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The photophysical behavior of BCECF [2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein]scurrently
the most widely used fluorescent pH indicator for near-neutral intracellular pH measurementsshas been
explored by using absorption and steady-state and time-resolved fluorescence measurements. The influence
of ionic strength as well as total buffer concentration on the absorbance and steady-state fluorescence has
been investigated. The apparent acidity constant of the pH indicator determined by absorbance and fluorescence
titration is dependent on the added buffer and salt concentrations. A semiempirical model is proposed to
rationalize the variations in the apparent pKa values. The excited-state proton exchange of BCECF at
physiological pH becomes reversible upon addition of phosphate buffer, inducing a pH-dependent change of
the fluorescence decay times. Fluorescence decay traces collected as a function of total buffer concentration
and pH were analyzed by global compartmental analysis yielding the following values of the rate constants
describing excited-state dynamics of BCECF:k01 ) 3.4 × 108 s-1, k02 ) 2.6 × 108 s-1, k21 ≈ 1 × 106 M-1

s-1, k12
B ) 1.4 × 108 M-1 s-1, andk21

B ) 4.3 × 107 M-1 s-1.

1. Introduction

Fluorescent pH indicators are indispensable tools for measur-
ing changes of intracellular proton concentrations.1 To quanti-
tatively determine pH, it is imperative to match the pKa of the
indicator to the pH of the investigated system. Because the pH
in the cytosol is close to neutral (generally between∼6.8 and
7.4), fluorescent indicators with a pKa around 7 are required
for cytosolic pH determinations. The most frequently used
fluorescent indicators for near-neutral pH measurements in cells
are fluorescein-derived molecules.1 Fluorescein, in aqueous
solution, can exist in one or more of four different prototropic
forms (cation, neutral, monoanion, and dianion) depending on
pH.2,3 In near-neutral solution, only the dianion and monoanion
forms, with fluorescence quantum yields of 0.93 and 0.37,
respectively, are important. Fluorescein itself is not often used
for measuring intracellular pH, because its high leakage rate
from cells makes it very difficult to quantify intracellular pH.
Other dyes such as BCECF4,5 are now preferred for intracellular
pH measurements because they are better retained in cells than
fluorescein. Even though BCECF has three additional carboxylic
acid functional groups compared to fluorescein (see Figure 1),
at near-neutral pH all carboxylic acid groups are deprotonated.
Therefore, at near-neutral pH, one can expect a similar behavior
for the prototropic forms of BCECF derived from proton
exchange at the phenol functional group as for the monoanion
and dianion forms of fluorescein. As with fluorescein, the
absorption spectrum of the phenolate anion (basic) form of
BCECF is red-shifted and has increased molar absorption
coefficients relative to the phenol (acidic) form. Conversely,
there is no pH-dependent shift of the fluorescence emission
spectra of BCECF upon excitation atλex ) 505 nm. The

excitation spectra at 535 nm show a pseudoisoemissive point
around 440 nm as a function of pH. Intracellular pH measure-
ments with BCECF are typically done in the dual-excitation
ratiometric mode withλex

1/λex
2 ) 490/440 nm.

Fluorimetric titrations as a function of pH are a useful method
for determining theKa value of the indicator. However, the
protonation reaction is possible also in the excited state,6,7 and
this may lead to an erroneous value ofKa derived from
fluorimetric titrations. To fully understand the complex photo-
physics of BCECF, it is essential to elucidate the excited-state
dynamics of the molecular forms present at near-neutral pH.
Rate constants of all excited-state processes and spectral
parameters associated with excitation and emission are the
relevant parameters to be determined. Although there have been
numerous reports on the use of BCECF for measuring intra-
cellular pH, a detailed investigation of its photophysics has not
been described (only values of the fluorescence lifetimes of
BCECF have been reported8).

The single-photon timing (or time-correlated single-photon
counting) technique9,10supplies time-resolved fluorescence data
from which the relevant photophysical parameters can be
obtained. To decide on the most suitable model to describe a
specific photophysical system, a multidimensional fluorescence
decay surface is measured under various experimental condi-
tions. For the model of excited-state proton dissociation in the
presence of added buffersconsidered in this papersthe experi-
mental variables are the excitation (λex) and emission (λem)
wavelengths, pH, and buffer concentrationCB. In many
instances, the fluorescence response after a short excitation pulse
can be analyzed in terms of a limited number of decay timesτi

and their associated amplitudesRi. An accurate estimation of
the τi and Ri values can be realized by the global analysis
approach, in which the decay timesτi can be linked (e.g., over

* To whom correspondence should be addressed. E-mail: Noel.Boens@
chem.kuleuven.be (N.B.), jalvarez@ugr.es (J.M.A.-P.).

9334 J. Phys. Chem. A2006,110,9334-9343

10.1021/jp0615712 CCC: $33.50 © 2006 American Chemical Society
Published on Web 07/11/2006



decay traces collected at various emission wavelengths).11-13

For decays collected at various pH, however,τi generally varies
and hence cannot be linked. The empirical parameters{τi, Ri}
are not the primary parameters of interest. The more fundamental
underlying parameters are kinetic (rate constantskij) and spectral
parameters related to excitation (b̃1) and emission (c̃1). The
power of global compartmental analysis derives specifically
from the fact that one fits directly for these underlying
parameters. Indeed, it allows the direct estimation of the
parameters of interest from the complete fluorescence decay
surface in a single step.14-17

Recently, we studied the fluorescence kinetics, the determin-
istic and the numerical identifiability of the model of intermo-
lecular excited-state proton dissociation reaction in the absence
and presence of added pH buffer.18-20 A model is said to be
uniquely (or globally) identifiable if the parameters of the
assumed model can be uniquely determined from the idealized
experiment. Without added buffer, the decay timesτi (i ) 1, 2)
are independent of pH, and the model is not identifiable. An
infinite number of model parameter estimates fitting the data
makes the considered model unidentifiable. When a pH buffer
is added to this photophysical system, the proton transfer
becomes reversible and the model becomes uniquely identifiable
under the following conditions. To have a uniquely identifiable
model, at least three fluorescence decays should be collected,
characterized by at least two different pH values and at least
two different nonzero buffer concentrations. In addition to these
three traces, minimally one biexponential fluorescence decay
of the pH probe in the absence of buffer has to be recorded to
determine all rate constants describing the excited-state events
(kij). Furthermore, for the accurate estimation ofkij, b̃1, andc̃1,
at least two of these decay traces should be collected at the
same pH and excitation and emission wavelengths. For the
widely used fluorescent pH probes with pKa ≈ 7 that are
responsive in the near-neutral pH range, it is advisable to use
buffers with pKa

B values comparable to or somewhat higher
than the pKa of the probe to have a maximal effect on{τi, Ri}.20

For BCECF with a reported pKa of 7.0,4 we therefore chose
phosphate buffer (H2PO4

-/HPO4
2-) with pKa

B ) 6.82 at 20°C,
MOPS [3-(N-morpholino)propanesulfonic acid] with pKa

B )
7.15 at 20°C, and TRIS [tris(hydroxymethyl)aminomethane]
with pKa

B ) 8.08 at 20°C.
In this paper, we first explore the ground-state equilibrium

between the tetraanionic (structure1 in Figure 1) and pentaan-
ionic (structure2 in Figure 1) forms of BCECF through
absorption measurements. Second, the influence of the addition
of salt and buffer on the apparent acidity constant of BCECF
measured via absorption and fluorescence titrations is investi-
gated. Finally, the excited-state dynamics of the indicator in
the presence of phosphate buffer is investigated in detail using
global compartmental analysis of the fluorescence decay surface

collected as a function of emission wavelength (λem), pH, and
buffer concentration (CB).

2. Theory

2.1. Fluorescence Decay Kinetics.Consider a causal, linear,
time-invariant, intermolecular system consisting of two distinct
types of ground-state forms of a pH indicator and two corre-
sponding excited-state species as shown in Scheme 1. Ground-
state species1 can deprotonate to form ground-state species2
and H+. For BCECF at near-neutral pH, species1 and 2 are
depicted in Figure 1. The proton-exchange reaction is described
by the ground-state acidity constantKa ) [2][H+]/[1] of the
pH indicator. Photoexcitation creates the excited-state species
1* and2*, which can decay by fluorescence (F) and nonradiative
(NR) processes. The composite rate constants for these processes
are denoted byk01 () kF1 + kNR1) andk02 () kF2 + kNR2). k21

stands for the rate constant for the dissociation of1* into 2*
and H+. As only a pH probe useful at near-neutral pH will be
considered in this paper, it will be assumed that [H+] is so small
as to make the rate of association of2* + H+ f 1* negligible.
The acidity of the buffer can be described by its ground-state
acidity constantKa

B ) [R][H+]/[RH]. In the ground state, the
acidic form of the pH indicator (species1) can react with the
basic form of the pH buffer (R) to give the basic form of the

Figure 1. Chemical structures and ground-state proton exchange reaction of BCECF forms1 (tetraanion) and2 (pentaanion) at near-neutral pH.

SCHEME 1: Representation of the Kinetic Model of
Ground and Excited-state Proton- Exchange Reactions in
the Presence of pH Buffera

a 1 and 2 are, respectively, the ground-state acid (tetraanion) and
conjugate base (pentaanion) forms of the fluorescent pH indicator
BCECF, and1* and 2* are the associated excited species. RH and R
denote, respectively, the acid and conjugate base forms of the buffer.
In the time-resolved experiments of BCECF, RH is H2PO4

-, and R is
HPO4

2-. The ground-state forms1 and2 of BCEF are shown in Figure
1.
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pH probe (species2) and the acidic form of the buffer (RH). In
the excited state, the reaction of1* with R to form 2* and RH
is characterized by rate constantk21

B . The reverse reaction of2*
and RH to give1* and R is described by rate constantk12

B .
If the photophysical system shown in Scheme 1 is excited

by an infinitely short light pulse that does not significantly alter
the concentrations of the ground-state species (i.e., in the low
excitation limit), then the fluorescenceδ-response function,
f (λem,λex,t), at emission wavelengthλem due to excitation atλex

is given by16

with κ a proportionality constant.U ≡ [U1, U2] is the matrix of
the two eigenvectors of the compartmental matrixA (eq 2),
and U-1 is the inverse ofU, and exp(t Γ) ≡ diag (exp(γ1t),
exp(γ2t)), with γ1 and γ2 being the eigenvalues ofA corre-
sponding toU1 andU2, respectively.

b̃(λex,pH) is the 2× 1 column vector with elementsb̃i(λex,pH)
defined by

wherebi denotes the concentration ofi* at time zero

which in the low-excitation limit is proportional to the ground-
state absorbance ofi. Hence, b̃i represents the normalized
absorbance of speciesi at λex. Theb̃(λex,pH) parameters can be
expressed as a function of the ground-state acidity constantKa

of the pH indicator, the molar absorption coefficientsεi(λex) of
ground-state speciesi at λex, and the pH of the sample solution.
For b̃1(λex,pH) at [H+] and λex, we have

c̃(λem) is the 1 × 2 row vector of the normalized emission
weighting factorsc̃i(λem) of speciesi* at λem:16

The emission weighting factorsci(λem) are given by16

kFi stands for the fluorescence rate constant of speciesi*;
Fi(λem) is the emission density of speciesi* at emission
wavelengthλem, normalized to the complete steady-state fluo-
rescence spectrumFi of speciesi*; ∆λem is the emission
wavelength interval aroundλem where the fluorescence signal
is monitored.Fi(λem) is defined by16

Use of b̃ and c̃ in global compartmental analysis14-17 allows
one to link b̃1 (i.e., b̃1 is considered as a single estimable
parameter in the curve-fitting) at the same pH andλex, whereas
c̃1 can be linked at the sameλem.

Equation 1 can be written in the common biexponential
format:

The eigenvaluesγ1,2 are given by18,20

with

and are related to the decay timesτ1,2 according to

The exponential factorsγ1,2 (and hence alsoτ1,2) depend on
pH, because [R] and [RH] are generally pH-dependent. Indeed,
[R] and [RH] can be expressed as a function of [H+], Ka

B of the
buffer, and the analytical buffer concentrationCB () [R]
+[RH]).18,20

The preexponential factorsR1,2 are dependent on the rate
constantskij, pH, λex, λem, and the total buffer concentration
CB.

When the pH is much higher than pKa and pKa
B, only species

2 and 2* are present, and [RH]≈ 0 (i.e., CB ≈ [R]). In that
case, the value of the amplitudeR1 associated with the limiting
value ofτ1 ) (k01 + k21 + k21

B CB)-1 ) S1
-1 vanishes. Hence,

the fluorescenceδ-response function is given by eq 14

and this assigns a unique value tok02.
2.2. Determination of Ka and Molar Absorption Coef-

ficients from Absorciometric Titration. The absorbanceA of
BCECF aqueous solutions depends on pH according to Beer’s
law and the simple acid-base equilibrium theory. To analyze
the experimental absorbance vs pH, we implemented a global
nonlinear least-squares curve fitting method. Assuming that the
photophysical system follows Beer’s law, at any wavelength
λabs and pH, the absorbanceA is given by the expression:

whereCBCECF is the total concentration of BCECF,d is the
optical path length,εi(λabs) is the molar absorption coefficient
of theith prototropic form of BCECF depending on wavelength,
and Ri(pH, pKa

app) is the fraction of BCECF in theith proto-
tropic form. The values ofRi depend on both pH and the
apparent ground-state acidity constant (pKa

app value) according
to the simple acid-base equilibrium equations.

f(λem,λex,t) ) κc̃(λem)U exp(tΓ)U-1b̃(λex,pH) t g 0 (1)

A ) [- (k01 + k21 + k21
B [R]) k12

B [RH]

k21 + k21
B [R] - (k02 + k12

B [RH]) ] (2)

b̃i ) bi/(b1 + b2) (3)

bi ) [i*] t)0 (4)

1
b̃1(λex,pH)

) 1 +
ε2(λex)Ka

ε1(λex)[H
+]

(5)

c̃i ) ci/(c1 + c2) (6)

ci(λem) ) kFi ∫∆λem
Fi(λem)dλem (7)

Fi(λem) ) Fi(λem)/ ∫fullband
Fidλem (8)

f(λem, λex, t) ) R1 exp(γ1t) + R2 exp(γ2t) t g 0 (9)

γ1,2 ) - 1
2
[(S1 + S2) (

x(S1 - S2)
2 + 4k12

B [RH](k21 + k21
B [R])] (10)

S1 ) k01 + k21 + k21
B [R] (11a)

S2 ) k02 + k12
B [RH] (11b)

γ1,2 ) -1/τ1,2 (12)

[R] )
Ka

BCB

Ka
B + [H + ]

(13a)

[RH] )
[H+]CB

Ka
B + [H+]

(13b)

f(λem, λex, t) ) b2 c2 exp(-k02t) t g 0 (14)

A(pH,λabs) ) CBCECF(∑
i

Ri(pH,pKa
app)εi(λabs))d (15)
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The nonlinear global fitting of the entireA vs pH vs λabs

surface to eq 15 and the corresponding acid-base equilibrium
equations allows the determination of the molar absorption
coefficientsεi(λabs) and pKa

app. In this global fitting, the appar-
ent pKa

app was a linked parameter over the whole surface,
whereasεi(λabs) were locally adjustable parameters at each
wavelength for each species.

2.3. Determination ofKa from Direct Fluorimetric Titra-
tion. If the photophysical system depicted in Scheme 1 is excited
with light of constant intensity, and if the absorbanceA of the
sample is less than 0.1, and moreover, if the rate of proton
binding in the excited state can be neglected, the total
fluorescence signalF(λex,λem, [H+]) at proton concentration
[H+], due to excitation atλex and observed at emission
wavelengthλem can be expressed by21,22

whereFmin stands for the fluorescence signal of the basic form
of the pH indicator (2*), and Fmax denotes the fluorescence
signal of the acidic form of the pH indicator (1*). Fmin andFmax

thus correspond to the fluorescence signals atminimum and
maximum H+ concentration, respectively. Fitting eq 16 to the
fluorescence dataF(λex,λem,[H+]) as a function of [H+] yields
values forKa, n, Fmin, andFmax.

2.4. Determination of Ka from Ratiometric Fluorimetric
Titration. Because large spectral shifts are observed in the
fluorescence excitation spectra, theratiometricmethod (eq 17,
see ref 22) can be used to estimate values ofKa. In the excitation
ratiometric method, one measuresR ) F(λem,λex

1)/F(λem,λex
2)

at a common emission wavelength,λem, and two different
excitation wavelengths,λex

1 andλex
2. Rmin andRmax correspond

to the ratios atminimal andmaximal [H+], respectively, andê
) Fmin (λem,λex

2)/Fmax(λem,λex
2).

Fitting nonlinear eq 17 to the excitation ratiometric fluores-
cence dataR as a function of [H+] yields values forKaê, n,
Rmin, andRmax. Becauseê(λem,λex

2)sthe ratio of the fluorescence
signal of phenolate form (2) of BCECF over that of the phenol
form (1) at the indicated excitation and emission wavelengthss
is experimentally accessible, a value forKa can be recovered
from ratiometric excitation fluorescence data.

3. Experimental Section

3.1. Materials and Preparation of Solutions.The fluores-
cent pH indicator BCECF acid [2′,7′-bis-(2-carboxyethyl)-5-
(and-6)-carboxyfluorescein, mixed isomers] was obtained from
Invitrogen-Molecular Probes (Eugene, OR). For the preparation
of phosphate buffer (pKa

B ) 6.8 at 20 °C) solutions, the
following salts were used: NaH2PO4‚H2O (Fluka, puriss. p.a.)
and Na2HPO4‚7H2O (Fluka, puriss. p.a.). To adjust the pH of
the buffer solutions, 0.1 and 0.01 M solutions of HCl and NaOH
were used. HCl (Aldrich, 1 N solution) and NaOH (Aldrich,
platelets) were of spectroscopic grade quality. MOPS (Sig-
maUltra, > 99.5%) and TRIS (99.9% ultrapure grade) were
purchased from Sigma-Aldrich. All the chemicals were used
as received without further purification. All the measurements
were performed using Milli-Q water as solvent. BCECF
solutions for time-resolved fluorescence measurements were

prepared by diluting a stock solution so that the absorbance of
the final solutions atλex was lower than 0.1. For the time-
resolved fluorescence experiments, three BCECF solutions were
prepared in the absence of buffer characterized by the pH values
of 6.65, 7.58, and 12.21. In the presence of phosphate buffer
(CB ) 0.1 M), seven solutions were prepared with the following
pH values: 5.88, 6.21, 6.65, 6.84, 7.01, 7.48, and 7.78. Finally,
five solutions were prepared characterized by the same pH (6.80)
in the presence of phosphate buffer withCB ) 0.09, 0.18, 0.27,
0.36, and 0.45 M. The solutions were not degassed.

3.2. Instrumentation. Absorption spectra were recorded on
a GBC Cintra 10e UV/Vis spectrophotometer with a tempera-
ture-controlled cell holder. The pH of the solutions was
measured just before recording each spectrum. All measurements
were made at room temperature, using 10× 10 mm2 cuvettes.

Fluorescence titrations in the absence and the presence of
pH buffer were performed on a SPEX Fluorolog at room
temperature. The pH of the solutions was measured just before
the fluorescence measurements. Corrected steady-state fluores-
cence emission spectra were recorded by exciting samples at
505 and 490 nm, whereas excitation spectra were recorded by
detecting the fluorescence at 535 nm.

Fluorescence decay traces of BCECF in the absence and in
the presence of phosphate buffer were recorded by the single-
photon timing method.9,10The second harmonic of a Ti:Sapphire
laser (Tsunami, Spectra Physics) was used to excite the samples
at 488 nm with a repetition rate of 4.09 MHz. Details of the
instrumentation used23 and experimental procedures24 have been
described elsewhere. Fluorescence decay histograms were
collected in 4096 channels using 10× 10 mm2 cuvettes. The
time increment per channel was 6.2 ps. Histograms of the
instrument response functions (using LUDOX scatterer) and
sample decays were recorded until they typically reached 104

counts in the peak channel. The total width at half-maximum
of the instrument response function was∼60 ps. The absorbance
at the excitation wavelength was always below 0.1. Fluorescence
decays were recorded at threeλem (520, 540, and 560 nm) for
the samples without buffer (CB ) 0 M) and samples at constant
pH (6.80). For the samples characterized by a constant phosphate
concentration,CB (0.1 M), decays were collected at fourλem

(520, 540, 560, and 580 nm). The total number of collected
fluorescence decays was 52. From those decays, 9 corresponded
to samples without buffer, 15 to samples at the same pH (6.80)
and differentCB, and 28 to samples at the sameCB (0.1 M)
and different pH. All lifetime measurements were performed
on nondegassed samples at 20°C.

3.3. Data Analysis of Time-Resolved Fluorescence.The
global compartmental analysis of the fluorescence decay surface
of species undergoing excited-state processes in the presence
of added buffer was implemented in a general global analysis
program using Gaussian-weighted nonlinear least-squares fitting
based on Marquardt-Levenberg minimization.25 Any of the
fitting parameters can be kept fixed during the fitting, or may
be freely adjustable to seek optimum values.

Consider the excited-state process in the presence of added
buffer as depicted in Scheme 1. The global (linkable) fitting
parameters arek01, k02, k21, k12

B , k21
B , b̃1, and c̃1. The rate

constantskij can be linked over the whole fluorescence decay
surface, theb̃1 parameters can be linked for the samples at the
same pH andλex, and thec̃1 parameters can be linked for the
samples at the sameλem. The only local (nonlinkable) fitting
parameters are the scaling factorsκ (eq 1).

At each pH andCB, the values of [R] and [RH] of the buffer
with acidity constantKa

B were computed according to eq 13.

F(λex,λem,[H+]) )
Fmax[H

+]n + Fmin Ka

Ka + [H+]n
(16)

R )
Rmax[H

+]n + Rmin Kaê

Kaê + [H+]n
(17)
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Assigning initial guesses to the rate constantsk01, k02, k21, k12
B ,

and k21
B allows one to construct the compartmental matrixA

(eq 2) for each decay trace. The starting value for all rate
constantskij was 1× 109 (M-1) s-1; for b̃1 and c̃1, the initial
guesses were 0 and/or 1. The generalized global mapping table
approach described previously26 allows one to analyze simul-
taneously experiments done at differentλex andλem, at multiple
timing calibrations, and at different pH andCB values.

The fitting parameters were determined by minimizing the
global reducedchi-squareøg

2:

where the indexl sums overq experiments, and the indexi
sums over the appropriate channel limits for each individual
experiment.yli

o andyli
c denote respectively the experimental and

fitted values corresponding to theith channel of thelth
experiment, andwli is the corresponding statistical weight.ν
represents the number of degrees of freedom for the entire
multidimensional fluorescence decay surface. It is essential that
all fitting parameters are subject to simple range constraints on
their values. The problem of minimizingøg

2 can be stated
mathematically as follows: minimizeøg

2(x) for all x, x ∈ Rn

subject tosj e xj e tj, with j ) 1, 2, ...,n and n being the
number of adjustable parameters. This format assumes that lower
and upper constraints exist on all fitting parameters. Restrictions
on the values of a particular fitting parameterj can be removed
by allowing very large negative and positive values ofsj andtj,
respectively. For all rate constants and local scaling factorssj

was set at 0; the default constraints onb̃1 and c̃1 were-0.2 e
b̃1, c̃1 e 1.2. Small, negativesj prevent oscillations in the
nonlinear least-squares search, which would occur if the values
of the fitting parameters were forced to be nonnegative. These
constraints can be adjusted, if necessary.

The goodness-of-fit was judged for each fluorescence decay
trace separately as well as for the global fluorescence decay
surface. The statistical criteria to assess the quality of the fit
comprised both graphical and numerical tests, and have been
described elsewhere.27

4. Results and Discussion

4.1. Absorption Spectroscopy.The visible absorption spectra
of aqueous solutions of BCECF in the pH range between 4.6
and 9.2 have been recorded at various phosphate buffer
concentrations and ionic strengths (by adding KCl at different
concentrations to the buffer solutions). Figure 2a shows an
example of the visible absorption spectra recorded for BCECF
buffered solutions (CB ) 0.1 M phosphate) in the presence of
0.1 M added KCl, at different pH values. In basic solution, the
spectrum is essentially composed of a band characterized by a
maximum at 502 nm and a small shoulder around 475 nm. When
the pH decreases, the peak at 502 nm is blue-shifted, its
absorbance value decreases, whereas the shoulder becomes more
pronounced. At pH around 5.0, the spectrum shape changes and
is composed of two maxima: one at 490 nm and the other at
452 nm. In the pH range 5.5-9.0, only one isosbestic point
(namely, at 470 nm) can be clearly distinguished. At pH values
below 5.0, the isosbestic point disappears indicating that other
different species are involved in the ionic equilibrium. The
experimental absorption spectra of BCECF solutions at pH
values ranging between 5.5 and 9.0 show that only one pH-
induced transition at near-neutral pH (characterized by one
ground-state pKa) is involved. Because the ground-state acidity

of the four carboxylic groups of BCECF is higher than the
acidity of the xanthene-phenolic OH group, the four carboxylic
groups are deprotonated at pH values higher than 5.0, and the
observed transition at near-neutral pH is due to ground-state
proton exchange at the phenol group. As in fluorescein, the
absorption of the phenolate anion of BCECF is red-shifted and
has an increased molar absorption coefficient relative to the
phenolic acid form.

øg
2 ) ∑

l

q

∑
i

wli(yli
o - yli

c)2/ν (18)

Figure 2. (a) Absorption spectra of BCECF (at 6× 10-6 M) in
phosphate buffer (CB ) 0.1 M) in the presence of 0.1 M KCl, at pH
values between 4.63 (breaking the isosbestic point) and 9.20. The arrow
indicates increasing pH values. (b) Global fitting of theA/CBCECF vs
pH curves of BCECF solutions in phosphate buffer (CB ) 0.1 M) in
the presence of 0.1 M KCl. The wavelengths shown are 420 (black),
440 (red), 450 (green), 490 (blue), 500 (magenta), and 510 nm (cyan).
(c) Recovered molar absorption coefficients of the BCECF tetraanion
(solid line, structure1 in Figure 1) and pentaanion (dashed line, structure
2 in Figure 1) in 0.05 M phosphate buffer and 0.05 M KCl.
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To determine the ground-state pKa and the molar absorption
coefficients, the approach described in section 2.2 was perform-
ed. A typicalA vs pH vsλabsdata surface at each buffer concen-
tration and ionic strength was composed of 15 pH values, three
different BCEFC concentrations, and 545λabs values between
300 and 570 nm. Note that the spectra corresponding to the
lowest pH values were removed from the analysis, because they
did not have the isosbestic point (see Figure 2a), suggesting a
third species is involved in the equilibrium. Beer’s law for two
prototropic species turned out to be the best model to fit the
experimental absorption data. A three-species model resulted
in a higher parameter dependency and did not improve the statis-
tical goodness-of-fit parameters. Plots of the individualA/CBCECF

vs pH curves at different wavelengths and the generated curves
from the fitting are shown in Figure 2b. In the data surface fitting
process the estimated parameter values were independent of the
initial guesses assigned to these parameters. The recovered
pKa

app values along with the associated errors are indicated in
Table 1. The recovered molar absorption coefficientsε1 of the
tetraanionic (structure1 in Figure 1) andε2 of the pentaanionic
(structure2 in Figure 1) forms were practically independent of
the ionic strength. Figure 2c shows, as an example, the recovered
values of the molar absorption coefficients of1 and2 in 0.05
M phosphate buffer and 0.05 M KCl.

4.2. Fluorimetric Titration. The value of the acidity constant
of BCECF, measured by direct fluorimetric titrations and
reported in the literature (apparent pKa of 6.96 from excitation
spectra and 6.98 from emission spectra, measured atλex ) 500
nm andλem ) 530 nm),4 has been obtained from experiments
in the presence of 10 mM MOPS buffer and added salts (130
mM KCl, 10 mM NaCl, 1 mM MgSO4). We performed a direct
fluorimetric titration in the absence of any buffer or salt and
found a much higher value, namely pKa ) 7.78 ( 0.03. A
representative example of the emission spectra of BCECF as a
function of pH in 100 mM KCl and in the absence of added
buffer is shown in Figure 3a. The fluorescence emission
decreases at lower pH values, in agreement with previous
observations.4 To investigate the influence of added salt and
buffer on Ka, we then performed fluorimetric titrations as a

function of different concentrations of added buffer (phosphate
and MOPS) in the absence and presence of 100 mM KCl. The
average pKa values obtained by fitting eq 16 (direct fluorimetric
titration) or eq 17 (ratiometric excitation fluorimetric titration)
to the pH dependent fluorescence data are compiled in Table
1. Figure 3b displays the best fit of eq 16 withn ) 1 to the
fluorescence emission titration data of Figure 3a. Analogous
results were obtained from fluorescence excitation titrations (Fig-
ure 3c). Figure 3d displays the best fit of eq 17 withn ) 1 to
theratiometricexcitation fluorimetric titration data obtained from
the spectra of Figure 3c (λem) 535 nm,λex

1/λex
2 ) 500/435 nm).

It is evident that, upon addition of even a small amount of
buffer (CB ) 10 mM phosphate buffer), the apparentKa

increases significantly (pKa decreases from∼7.8 to ∼7.4).
IncreasingCB further to 50 mM and 100 mM phosphate buffer
leads to an additional decrease of pKa to ∼7.1 and 7.0,
respectively. Addition of salt causes an extra decrease of pKa.
The effect of decrease of pKa is more pronounced at lowCB

and appears to level off at highCB. Similar effects were found
for MOPS buffer and KCl. The value of∼7.0 for pKa measured
under physiological salt conditions4 agrees well with those found
in our investigation. Theoretically, the change of the ground-
state acidity constantKa value with increasingCB is related to
an increase of ionic strengthµ of the solution. We deal with
this in the following section.

4.3. Influence of Ionic Strength.The BCECF prototropic
species of interest are the tetraanion (structure1 in Figure 1)
and the pentaanion (structure2 in Figure 1), which are extremely
ionic strength sensitive. Because the ionic strength affects the
ratio of penta and tetraanion concentrations and, hence, the
BCECF optical signal, a comprehensive study of the dependence
of Ka on the ionic strengthµ is of a major interest for using
this fluorophore as a pH probe.

The Hendersson-Hasselbalch equation, which relates pH
with concentration of the prototropic species, applied to the
studied equilibrium of BCECF at near-neutral pH is the
following:28

where [1] and [2] stand for the concentrations of the tetraanion
(1) and the pentaanion (2), respectively, of BCECF (see Figure
1). f1 and f2 denote the activity coefficients of the respective
species, andaH2O is the water activity. The apparent pKa

app is
given by

and depends on the ratio of the activity coefficientsfi.
The estimated pKa values plotted, for both the absorbance

and fluorescence approaches, as a function of the ionic strength
µ, are shown in Figure 5. The change of the apparent ground-
state acidity constant pKa

app value with increasing ionic con-
centrationµ can be related with the increase of ionic strength
of the solution. Therefore, we used a semiempirical function
based on the extended Debye-Hückel equation to relatef1 and
f2 with µ. Using this approach, the activity coefficients may be
represented as:

TABLE 1: Apparent p Ka Values of BCECF Determined by
Absorbance (pKa

a) (eq 15), and Direct (eq 16) and
Ratiometric (eq 17) Fluorimetric Titrations (p Ka

b) in the
Absence/Presence of Added Buffer and Added KClc

concentration of added
buffer and KCl µ pKa

a pKa
b

0 M buffer + 0 M KCl 0 7.78( 0.03
0.01 M phosphate+ 0 M KCl 0.02 7.39( 0.01
0 M buffer + 0.1 M KCl 0.1 7.18( 0.06
0.1 M TRIS+ 0 M KCl 0.1 7.266( 0.008
0.01 M phosphate+ 0.1 M KCl 0.12 7.10( 0.01
0.01 M MOPS+ 0.1 M KCl 0.11 7.02( 0.02
0.05 M phosphate+ 0 M KCl 0.1 7.13( 0.01
0.05 M phosphate+ 0.05 M KCl 0.15 7.043( 0.005
0.05 M phosphate+ 0.1 M KCl 0.2 7.00( 0.01
0.05 M MOPS+ 0.1 M KCl 0.15 6.83( 0.02
0.1 M phosphate+ 0 M KCl 0.2 7.00( 0.01
0.1 M phosphate+ 0.1 M KCl 0.3 6.922( 0.008 6.90( 0.01
0.1 M MOPS+ 0.1 M KCl 0.2 6.97( 0.02
0.1 M phosphate+ 0.5 M KCl 0.7 6.756( 0.005
0.1 M phosphate+ 1 M KCl 1.2 6.706( 0.009

a Determined from absorbance measurements.b Determined from
fluorimetric titrations.c The values of the ground-state acidity constants
Ka measured from emission and excitation spectra are in excellent
agreement. The ionic strength valuesµ were calculated for solutions
at 20°C and pH 6.8 for phosphate buffer, pH 7.2 for MOPS, and pH
8.1 for TRIS (these pH values correspond to the pKa

B values of the
respective buffers at 20°C).

pH ) pKa + log ([2]

[1]) + log (f2f1) - log (aH2O
) (19)

pKa
app) pKa + log (f2f1) - log (aH2O

) (20)

log fi )
- Azi

2xµ

1 + ăiBxµ
+ Li µ (21)
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In this equation, also called the Truesdell-Jones equation,29 Li

is an adjustable parameter, typical values forA andB at room
temperature and atmospheric pressure are 0.51 and 0.33,
respectively,ăi stands for the ionic radius in Angstroms, andzi

is the ionic charge. Substituting eq 21 into 19, and assuming a
similar radius for1 and2 (i.e., ă1 ) ă2 ) ă), leads to

in which L* represents a composite, adjustable parameter of
the individualLi. The experimental pKa values, estimated by
both absorption and fluorescence methods, were fitted to eq 22
using nonlinear least-squares fitting. A value of 9 Å was used
for the ionic radiusă. Because the experimental molecular radius
of BCECF is not available, we have built a model of the
molecule using the Sybyl program30 to calculate the size and
the molecular radius of the BCECF compound. To this purpose,
appropriate fragments from the Sybyl libraries were used to build
the molecule, and partial atomic charges were calculated by
means of the Gasteiger-Marsili method.31 The Tripos force
field32 was used in the energy calculation and the geometry was
optimized using the Powel33 method, until the energy gradient
was smaller than 0.05 kcal mol-1 Å2. Figure 4 represents the
solvent-accessible surface calculated on the optimized geometry
of the 5-substituted isomer (see Figure 1) of BCECF by means

of the above-mentioned program, as well as some significant
distances in the molecule. Calculated values for the surface and
the volume of this molecule were 435.3 Å2 and 452.5 Å3,
respectively. Measured distances between the center of mass
(C-7) and several distal points of the molecule range from 6.6
to 8.6 Å, smaller than or similar to the proposed 9 Å radius.
Comparable values were found for the 6-substituted isomer (see
Figure 1) of BCECF. Because it can be expected that the
hydrated radius should be significantly larger than the radius

Figure 3. (a) Fluorescence emission spectra (λex ) 495 nm) of BCECF as a function of pH in 100 mM KCl without buffer. (b) The solid line
represents the best fit of eq 16 withn ) 1 to thedirect emission fluorimetric titration data of BCECF obtained from the spectra of Figure 3a (λex

) 495 nm,λem ) 528 nm). (c) Corresponding fluorescence excitation spectra (λem ) 535 nm). (Inset) Enlargement of the pseudo-isoemissive point
of BCECF at 435 nm. (d) Best fit of eq 17 withn ) 1 to theratiometric excitation fluorimetric titration data obtained from the spectra of Figure
3c (λem ) 535 nm,λex

1/λex
2 ) 500/435 nm).

pKa
app)

pKa - (A(z2
2 - z1

2)
xµ

1 + ăBxµ
+ L*µ) - log (aH2O

) (22)

Figure 4. Solvent accessible surface calculated on the optimized
geometry of BCECF by means of the Sybyl programs. The value of
the surface and the volume calculated are of 435.3 Å2 and 452.5 Å3,
respectively. Arrows indicate distances measured between the center
of mass of the molecule (that almost coincides with C7) and several
distal points of the molecule.
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of the same isolated ion, the average value of 9 Å used in the
fitting seems to be reasonable. Figure 5 shows the fitting curve,
from which an estimated pKa value of 7.87( 0.02 (r2 ) 0.96)
was obtained.

4.4. Time-Resolved Fluorescence.First, each fluorescence
decay trace, measured under different experimental conditions
(i.e., absence or presence of phosphate buffer with total
concentrationCB, different pH values andλem,), was analyzed
individually as a biexponential function in terms of decay times
τi and associated preexponential factorsRi (i ) 1, 2). Such
single-curve analysis not only discloses the number of needed
exponential terms but also tests the quality of the experimental
decay data and allows one to weed out substandard experimental
decay data. Traces that gave unacceptable fits as biexponentials
were eliminated from further analysis.

Second, classical global biexponential analyses in terms of
τi andRi were performed incorporating in a single decay surface
curves collected at the same pH andCB, but at differentλem.
The decay timesτi were linked (held in common) for decay
traces measured at differentλem. It can be expected that such a
global analysis would estimate the{τi, Ri} values with higher
accuracy and precision than single-curve analysis. Unfortunately,
the decay timesτ1 andτ2 of BCECF are rather closely spaced
with a small contributionR1 of the shorter decay time corre-
sponding to the tetraanionic form1*. Thus, the two global
biexponential analyses of fluorescence decay surfaces containing
three traces measured as a function ofλem (520, 540, and 560
nm) atCB ) 0 M and pH 6.65 and 7.58, and the five global
analyses of fluorescence decay surfaces with three decay traces
collected at pH 6.80 and differentCB (0.09, 0.18, 0.27, 0.36,
and 0.45 M) as a function ofλem (520, 540, and 560 nm) could
not recover reliable{τi, Ri} estimates. That could be ascertained
from the wide range of{τi, Ri} values estimated by global fitting
as a function of the initial parameter guesses. Especially
imprecise were the values{τ1, R1} associated with the tetraan-
ionic form1*. The imprecise estimates corresponding to1* were
also observed for the seven global biexponential analyses of
fluorescence decay surfaces containing four traces as a function
of λem (520, 540, 560, and 580 nm) atCB ) 0.1 M and pH
5.88, 6.21, 6.65, 6.84, 7.01, 7.48, and 7.78. However, global
analysis of the fluorescence decay surface (øg

2 ) 1.08) including
nine curves corresponding toCB ) 0 M at pH 6.65, 7.58, and

12.21 atλem ) 520, 540, and 560 nm provided us with reliable
decay time estimates:τ1 ) 2.95 ( 0.02 ns andτ2 ) 3.89 (
0.01 ns, corresponding to (k01 + k21 ) 3.39× 108 s-1) andk02

) 2.57 × 108 s-1, respectively. Global curve-fitting of those
nine decay curves resulted in the same parameter estimates with
the same high precision, regardless of the initial{τi, Ri} guesses.
The decays at pH 12.21 were monoexponential with a lifetime
τ2 corresponding to the pentaanionic form2*, as predicted by
eq 14. These lifetime values of the tetraanionic (1*) and
pentaanionic (2*) forms of BCECF are quite close to the values
of 2′,7′-difluorofluorescein monoanion (3.40( 0.01 ns) and
dianion (4.05( 0.02 ns) reported elsewhere.19 This supports
the idea of the same chromophoric group in the xanthene moiety
of BCECF compared to fluorescein.

Finally, we collected in a single decay surface all measured
(52) decays and analyzed them globally in terms of the rate
constantskij and the spectral parametersb̃1 and c̃1. The linked
fitting parameters werek01, k02, k21, k12

B , k21
B , b̃1, andc̃1, whereas

the only local (nonlinkable) fitting parameters were the scaling
factorsκ.24 Due to the imperfection of certain traces, the global
reducedøg

2 remained somewhat elevated (1.14). To obtain more
reliable estimates that would better fit the experimental data,
we removed from the decay surface eight traces that had local
ø2 > 1.2, corresponding to decays that gave poor-quality
biexponential fits in the previous global analyses. The resulting
decay surface with 44 traces was analyzed globally in terms of
the rate constantskij and the spectral parametersb̃1 andc̃1. This
global fit was slightly better than that with 52 traces (as judged
from øg

2 ) 1.09 and the plots of the weighted residuals and the
autocorrelation functions) and yielded very similarkij (except
for k21 and k12

B ), b̃1, and c̃1 estimates. The estimated rate
constants are compiled in Table 2. The estimatedk21 and k12

B

values in the global fit with 52 curves are:k21 ) (2 ( 2) ×
106 M-1 s-1 andk12

B ) (5 ( 2) × 107 M-1 s-1. Particularly for
k21 no reliable value could be obtained.

We discussed above the critical influence of the ionic strength
µ on the ground-state pKa and the apparent pKa calculated
through steady-state fluorescence measurements. Indeed, the
ionic strength may affect the determination of the rate constants
as well. Therefore, the recovered rate constant values should
be considered as average values over the narrow ionic strength
range studied in the time-resolved fluorescence measurements.
Previously, we developed the correct model to take into account
ionic strength variations in the global compartmental analysis,19

but we concluded this entailed such a complex methodology
that it may not be worth considering. We also note the high
associated error in the determination ofk21.

To test the validity of the estimated rate constants, the decay
timesτ1 andτ2 (eq 12) were calculated (according to eqs 9-13)
using the globally estimated rate constant values{k01, k02, k21,
k12

B , k21
B }, CB, pH, and pKa

Bof phosphate buffer at 20°C (6.8). A
satisfactory agreement between the decay times{τ1, τ2}
calculated as a function of pH atCB ) 0.1 M and those obtained
by global biexponential fitting was found (Figure 6). For the

Figure 5. Graphical representation of the dependence of the estimated
pKa

app values of BCECF on ionic strength (µ). The open symbols
represent the absorption measurements and the black squares correspond
to the fluorescence measurements. Solid line: Global fitting of eq 22.

TABLE 2: Rate Constant Values Estimated by Global
Compartmental Analysis of the Fluorescence Decay Surface
Containing 44 Decay Traces of BCECF in Aqueous Solution
at pH between 5.88 and 12.21, in the Absence (CB ) 0 M)
and Presence of Phosphate Buffer (CB between 0.09 and 0.45
M)

k01 (s-1) (3.40( 0.03)× 108

k02 (s-1) (2.56( 0.03)× 108

k21 (M-1 s-1) (1 ( 1) × 106

k12
B (M-1 s-1) (1.4( 0.4)× 108

k21
B (M-1 s-1) (4.3( 0.5)× 107
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samples without added buffer, a perfect accordance between
the two sets of decay times{τ1, τ2} was obtained (calculated
values: τ1 ) 2.94 ns andτ2 ) 3.91 ns). The poor correlation
between the calculated and estimatedτ1 values as a function of
pH at CB ) 0.1 M (Figure 6) and ofCB at pH 6.80 could be
anticipated, because it is more difficult to estimate accurately
the shorter decay timeτ1 due to its lower contribution. Indeed,
its contribution almost vanishes at higher pH (see eq 14) and
higher buffer concentrations (CB g 0.27 M).

The values ofb̃1 (normalized absorbance of the tetraanion1)
estimated by global compartmental analysis are depicted in
Figure 7 as a function of proton concentration. Nonlinear curve-
fitting of eq 5 to the experimental data yielded an estimated
value of (2.2( 0.1) × 10-8 for Kaε2(λex)/ε1(λex) at λex ) 488
nm with excellent correlation (r2 ) 0.99). Using theε2(λex)/
ε1(λex) ratio recovered from the absorption measurements (1.61),
a value of pKa ) 7.86 is recovered, which is in excellent
agreement with the result obtained by other methods.

5. Conclusions
The apparent pKa of the phenolic group in BCECF has been

obtained by means of absorbance and fluorescence measure-

ments at different ionic strength values. Its dependence with
ionic strength has been explored. Even a small amount of added
buffer increases drastically the apparent acidity constant. We
have developed a simple approach taking into account the
variations in the activity factors, having resolved a semiempirical
equation describing the apparent pKa behavior with ionic
strength. Time-resolved fluorescence measurements in the
absence and presence of phosphate buffer and global compart-
mental analysis of the fluorescence decay surface have enabled
us to estimate the following excited-state rate constants:k01 )
3.4× 108 s-1, k02 ) 2.6× 108 s-1, k21 ≈ 1 × 106 M-1 s-1, k12

B

) 1.4 × 108 M-1 s-1, andk21
B ) 4.3 × 107 M-1 s-1.
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