physical quenching enhances T*-S in-
tersystem crossing and returns T* to S at a higher rate than
chemical quenching converts T* to X. A complete removal
of oxygen will inhibit physical quenching and thus fewer

triplet state dye molecules are reverted back to the ground
state to participate further in the excitation-emission cycle.

Photobleaching via D-D mechanism

Usui et al. (1965) provided evidence of a switchover between
D-0 and D-D mechanisms depending upon the relative con-
centrations of fluorescein ([F]) and of oxygen ([O,]). It was
concluded from their study that: 1) when [F] is very low and
[F] < [0,] (i.e., [F)/[O,] < 0.2), the D-O mechanism domi-
nated, and the bleaching rate was simply proportional to the
absorption of light; 2) when [F] > [O,] (i.e., [F}/[O,] > 0.2),
the D-D mechanism operated at a high rate, and the pro-
portionality between the bleaching rate and the absorption of
light no longer held.

The results of Usui et al. (1965) have an important im-
plication for the present study. As stated earlier, in spec-
troscopy experiments, free fluorescein molecules are homo-
geneously distributed in air-saturated aqueous solution. At
low concentration of fluorescein in air-saturated solution,
Ns < N, , and the reaction is dominated by D-O reactions.
In microscopy, on the other hand, the situation is different
in that fluorescein molecules are no longer freely diffus-
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ible. The D-D reaction probability is a function of the
intermolecular distance between the dye molecules. It is
therefore conceivable that with [F] > [O,], the small in-
termolecular distance between the dye molecules (rep-
resented by a high initial [F]) promotes the proximity-
induced D-D reactions. But as reactions proceed, the
intermolecular distance between the dye molecules that

can still react will become too large for D-D reactions.
After that photobleaching will be dominated by D-O
reactions.

The switching-over of the D-D and D-O mechanisms
is observed in the current study, and the effects of each
mechanism on the overall photobleaching behavior are
also demonstrated. In the simulation of fluorescein
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FIGURE 9 Simulation for bound fluorescein in con-
ventional fluorescence microscopy. The parameters
used for this simulation are: [F] = 10 mM, [O,] = 250
uM, k, = 38 s™!, and all other rate constants are as
defined in Table 1. The high [F)/[O,] ratio is used to
simulate the spatially close intermolecular distance
among the dye molecules. (¢) Kinetic curve of ground
state depletion, and its residual (/eft) with the solid line
representing the simulated data and the broken line the
single exponential fit; formation of X and R due to dif-
ferent bleaching mechanisms (right). (b) Ground state
kinetics when the D-D reactions are artificially sup-
pressed and other parameters remain the same as in a.
The simulated data and the singlet exponential fit over-
lap and the residual is very small. (¢) Ground state ki-
netics when the D-O reactions are artificially sup-
pressed and other parameters remain the same as in a.
(d) Simulation of an “ideal” case of no bleaching, where
both D-O and D-D reactions are artificially suppressed.

Normalized S population

Residual

Photobleaching of Fluorescein in Microscopy

2597

=3 4
1.07\ (a) S 1.0
¥ v
0.8+ & 0.8+
| 2 ;
0.6 _?:; 0.64 - due to D-D mechanism
044\ m 0.4
he) .
. I due to D-O mechanism
0.2 . = 0.24:
e E |
0.0 T — g1 2 O.O—I/r' ; . . . ;
0 20 40 60 80 100 120 0 40 80 120
Time (sec)
0.4
]
-0.44
T T T T T 1
0 20 40 60 80 100 120
Time (sec)
1.0, .
£ \ (b)
z 0.8}
3
(=9
£ 0.6 \
W
3 0.4
=
£ 0.24
<
z
0.0 T T T T T 1
0 20 40 60 80 100 120
1.0 =
= 054
’3 L e —
& 05
-1.0x107 T T . . . \
0 20 40 60 80 100 120
Time (sec)
]'O—\
s | ©
s 0.
=
[=9
£ o.
o
To
8
£ 0.
=
z T
0.0 T T T 1
0 20 40 60 80 100 120
0.4ﬂ
3: 0.0
~ 4
0.4 -
T T T T T 1
0 20 40 60 80 100 120
Time (sec)
z
1.00 — 10 3
2 k @ [
g 2
.2 0.98 8 a
| g
[=9 o
£ 0.96 H 3 - 6 =
v S
2z —
g 0.94 g T* - 4 ;g
2 / {~ 00 z
S o092 -/ R S R
g EEERECEEEES 5
S [, P
S S —— 0 3
0.0 0.1 0.2 0.3 04 0.5 =~

Time (sec)



Biophysical Journal

Volume 68 June 19985

2598
1.07 a
§ 0.8 — S
=
=}
2
& 0.6,
I [
> \
a
o
S
FIGURE 10 Simulation for bound fluores- Té
cein in confocal laser scanning fluorescence <)
. . Z
microscopy. The parameters used for this
simulation are: [F] = 10 mM, [0,] = 250
pM, k, = 3.8 X 10° s7\. (a) Population

kinetics of fluorescein molecules in dif-

ferent energy states or the radical forms. (b) Time (lsec)
Kinetic curve of the ground state depletion,
transformed in log. (¢) Formation of the 1 1.0
bleached dye molecules due to D-D and D-O a b e C
mechanisms. £ 2 osd
g o1 £
2 064
a 4 = / |due to D-D mechanism|
o 2 a ;
8 0.4 -
5 ool 'g [dueto D-O mechanism]
ue to D-O mechanism
E 4 E 0.2+
Z 2 Z
0.001 T T T T 1 0.0 T T T T 1
0 1 2 3 4 5 0 1 2 3 4 5
Time (psec) Time (psec)

in solution where N, was low and N; < N, the build-up
of the bleached molecules was primarily due to
the D-O mechanism (Fig. 6). In the simulated micros-
copy, where N, was high and N;/N, > 0.2, the bleached
molecules were produced mainly from the D-D reactions
(Fig. 9 a). When the D-D reactions were artificially sup-
pressed, the bleached dye molecules were produced ex-
clusively by the D-O reactions, and the kinetic curve of
the singlet dye population was completely described by
a single-exponential function (Fig. 9 ). This also sug-
gests that the D-D reactions are the likely source of the
deviation in the photobleaching behavior from a single-
exponential function. Finally, when both D-D and D-O
reactions are suppressed (and photobleaching is effec-
tively inhibited), the populations of all the energy states
move toward a steady state equilibrium, and remain so for
t — o (Fig. 9 d).

Since the D-D mechanism involves more than one bimo-
lecular reaction leading to the bleached dye molecules, the
bleaching behavior will not be single exponential even in the
absence of the D-O reactions. This is evident from Fig. 9 c.
In the usual microscopy situation, the measurements are not
carried out in the deoxygenated environment, and it is not
reasonable to assume the absence of D-O reactions. Thus the
photobleaching behavior is a composite effect of the simul-
taneous D-O and D-D reactions. The theoretical simulation,
which bases itself on the photochemical and photophysical
findings in Lindqvist’s studies (Lindqvist, 1960; Kasche and
Lindqvist, 1964), has not only independently supported the
findings of Usui et al. (1965) on a switchover of the mecha-

nism due to the relative concentrations of fluorescein and
oxygen, but also explained the non-single-exponential pho-
tobleaching process of fluorescein in microscopy.

Probability of D-D reactions

The important link between the photobleaching of free fluo-
rescein in solution and bound fluorescein in microscopy has
been the interpretation of the findings of Usui et al. (1965)
on mechanism switching in the context of the microscope
situation. In the case of free fluorescein in solution, the D-D
reactions are facilitated by the freely moving and diffusing
fluorescein molecules. In the case of immobilized fluores-
cein in microscopy, the D-D reactions are solely due to the
close proximity of fluorescein molecules. The probability of
D-D reactions depends not only on the number of A or T
bases (to which the fluorescein molecules are attached) from
the specific sequence of DNA, or the amount of fluorescein-
incorporated probes, but also on the compactness of the
three-dimensional helical structure in a two-dimension-like
space on the glass slide.

The strengths and weaknesses of the simulation

The mathematical simulation has provided some explana-
tions to the non-single-exponential bleaching phenomenon in
the fluorescence microscopy. As discussed above, it has led
to some new insight into and understanding of the photo-
bleaching process of fluorescein in microscopy. Neverthe-
less, some weaknesses of the simulation need to be noted.
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First, because of the difficulty in making accurate measure-
ments of the excitation irradiance, the k, values are only
estimates. Although the outcome of the simulation will not
affect the characteristic trend of the bleaching process, the
bleaching rate (k,), which can be derived from the singlet-
excited state kinetic curve, should not be used as a reference
point for the experimentally obtained &, values. Neverthe-
less, the ability to predict a trend of the photobleaching pro-
cess under a given set of experimental parameters (i.e., ex-
citation irradiance and fluorochrome concentration) satisfies
the analytical purpose of the present study.

Second, the current simulation has not incorporated the
effect of oxygen diffusion. As a result, the oxygen con-
centration decreases without replenishment as the reac-
tions proceed. In practice, however, oxygen constantly
diffuses toward the area of the lower O, partial pressure.
A preliminary calculation (not shown) based on the dif-
fusion of oxygen in aqueous medium indicates that in the
usual conventional fluorescence microscopy with steady
illumination using an arc lamp, the rate of the O, con-
sumption by the photochemical reactions is unlikely to be
faster than that of the O, diffusion from the environment,
This calculation was tested in the simulation where
Ny, was made constant at N, (¢ = 0). The resultant kinetic
curve of the singlet-excited state dye hardly differed from
that of decreasing N, .

Third, a further proof of the photobleaching mechanism in
microscopy could be obtained by a photochemical approach
in which the kinetics of transient fluorescein species, such as
semi-reduced and semi-oxidized dye, are directly measured.
However, such measurement is complicated by the short
(transient) time domain and their very low absorption.

Finally, the analysis of the experimental results and the
simulation did not assume an impurity in fluorescein. How-
ever, molecular heterogeneity, if present in sufficient
amount, could further complicate the overall behavior of
photobleaching.

The simulation in the current study remains a specific
model for fluorescein only, since all the photochemical
knowledge incorporated into the simulation is specific to
fluorescein. However, reactions involving triplet dye mol-
ecules or a triplet and a ground state dye molecule are not
unique to fluorescein. The general analytical approach used
in the present study can be employed to study the photo-
bleaching process of other common fluorochromes in bio-
medical microscopy, provided that sufficient knowledge of
photochemical and photophysical properties of those fluo-
rochromes is available.

Summary and concluding remarks

The present study has addressed a fundamental question
about the photobleaching mechanism of fluorescein in mi-
croscopy. It has demonstrated through both experimental and
theoretical methods that the single-exponential behavior is
only a special case of the bleaching process when the average
intermolecular distance of fluorescein is significantly greater
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than the average distance to oxygen, and that the photo-
bleaching process of bound fluorescein in microscopy is in
general not a single-exponential process. The improved un-
derstanding of photobleaching mechanism in microscopy
will have a direct application in quantitation of fluorescence
emission.
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