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The photophysical behavior of BCECF [2-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluoresceticurrently

the most widely used fluorescent pH indicator for near-neutral intracellular pH measurethastbeen
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 appareri{;pvalues. 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 BCEGk; = 3.4 x 18 s, k=26 x 18 s L ky~ 1 x 16 M™?
sLk,=14x 1M s andky; = 4.3x 100 M ts2,

1. Introduction excitation spectra at 535 nm show a pseudoisoemissive point
around 440 nm as a function of pH. Intracellular pH measure-
ing changes of intracellular proton concentratidf® quanti- ments with BCECF areltyplzcally done in the dual-excitation
tatively determine pH, it is imperative to match thi€mof the ratiometric mode Withlex'/Ze” = 490/440 nm.

indicator to the pH of the investigated system. Because the pH  Fluorimetric titrations as a function of pH are a useful method
in the cytosol is close to neutral (generally betweef 8 and for determining theK, value of the indicator. However, the
7.4), fluorescent indicators with aKg around 7 are required ~ protonation reaction is possible also in the excited Stand

for cytosolic pH determinations. The most frequently used this may lead to an erroneous value Kf derived from
fluorescent indicators for near-neutral pH measurements in cellsfluorimetric titrations. To fully understand the complex photo-
are fluorescein-derived moleculesluorescein, in aqueous physics of BCECEF, it is essential to elucidate the excited-state
solution, can exist in one or more of four different prototropic dynamics of the molecular forms present at near-neutral pH.
forms (cation, neutral, monoanion, and dianion) depending on Rate constants of all excited-state processes and spectral
pH.231n near-neutral solution, only the dianion and monoanion parameters associated with excitation and emission are the
forms, with fluorescence quantum yields of 0.93 and 0.37, relevant parameters to be determined. Although there have been
respectively, are important. Fluorescein itself is not often used numerous reports on the use of BCECF for measuring intra-
for measuring intracellular pH, because its high leakage rate cellular pH, a detailed investigation of its photophysics has not
from cells makes it very difficult to quantify intracellular pH.  been described (only values of the fluorescence lifetimes of
Other dyes such as BCE&Fare now preferred for intracellular ~ BCECF have been repor®d

pH measyrements because they are better retgjned in cells than The single-photon timing (or time-correlated single-photon
ﬂu_oresce|r_1. Even though BCECF has three ad(_imonal cqrboxyllc counting) techniqu&°supplies time-resolved fluorescence data
acid functional groups compar_ed to fluorescein (see Figure 1), rom which the relevant photophysical parameters can be
at near-neutral pH all carboxylic acid groups are deprotonated. ghiained. To decide on the most suitable model to describe a
Therefore, at near-neutral pH, one can expect a similar behaviorgpeific photophysical system, a multidimensional fluorescence
for the prototropic forms Of. BCECF derived from proton decay surface is measured under various experimental condi-
exchange_ at the phenol functlongl group as for the monoanionisns For the model of excited-state proton dissociation in the
and dianion forms of fluorescein. As with fluorescein, the presence of added buffeconsidered in this papethe experi-

absorption spectrum of the phenolate anion (basic) form of mental variables are the excitatiofe) —
. - . . ) and emission Aen)
BCECF is red-shifted and has increased molar absorpt'onwavelengths, pH, and buffer concentratia®. In many

fr?eerfgﬁfr:(f rel_ll"i‘g\e/eetr? d?r?t 22?;?; (a(gdfllcu)ofrzrsrzér?c%mé?r:isg?gn instances, the fluorescence response after a short excitation pulse
p P can be analyzed in terms of a limited number of decay times

spectra of BCECF upon excitation dtx = 505 nm. The and their associated amplitudes An accurate estimation of

* To whom correspondence should be addressed. E-mail: Noel.Boens@ the 7i and Qi val_ues can be rgalized by the global analysis
chem.kuleuven.be (N.B.), jalvarez@ugr.es (J.M.A.-P.). approach, in which the decay timescan be linked (e.g., over

Fluorescent pH indicators are indispensable tools for measur-
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Figure 1. Chemical structures and ground-state proton exchange reaction of BCECFXf¢retsaanion) an@ (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 Buffef

decay traces collected at various emission wavelengths).
For decays collected at various pH, howewegenerally varies
and hence cannot be linked. The empirical paramdters.}

are not the primary parameters of interest. The more fundamental k;
underlying parameters are kinetic (rate constgjjtand spectral R + PR + RH

parameters related to excitatiob; and emission&). The
power of global compartmental analysis derives specifically
from the fact that one fits directly for these underlying 5
parameters. Indeed, it allows the direct estimation of the
parameters of interest from the complete fluorescence decay
surface in a single stefg-1’
Recently, we studied the fluorescence kinetics, the determin- hv kot hv ko2
istic and the numerical identifiability of the model of intermo-
lecular excited-state proton dissociation reaction in the absence
and presence of added pH buffér?® A model is said to be
uniquely (or globally) identifiable if the parameters of the R
assumed model can be uniquely determined from the idealized
experiment. Without added buffer, the decay timg$ = 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 1 and 2bare, respectively, tfhe groupdt;staftle acid (tetraa”i,og? and
s added to this photophysical system, the proton transier TIRGA b8 (Bentanon) orme o e Tuorescent i) st
becomes reversible and the model becomes uniquely identifiablegenote, respectively, the acid and conjugate base forms of the buffer.
under the following conditions. To have a uniquely identifiable |n the time-resolved experiments of BCECF, RH igP,~, and R is
model, at least three fluorescence decays should be collectedHPO?~. The ground-state formsand2 of BCEF are shown in Figure
characterized by at least two different pH values and at least1-
two different nonzero buffer concentrations. In addition to these
three traces, minimally one biexponential fluorescence decay collected as a function of emission wavelength.J, pH, and
of the pH probe in the absence of buffer has to be recorded tobuffer concentrationG®).
determine all rate constants describing the excited-state events
(kj). Furthermore, for the accurate estimatiorkgfb;, andé, 2. Theory
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 witiKp~ 7 that are
responsive in the near-neutral pH range, it is advisable to use
buffers with p(S values comparable to or somewhat higher
than the |, of t.he probe to have a maximal effect b, a} 20 and H". For BCECF at near-neutral pH, speciesind 2 are
For BCECF with a repﬁortedl%of 7.0," we therefore chose  yanjcted in Figure 1. The proton-exchange reaction is described
phosphate buffer (#Q,"/HPO,”") with pKa® = 6.82 at 20°C, by the ground-state acidity constaiit = [2][H*]/[1] of the
MOPS [3-£\l-morphol|no)prgpanesulfonlc acid] withkg? = pH indicator. Photoexcitation creates the excited-state species
7.15 atBZO C, and TRIS [tris(hydroxymethyl)aminomethane] 1 anq 2+, which can decay by fluorescence (F) and nonradiative
with pK; = 8.08 at 20°C. (NR) processes. The composite rate constants for these processes
In this paper, we first explore the ground-state equilibrium are denoted b¥o; (= kr1 + knri1) @andkoz (= kez + knra). koa
between the tetraanionic (structurén Figure 1) and pentaan-  stands for the rate constant for the dissociatioi®ointo 2*
ionic (structure2 in Figure 1) forms of BCECF through and H. As only a pH probe useful at near-neutral pH will be
absorption measurements. Second, the influence of the additionconsidered in this paper, it will be assumed that][i4 so small
of salt and buffer on the apparent acidity constant of BCECF as to make the rate of association2sf+ H* — 1* negligible.
measured via absorption and fluorescence titrations is investi- The acidity of the buffer can be described by its ground-state
gated. Finally, the excited-state dynamics of the indicator in acidity constank? = [R][H*]/[RH]. In the ground state, the
the presence of phosphate buffer is investigated in detail usingacidic form of the pH indicator (speci€§ can react with the
global compartmental analysis of the fluorescence decay surfacebasic form of the pH buffer (R) to give the basic form of the

1* k12 2*
k

+ H*

2.1. Fluorescence Decay Kinetic€onsider 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 specie& can deprotonate to form ground-state spe@ies
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pH probe (specie®) and the acidic form of the buffer (RH). In
the excited state, the reaction bfwith R to form 2* and RH
is characterized by rate const&. The reverse reaction @t
and RH to givel* and R is described by rate constad.

If the photophysical system shown in Scheme 1 is excited . .
by an infinitely short light pulse that does not significantly alter 1he eigenvalues. ; are given by*°
the concentrations of the ground-state species (i.e., in the low

Equation 1 can be written in the common biexponential
format:

(Ao Aay 1) = 04 EXP/SL) + i €XPELY) 1= 0 (9)

excitation limit), then the fluorescena&response function,
f (lemAext), at emission wavelength,, due to excitation atey
is given by®

f(Aemiept) = kC(Aem)U exp(tI“)U_lf)(Aex,pH) t=0 (1)
with « a proportionality constant) = [U;, U] is the matrix of
the two eigenvectors of the compartmental matixeq 2),
and U1 is the inverse ofU, and exp( T) = diag (expfat),
exp(y2t)), with y1 and y, being the eigenvalues dk corre-
sponding toU; and Uy, respectively.

emr

_ |~ (kopt Koy T k[R]) KpRH]
k21 + kgl[R] - (koz + k?z[RH])

b(Aex,pH) is the 2x 1 column vector with elements(Aex,pH)
defined by

2

E)i =b/(b, + by) (3)
whereb; denotes the concentration idfat time zero
b, = [i*] o (4)

which in the low-excitation limit is proportional to the ground-
state absorbance df Hence,b; represents the normalized
absorbance of speciest lex. Theb(1ex,pH) parameters can be
expressed as a function of the ground-state acidity conktant
of the pH indicator, the molar absorption coefficiea{d.y) of
ground-state speciéatley, and the pH of the sample solution.
For bi(AexpH) at [HT] and Aey, We have

L K
Bl(}'ex'pH) 61(/1e><)[H+]

&(Aem) is the 1 x 2 row vector of the normalized emission
weighting factorst(Aem) of species* at Aeny 16

(®)

¢ =cl(c,+c) (6)
The emission weighting factog(iem) are given byf
Cl(/lem) = kFi ngem pi(/,{en*)d}'em (7)

kei stands for the fluorescence rate constant of spei¢ies
pi(Aem) is the emission density of specié$ at emission
wavelengthlem normalized to the complete steady-state fluo-
rescence spectrurfk; of speciesi*; Aldem is the emission
wavelength interval arounékm, where the fluorescence signal
is monitored.pi(Zem) is defined by®

pi(lem) = Fi(/len*)/ Jf‘ullband I:id/’l'em

Use ofb and@ in global compartmental analy$fs?? allows
one to link by (i.e., by is considered as a single estimable
parameter in the curve-fitting) at the same pH aggdwhereas
€, can be linked at the sanmien,

®)

P (CRAE

V(S — S)? + A& RH](k,, + KE[R])] (10)

with
S, = ko1 + ko1 + kai[R] (11a)
S, = Koz + KiRH] (11b)
and are related to the decay times according to
V12= ~1lty, (12)

The exponential factorg, » (and hence alse; ») depend on
pH, because [R] and [RH] are generally pH-dependent. Indeed,
[R] and [RH] can be expressed as a function o’rIH(S of the
buffer, and the analytical buffer concentrati@? (= [R]
+[RH])_18,20

K3c®
T o
_ [H+]CB
[RH] = —KE Ve (13b)

The preexponential factors,, are dependent on the rate
constantskj, pH, dex, 4em, and the total buffer concentration
CB.

When the pH is much higher thaikpand [KS, only species
2 and 2* are present, and [RH} O (i.e., CB ~ [R]). In that
case, the value of the amplitude associated with the limiting
value oft; = (kop + ko1 + K5, CB)~1 = S~ vanishes. Hence,
the fluorescencé-response function is given by eq 14

f(/lem’ iex* t) = b2 CZ exp(_kOZt)

and this assigns a unique valueky.

2.2. Determination of K5 and Molar Absorption Coef-
ficients from Absorciometric Titration. The absorbanca of
BCECF aqueous solutions depends on pH according to Beer's
law and the simple acidbase 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
Aapsand pH, the absorbandeis given by the expression:

A(PHAap9 = C*E(Y ay(pHPKEe(Zap)d  (15)

t=0 (14)

where CBCECF js the total concentration of BCECH, is the
optical path lengthei(1ap9 is the molar absorption coefficient
of theith prototropic form of BCECF depending on wavelength,
and oi(pH, pKE™) is the fraction of BCECF in théth proto-
tropic form. The values ofy; depend on both pH and the
apparent ground-state acidity constarK3{ value) according
to the simple acietbase equilibrium equations.



Photophysics of the Fluorescent pH Indicator BCECF J. Phys. Chem. A, Vol. 110, No. 30, 2008337

The nonlinear global fitting of the entirA vs pH vsAaps prepared by diluting a stock solution so that the absorbance of
surface to eq 15 and the corresponding atidse equilibrium the final solutions atlex was lower than 0.1. For the time-
equations allows the determination of the molar absorption resolved fluorescence experiments, three BCECF solutions were
coefficientsei(apg and K&, In this global fitting, the appar- prepared in the absence of buffer characterized by the pH values
ent [Ki”p was a linked parameter over the whole surface, of 6.65, 7.58, and 12.21. In the presence of phosphate buffer
whereasei(1ap) Were locally adjustable parameters at each (C®=0.1M), seven solutions were prepared with the following

wavelength for each species. pH values: 5.88, 6.21, 6.65, 6.84, 7.01, 7.48, and 7.78. Finally,

2.3. Determination ofK, from Direct Fluorimetric Titra- five solutions were prepared characterized by the same pH (6.80)
tion. If the photophysical system depicted in Scheme 1 is excited in the presence of phosphate buffer w@h= 0.09, 0.18, 0.27,
with light of constant intensity, and if the absorbarfcef the 0.36, and 0.45 M. The solutions were not degassed.

sample is less than 0.1, and moreover, if the rate of proton 3.2. Instrumentation. Absorption spectra were recorded on
binding in the excited state can be neglected, the total a GBC Cintra 10e UV/Vis spectrophotometer with a tempera-
fluorescence signaF(lexAem [HT]) at proton concentration  ture-controlled cell holder. The pH of the solutions was
[H*], due to excitation atlex and observed at emission measured just before recording each spectrum. All measurements

wavelengthlem can be expressed Hy?? were made at room temperature, usingx1Q0 mn¥ cuvettes.
Fluorescence titrations in the absence and the presence of
N FmaX[H+]”+ Fmin Ka pH buffer were performed on a SPEX Fluorolog at room
FlexAem[H']) = K + [H+]” (16) temperature. The pH of the solutions was measured just before
a

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 metho&1° The 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 usééland experimental procedufésave been
described elsewhere. Fluorescence decay histograms were
collected in 4096 channels using X010 mn¥ cuvettes. The
time increment per channel was 6.2 ps. Histograms of the
instrument response functions (using LUDOX scatterer) and
excitation wavelengthsie! andie?. Ruin andRmax correspond sample decays were recorded until they typically reachéd 10

to the ratios aminimal andmayimal [H*], respectively, and count§ in the peak channel. Th.e total width at half-maximum
e . 2 2 of the instrument response function wag0 ps. The absorbance
- len (/'Lem,lex )/Fmax(iem,/lex )

at the excitation wavelength was always below 0.1. Fluorescence
R [H+]n +R, KE decays were rgcorded at thrég, (520, 540, and 560 nm) for
R = _M& in_a (17) the samples without buffeCf = 0 M) and samples at constant
KE + [HH" pH (6.80). For the samples characterized by a constant phosphate
concentrationCB (0.1 M), decays were collected at folig,
Fitting nonlinear eq 17 to the excitation ratiometric fluores- (520, 540, 560, and 580 nm). The total number of collected
cence dataR as a function of [H] yields values forkK,&, n, fluorescence decays was 52. From those decays, 9 corresponded
Rmin, aNdRmax Because(Lemded—the ratio of the fluorescence  to samples without buffer, 15 to samples at the same pH (6.80)
signal of phenolate forn2j of BCECF over that of the phenol  and differentC®, and 28 to samples at the sai@g (0.1 M)
form (1) at the indicated excitation and emission wavelengths and different pH. All lifetime measurements were performed
is experimentally accessible, a value g can be recovered  on nondegassed samples at°ZD

whereFnin stands for the fluorescence signal of the basic form
of the pH indicator 2*), and Fnax denotes the fluorescence
signal of the acidic form of the pH indicatat). Fmin andFmax
thus correspond to the fluorescence signalsnaimum and
maxmum H* concentration, respectively. Fitting eq 16 to the
fluorescence datB(lexAem[H™]) as a function of [H] yields
values forKgy, n, Fmin, andFmax

2.4. Determination of K, from Ratiometric Fluorimetric
Titration. Because large spectral shifts are observed in the
fluorescence excitation spectra, tladiometricmethod (eq 17,
see ref 22) can be used to estimate valuds,ofn the excitation
ratiometric method, one measu@s= F(AemAext)/F(lemiesd)
at a common emission wavelengthsm and two different

from ratiometric excitation fluorescence data. 3.3. Data Analysis of Time-Resolved Fluorescenc&he
global compartmental analysis of the fluorescence decay surface
3. Experimental Section of species undergoing excited-state processes in the presence
3.1. Materials and Preparation of Solutions.The fluores- ~ ©f added buffer was implemented in a general global analysis
cent pH indicator BCECF acid {Z'-bis-(2-carboxyethyl)-5-  Program using Gaussian-weighted nonlinear least-squares fitting

(and-6)-carboxyfluorescein, mixed isomers] was obtained from Pased on Marquardi evenberg minimizatio> Any of the
Invitrogen-Molecular Probes (Eugene, OR). For the preparation [iting parameters can be kept fixed during the fitting, or may
of phosphate buffer (1:)2 = 6.8 at 20°C) solutions, the be freely adjustablg to seek optimum yalues.

following salts were used: NaRQy-H,O (Fluka, puriss. p.a.) Consider the excited-state process in the presence of added
and NaHPOy-7H,0 (Fluka, puriss. p.a.). To adjust the pH of Puffer as depicted in Scheme 1. The global (linkable) fitting
the buffer solutions, 0.1 and 0.01 M solutions of HCl and NaOH Parameters ardos, koz Koi, Kip K5y, b1, and €. The rate
were used. HCI (Aldrich1 N solution) and NaOH (Aldrich, ~ constants; can be linked over the whole fluorescence decay
p|ate|ets) were of Spectroscopic grade qua“ty MOPS (S|g_ surface, they; parameters can be linked for the samples at the
maUltra, > 99.5%) and TRIS (99.9% ultrapure grade) were Same pH and., and thet; parameters can be linked for the
purchased from Sigma-Aldrich. All the chemicals were used Samples at the samim The only local (nonlinkable) fitting

as received without further purification. All the measurements Parameters are the scaling factergeq 1).

were performed using Milli-Q water as solvent. BCECF At each pH andCB, the values of [R] and [RH] of the buffer
solutions for time-resolved fluorescence measurements werewith acidity constantKE were computed according to eq 13.
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Assigning initial guesses to the rate consta@is koz, ki, ki
and k5, allows one to construct the compartmental matkix
(eq 2) for each decay trace. The starting value for all rate
constants; was 1x 10° (M~%) s7%; for by and &, the initial
guesses were 0 and/or 1. The generalized global mapping table
approach described previou&hallows one to analyze simul-
taneously experiments done at differégtandiem, at multiple
timing calibrations, and at different pH ar@P values.

The fitting parameters were determined by minimizing the
global reducedchi-squareyg*

Absorbance

q
ng = ZZWH(YE — Y0 (18)

where the indeXx sums overq experiments, and the indeéx
sums over the appropriate channel limits for each individual 90000 -
experimenty? andy; denote respectively the experimental and S S oo
fitted values corresponding to thih channel of thelth Y
experiment, andy; is the corresponding statistical weight. 70000 - —
represents the number of degrees of freedom for the entire i

o ) . . 600004
multidimensional fluorescence decay surface. It is essential that

all fitting parameters are subject to simple range constraints on y  50000-
their values. The problem of minimizings? can be stated g ]
. P 40000 4
mathematically as follows: minimizg,?(x) for all x, x € R" o
subject tog < x < t;, with j = 1, 2, ...,n andn being the < 30000

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 parametean be removed 10000 -
by allowing very large negative and positive valuesaindt;, ]
respectively. For all rate constants and local scaling factors
was set at 0; the default constraints mrandé; were—0.2 <

by, & < 1.2. Small, negatives prevent oscillations in the

nonlinear least-squares search, which would occur if the values 1645
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 elsewheré.

200001 s <%

Be+d 4

Ge+d 4

de+d

g/M'cm”

4. Results and Discussion
Ze+d

4.1. Absorption SpectroscopyThe visible absorption spectra
of aqueous solutions of BCECF in the pH range between 4.6 5
and 9.2 have been recorded at various phosphate buffer 0 a8 466 56 865 ses
concentrations and ionic strengths (by adding KCI at different Wa

. . . velength / nm
concentrations to the buffer solutions). Figure 2a shows an Figure 2. (a) Absorption spectra of BCECF (at & 10°° M) in
example of the visible absorption spectra recorded for BCECF : i

: : hosphate buffer® = 0.1 M) in the presence of 0.1 M KCI, at pH
buffered solutions@® - 0.1 M phosphate) in th_e presence of \F/)alueg between 2%83 (breakin)g the isoesbestic point) and 9.20. The?arrow
0.1 M added KCI, at different pH values. In basic solution, the jygjcates increasing pH values. (b) Global fitting of tMCECECF vs
spectrum is essentially composed of a band characterized by gH curves of BCECF solutions in phosphate buffef & 0.1 M) in
maximum at 502 nm and a small shoulder around 475 nm. Whenthe presence of 0.1 M KCI. The wavelengths shown are 420 (black),
the pH decreases, the peak at 502 nm is blue-shifted, its440 (red), 450 (green), 490 (blue), 500 (magenta), and 510 nm (cyan).
absorbance value decreases, whereas the shoulder becomes mdf Recovered molar absorption coefficients of the BCECF tetraanion

olid line, structurd in Figure 1) and pentaanion (dashed line, structure

pronounced. At pH aroun_d 50 the spectrum shape changes ané‘sin Figure 1) in 0.05 Mgphosp)mate %uffer and 8_05 M KCl.
is composed of two maxima: one at 490 nm and the other at
452 nm. In the pH range 5:3.0, only one isosbestic point  of the four carboxylic groups of BCECF is higher than the
(namely, at 470 nm) can be clearly distinguished. At pH values acidity of the xanthene-phenolic OH group, the four carboxylic
below 5.0, the isosbestic point disappears indicating that othergroups are deprotonated at pH values higher than 5.0, and the
different species are involved in the ionic equilibrium. The observed transition at near-neutral pH is due to ground-state
experimental absorption spectra of BCECF solutions at pH proton exchange at the phenol group. As in fluorescein, the
values ranging between 5.5 and 9.0 show that only one pH- absorption of the phenolate anion of BCECF is red-shifted and
induced transition at near-neutral pH (characterized by one has an increased molar absorption coefficient relative to the
ground-state I§,) is involved. Because the ground-state acidity phenolic acid form.
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TABLE 1: Apparent p K, Values of BCECF Determined by function of different concentrations of added buffer (phosphate

ég?igiiig?ricce((eg:a??)(eléiulc?rifngrt]r?cqllirtergii c()?g %F?)Kabf;dm the and MOPS) in the absence and presence of 100 mM KCI. The

Absence/Presence of Added Buffer and Adde(:i1 KCI average Kavalues obt.alned .by flttlng €a 16 (d!rect fluqumgtrlc
titration) or eq 17 (ratiometric excitation fluorimetric titration)

concentration of added . ) to the pH dependent fluorescence data are compiled in Table
buffer and KCI " PKa PKa 1. Figure 3b displays the best fit of eq 16 with= 1 to the
0 M buffer+ 0 M KClI 0 7.78+0.03 fluorescence emission titration data of Figure 3a. Analogous
0.01 M phosphate OMKCI  0.02 7.:39£0.01 results were obtained from fluorescence excitation titrations (Fig-
OM buffer 0.1 M KC| 01 718006 e 3c). Figure 3d displays the best fit of eq 17 witk= 1 t
0.1 M TRIS+ 0 M KCl 0.1 7.266+0.008 >). Flgure 3d displays the bestIit of eq + - 1o
0.01 M phosphate- 0.1 MKCI  0.12 7.10+ 0.01 theratiometricexcitation fluorimetric titration data obtained from
0.01 M MOPS+ 0.1 M KCI 0.11 7.02+ 0.02 the spectra of Figure 3ddn= 535 nm ded/Ae = 500/435 nm).
0.05 M phosphate- 0 M KClI 0.1 7.13+0.01 It is evident that, upon addition of even a small amount of
0.05 M phosphateg- 0.05 M KCI 0.15 7.043t 0.005 buffer (CB = 10 mM phosphate buffer), the apparek
8'82 m Eﬂh(g’;%iagélol\'ﬂlycrc' 8'%5 g'goai 8'8% increases significantly ¢ decreases from-7.8 to ~7.4).
. . . . : N

0.1 M phosphate- 0 M KCI 0.2 7.00+ 0.01 IncreasingC furth_e_r to 50 mM and 100 mM phosphate buffer
0.1 M phosphate- 0.1 MKCl 0.3  6.922+ 0.008 6.90+ 0.01 leads to an additional decrease oKjpto ~7.1 and 7.0,
0.1 M MOPS+ 0.1 M KCI 0.2 6.97+ 0.02 respectively. Addition of salt causes an extra decreas&gaf p
0.1 M phosphate- 0.5 MKCI 0.7 6.756+ 0.005 The effect of decrease ofKp is more pronounced at lo@8
0.1 M phosphate- 1 M KCI 1.2 6.706+ 0.009

and appears to level off at higtP. Similar effects were found
aDetermined from absorbance measuremehietermined from for MOPS buffer and KCI. The value of7.0 for K, measured

fluorimetric titrations.© The values of the ground-state acidity constants under physiological salt conditiohagrees well with those found

Ka measured from emission and excitation spectra are in excellentjn qur investigation. Theoretically, the change of the ground-

agreement. The ionic strength valyesvere calculated for solutions ‘o g P
at 20°C and pH 6.8 for phosphate buffer, pH 7.2 for MOPS, and pH state acidity constar, value with increasing?® is related to

8.1 for TRIS (these pH values correspond to th&Ppvalues of the ~ &@n increase of ionic strength of the solution. We deal with
respective buffers at 2€C). this in the following section.

4.3. Influence of lonic Strength. The BCECF prototropic
To determine the ground-stat&pand the molar absorption  species of interest are the tetraanion (structuie Figure 1)

Coeﬁicients, the approach described in section 2.2 was perform-and the pentaanion (Structl_ﬁdn Figure l): which are extreme|y
ed. AtypicalAvs pH vsiapsdata surface at each buffer concen- jonic strength sensitive. Because the ionic strength affects the
tration and ionic strength was composed of 15 pH values, threeratio of penta and tetraanion concentrations and, hence, the
different BCEFC concentrations, and 54fsVvalues between  BCECF optical signal, a comprehensive study of the dependence
300 and 570 nm. Note that the spectra corresponding to theof K, on the ionic strengthu is of a major interest for using
lowest pH values were removed from the analysis, because theyhis fluorophore as a pH probe.
did not have the isosbestic point (see Figure 2a), suggesting a The HenderssonHasselbalch equation, which relates pH
third SpeCieS is involved in the equilibrium. Beer's law for two with concentration of the prototropic Speciesy app“ed to the

prototropic species turned out to be the best model to fit the studied equilibrium of BCECF at near-neutral pH is the
experimental absorption data. A three-species model resultedfo||owing:28

in a higher parameter dependency and did not improve the statis-

tical goodness-of-fit parameters. Plots of the individi/gBCECF

vs pH curves at different wavelengths and the generated curves pH = pK, + log m
from the fitting are shown in Figure 2b. In the data surface fitting

process the estimated parameter values were independent of the

. ) Where [L] and [2] stand for the concentrations of the tetraanion
initial guesses assigned to these parameters. The recovere?

. . . . (1) and the pentaanior), respectively, of BCECF (see Figure
pKEPP values along with the associated errors are indicated in ) P X resp y ( v

X o 1). f; andf, denote the activity coefficients of the respective
Table l T.he recoverepl mplar absorption coefficientsf .the_ species, andio is the water activity. The apparenki® is
tetraanionic (structurg in Figure 1) and, of the pentaanionic ) b 2
(structure2 in Figure 1) forms were practically independent of given by
the ionic strength. Figure 2c shows, as an example, the recovered f,
values of the molar absorption coefficientsloand2 in 0.05 pKEPP= pK, + log (f_) — log (a0 (20)
M phosphate buffer and 0.05 M KCI. 1

4.2. Fluorimetric Titration. The value of the acidity constant ) o o

of BCECF, measured by direct fluorimetric titrations and @nd depends on the ratio of the activity coefficiefits
reported in the literature (appareripof 6.96 from excitation The estimated g, values plotted, for both the absorbance
spectra and 6.98 from emission spectra, measurég at 500 and fluorescence gpproaches, as a function of the ionic strength
nm andiem = 530 nm)* has been obtained from experiments #. are shown in Figure 5. The change of the apparent ground-
in the presence of 10 mM MOPS buffer and added salts (130 State acidity constantK3™ value with increasing ionic con-
mM KCI, 10 mM NaCl, 1 mM MgSQ). We performed a direct centrationu can be related with the increase of ionic strength
fluorimetric titration in the absence of any buffer or salt and of the solution. Therefore, we used a semiempirical function
found a much higher value, namelfp= 7.78 + 0.03. A based on the extended Debyidiickel equation to relatg and
representative example of the emission spectra of BCECF as af2 With u. Using this approach, the activity coefficients may be
function of pH in 100 mM KCI and in the absence of added represented as:
buffer is shown in Figure 3a. The fluorescence emission
decreases at lower pH values, in agreement with previous —AZZ\//—J
observationd. To investigate the influence of added salt and logfi=———"—=+Lju (21)
buffer on K, we then performed fluorimetric titrations as a

[2] + log

f2
f—) ~log @) (19)
1,
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Figure 3. (a) Fluorescence emission spectia & 495 nm) of BCECF as a function of pH in 200 mM KCI without buffer. (b) The solid line
represents the best fit of eq 16 with= 1 to thedirect emission fluorimetric titration data of BCECF obtained from the spectra of Figurée3a (
= 495 nm,1em = 528 nm). (c) Corresponding fluorescence excitation spettret 535 nm). (Inset) Enlargement of the pseudo-isoemissive point
of BCECF at 435 nm. (d) Best fit of eq 17 with= 1 to theratiometric excitation fluorimetric titration data obtained from the spectra of Figure
3C (lem = 535 NM,Aext/Ae? = 500/435 nm).

In this equation, also called the Truesdelbnes equatio#f, L;

is an adjustable parameter, typical valuesAcandB at room
temperature and atmospheric pressure are 0.51 and 0.33,
respectively g stands for the ionic radius in Angstroms, and

is the ionic charge. Substituting eq 21 into 19, and assuming a
similar radius forl and2 (i.e., & = & = &), leads to

pKapp —
a

Ve
1+ aBVu

in which L* represents a composite, adjustable parameter of
the |nd|V|dua_I Li. The experimental ig, values, estlmated by Figure 4. Solvent accessible surface calculated on the optimized
both absorption and fluorescence methods, were fitted to €0 22geometry of BCECF by means of the Sybyl programs. The value of
using nonlinear least-squares fitting. A value9oA was used the surface and the volume calculated are of 43%&kd 452.5 &

for the ionic radiusa. Because the experimental molecular radius respectively. Arrows indicate distances measured between the center
of BCECF is not available, we have built a model of the of mass of the molecule (that almost coincides with C7) and several
molecule using the Sybyl progrdfto calculate the size and ~ distal points of the molecule.

the molecular radius of the BCECF compound. To this purpose, of the above-mentioned program, as well as some significant
appropriate fragments from the Sybyl libraries were used to build distances in the molecule. Calculated values for the surface and
the molecule, and partial atomic charges were calculated bythe volume of this molecule were 435.32 And 452.5 &
means of the GasteigeMarsili method?! The Tripos force respectively. Measured distances between the center of mass
field®2 was used in the energy calculation and the geometry was (C-7) and several distal points of the molecule range from 6.6
optimized using the Pow# method, until the energy gradient to 8.6 A, smaller than or similar to the propdse A radius.

was smaller than 0.05 kcal m31A2. Figure 4 represents the  Comparable values were found for the 6-substituted isomer (see
solvent-accessible surface calculated on the optimized geometryFigure 1) of BCECF. Because it can be expected that the
of the 5-substituted isomer (see Figure 1) of BCECF by means hydrated radius should be significantly larger than the radius

PK.— [AZ° — 7)) +L*u| —log (@y,0) (22)
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8.2+ TABLE 2: Rate Constant Values Estimated by Global
1 Compartmental Analysis of the Fluorescence Decay Surface
8.0 Containing 44 Decay Traces of BCECF in Aqueous Solution
| at pH between 5.88 and 12.21, in the Absenc€f = 0 M)
78 and Presence of Phosphate BufferG® between 0.09 and 0.45
] M)
76 ko1 (S79) (3.40+ 0.03) x 10°
1 koz (s79) (2.564 0.03) x 108
L T4+ ko1 (M~1s7%) (141) x 10°
R, o kiB (M~1s7Y) (1.4+£0.4) x 108
2 72 - koi® (M™1s7Y) (4.3£0.5) x 107
7.0 1 . 12.21 atlem = 520, 540, and 560 nm provided us with reliable
; decay time estimatest; = 2.95+ 0.02 ns andr, = 3.89 +
6.8 0.01 ns, corresponding téog + ko; = 3.39 x 10° s71) andko,
i = 2.57 x 1 s71, respectively. Global curve-fitting of those
66 nine decay curves resulted in the same parameter estimates with

00 02 o4 06 o8 1o 12 the same high precision, regardless of the inftialou} guesses.
The decays at pH 12.21 were monoexponential with a lifetime
H . o .
. . i ) 7o corresponding to the pentaanionic foh as predicted by
Figure 5. Graphical representation of the dependence of the estimated eq 14. These lifetime values of the tetraanioni¢)(and

pKEPP values of BCECF on ionic strengthd The open symbols S .
reparesent the absorption measurements and the black squares corresporpcf nt’aa'lnlpnlcé{ ) forms Of.BCECF ar? quite close to the values
of 2',7-difluorofluorescein monoanion (3.4& 0.01 ns) and

to the fluorescence measurements. Solid line: Global fitting of eq 22. ~' < ;
dianion (4.05+ 0.02 ns) reported elsewhefeThis supports
of the same isolated ion, the average valti® & used in the the idea of the same chromophoric group in the xanthene moiety

fitting seems to be reasonable. Figure 5 shows the fitting curve, ©f BCECF compared to fluorescein.

from which an estimatedk, value of 7.87+ 0.02 (2 = 0.96) Finally, we collected in a single decay surface all measured
was obtained. (52) decays and analyzed them globally in terms of the rate

4.4. Time-Resolved Fluorescenceirst, each fluorescence ~ constants and the spectral parametdrsandg;. The linked

.. B B ~
decay trace, measured under different experimental conditionsfitting parameters werky;, koa, ka1, ki, ka;, b1, ande;, whereas:
(i.e., absence or presence of phosphate buffer with total the only local (nonllnk_able) f|tt|r)g paramet(_ars were the scaling
concentratiorC®, different pH values andem), was analyzed factorsk.24 Due to the imperfection of certain traces, the global

individually as a biexponential function in terms of decay times reducedg’ remained somewhat elevated (1.14). To obtain more
7; and associated preexponential factags(i = 1, 2). Such reliable estimates that would better flt_ the experimental data,
single-curve analysis not only discloses the number of neededWe removed from the decay surface eight traces that had local
exponential terms but also tests the quality of the experimental2> > 1.2, corresponding to decays that gave poor-quality
decay data and allows one to weed out substandard experimentapi€xponential fits in the previous global analyses. The resulting
decay data. Traces that gave unacceptable fits as biexponential§€cay surface with 44 traces was analyzed globally in terms of
were eliminated from further analysis. the rate constarjki and the spectral pargmetérﬁandcl. Thls
Second, classical global biexponential analyses in terms of 9lobal fit was slightly better than that with 52 traces (as judged
7 ando; were performed incorporating in a single decay surface flom %¢° = 1.09 and the plots of the weighted residuals and the
curves collected at the same pH a@#, but at differentien autocorrelatlan fupctlons) and yllelded very S|m|k.ar(except
The decay times; were linked (held in common) for decay for ke and k), by, and €, estimates. The estimated rate
traces measured at differeh, It can be expected that such a  constants are compiled in Table 2. The estimatgdand k7,
global analysis would estimate tfie;, o;} values with higher ~ Vvalues in the global fit with 52 curves arée, = (2 & 2) x
accuracy and precision than single-curve analysis. Unfortunately, 10° M~ s~ andk?, = (5 + 2) x 107 M~1s%. Particularly for
the decay times; andr, of BCECF are rather closely spaced ka1 no reliable value could be obtained.
with a small contributionoy of the shorter decay time corre- We discussed above the critical influence of the ionic strength
sponding to the tetraanionic forri¥. Thus, the two global  u on the ground-stateKa and the apparentia calculated
biexponential analyses of fluorescence decay surfaces containinghrough steady-state fluorescence measurements. Indeed, the
three traces measured as a function.gf (520, 540, and 560 ionic strength may affect the determination of the rate constants
nm) atC® = 0 M and pH 6.65 and 7.58, and the five global as well. Therefore, the recovered rate constant values should
analyses of fluorescence decay surfaces with three decay tracebe considered as average values over the narrow ionic strength
collected at pH 6.80 and differe@® (0.09, 0.18, 0.27, 0.36,  range studied in the time-resolved fluorescence measurements.
and 0.45 M) as a function df., (520, 540, and 560 nm) could ~ Previously, we developed the correct model to take into account
not recover reliabl¢z;, o} estimatesThat could be ascertained  ionic strength variations in the global compartmental analysis,
from the wide range of zj, o;} values estimated by global fitting ~ but we concluded this entailed such a complex methodology
as a function of the initial parameter guesses. Especially that it may not be worth considering. We also note the high
imprecise were the valuds, a1} associated with the tetraan-  associated error in the determinationkaf.
ionic form 1*. The imprecise estimates corresponding*tavere To test the validity of the estimated rate constants, the decay
also observed for the seven global biexponential analyses oftimesz; andr, (eq 12) were calculated (according to egsl3)
fluorescence decay surfaces containing four traces as a functiorusing the globally estimated rate constant valiies, ko2, k21,
of Aem (520, 540, 560, and 580 nm) @ = 0.1 M and pH k5, k;}, CB, pH, and KZof phosphate buffer at 20C (6.8). A
5.88, 6.21, 6.65, 6.84, 7.01, 7.48, and 7.78. However, global satisfactory agreement between the decay tifies 2}
analysis of the fluorescence decay surfagé= 1.08) including calculated as a function of pH & = 0.1 M and those obtained
nine curves corresponding @ = 0 M at pH 6.65, 7.58, and by global biexponential fitting was found (Figure 6). For the
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ments at different ionic strength values. Its dependence with
404 ionic strength has been explored. Even a small amount of added
] . buffer increases drastically the apparent acidity constant. We
.————'—’/T"/J—" have developed a simple approach taking into account the
3.6 variations in the activity factors, having resolved a semiempirical
1 equation describing the apparenK pbehavior with ionic
2 324 strength. Time-resolved fluorescence measurements in the
::. o absence and presence of phosphate buffer and global compart-
284 T - mental analysis of the fluorescence decay surface have enabled
- us to estimate the following excited-state rate constakis=
" i 34x 1Bs L ky=26x 1Bs L ky~1x 1PM sk,
' =14x 1M 1s andkf=43x 100 M1,
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