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bstract

Fura-2 is one of the most commonly used fluorescent dyes to analyze the cytosolic Ca2+ concentration ([Ca2+]i) of living cells. Fura-2-
ependent measurements of [Ca2+]i are susceptible to changes of pH, reactive oxygen species concentration and membrane potential. Fura-2
s often loaded over the lipophilic cell membrane into the cytosol of a cell in its esterified form (Fura-2/AM) which is then cleaved by
ndogenous esterases. We have analyzed the electrochemical properties of Fura-2/AM and Fura-2 salt by cyclic voltammetry (“three-phase”
nd “thin-film” electrode methods). Using Fura-2/AM as a redox facilitator, we were able to mimic the transport of various ions across a
ipophilic barrier. We show that Fura-2/AM in this biomimetic set-up can be reversibly oxidized in a single electrochemical step. Its redox
eaction was highly proton sensitive in buffers with pH ≤ 6. At physiological pH of around 7.0, the oxidation of Fura-2/AM was coupled
o an uptake of mono-anions across the liquid–liquid interface. The voltage-dependence of the redox cycle was sensitive to the free Ca2+

oncentration, either after de-esterification of Fura-2/AM, or when Fura-2 salt was used. The complex between Fura-2 and Ca2+ ions is ionic
complexation occurs via the dissociated negative groups of Fura forms), while the redox transformations in Fura-2 occurs at the nitrogen

toms of the amino groups. Our results suggest that redox transformations of the Fura-2 forms do not affect the binding ability toward Ca2+

ons and thus do not interfere with [Ca2+]i measurements.
2007 Elsevier Ltd. All rights reserved.

eywords: Fura-2; Calcium ion transfer; Reactive oxygen species; Mimetic biomembranes; Three-phase electrode; Thin-film electrode; Liquid–liquid interface;
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. Introduction

Ca2+ has very important roles in the regulation of many
ital biological processes like the immune response, cell
rowth, differentiation, exocytosis, muscle contraction, or

ene transcription [1,2]. An increase in the intracellular Ca2+

oncentration is a key signal in many signalling cascades
3]. One of the key features in the field of Ca2+ signalling is
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he precise determination of the intracellular (cytosolic) Ca2+

oncentration ([Ca2+]i).
The most popular tools to measure [Ca2+]i are the fluo-

escent Ca2+ indicators and the introduction of Fura-2 has
een a major advance in the field of Ca2+ research [4]. Fura-
(Scheme 1) is a fluorescent, ratiometric indicator of Ca2+,
hich forms a stable complex with Ca2+ (Kd of 0.14 �M,

t pH of 7.2 and temperature of 22 ◦C). It is commercially
vailable in its ester (Fura-2/AM) and salt (Fura-2 salt) form.
he big advantage of the ester form is that it is membrane

ermeable and can be easily loaded into cells. Once inside
he cell, Fura-2/AM (this form cannot bind Ca2+) will be
e-esterified by the intracellular esterases trapping it in the
ells and allowing the binding of Ca2+ by Fura-2. In its
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Scheme 1. (a) Structure of Fura-2/AM

alt form, Fura-2 is scarcely membrane-permeable. Although
ura-2/AM is commonly used and is one of the most reliable
a2+ indicators, its electrochemical features are still not fully
nown.

During the last 10 years, there has been an increas-
ng number of studies describing the role of the reactive
xygen species (ROS), (H2O2, OH−, O2

−) in various sig-
alling cascades [5]. Some of them implicate a co-regulation
etween ROS and Ca2+ metabolism [6,7]. ROS can be
roduced intracellularly as a result of different signalling cas-
ades including the activation of plasma membrane bound
eceptors, store operated Ca2+ influx or UV light exposure
5,6,8]. Since Fura-2 is used to analyse Ca2+ concentra-
ions in the cytosol, cytosolic ROS could interact with
ura-2 and change its Ca2+-binding properties. In addi-

ion, there are many other signalling processes in cells,
hich require constant movement (exchange) of electrons

nd protons, i.e. reduction, oxidation, deprotonation and pro-
onation. Considering the importance of redox reactions for
ell function, it is important to analyze the redox behaviour of
ura-2.

An important parameter for redox reactions is the mem-

rane potential of the cell. In case Fura-2 based Ca2+

easurements are combined with the patch-clamp technique,
he membrane potential of the cell is controlled by the patch
mplifier and is often changed between −100 and +100 mV

[
m
m
F

) structure of Fura-2 potassium salt.

o study ion channels and signalling mechanisms. In case
ura-2 based Ca2+ measurements are not combined with

he patch-clamp technique, the cell usually has a mem-
rane potential between −90 and +30 mV depending on the
timulus-dependent opening and closing of ion channels. In
oth cases, changes in membrane potential may affect the
edox properties of Fura-2 and potentially also the Ca2+-
inding properties. The analysis of the redox properties of
ura-2 is therefore important to avoid possible artefacts dur-

ng the measurements of [Ca2+]i.
The “three-phase” and “thin-film” voltammetric tech-

iques used in this study, have become a valuable approach
or studying the redox properties of water-insoluble com-
ounds [9–13], as well as the ion transfer reactions across
nterfaces between two immiscible liquids [9–19]. Both the
lectron and the ion transfer are usually portrayed in a sin-
le voltammetric response [9–11]. From the features of the
oltammetric responses recorded in cyclic or square-wave
oltammetry, various thermodynamic and kinetic properties
f the investigated systems can be estimated [9–11,14–16].
omprehensive description of the processes taking place
t these voltammetric techniques can be found elsewhere

9–13]. Since Fura-2/AM-based methods are the most com-
only applied to study Ca2+ signals in living cells, we put
ore emphasis on the electrochemical characterization of
ura-2/AM before and after its de-esterification.
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Fig. 1. (A) Cyclic voltammograms of Fura-2/AM recorded in the three-
phase electrode mode with various monovalent anions present in the aqueous
phase having a pH of 7.0. c(Fura-2/AM) = 0.5 mM; scan rate of 10 mV/s;
the transferable anions (all present in 0.1 mol/L concentration) are: (1)
tetraphenylborate (red); (2) ClO4

− (green); (3) SCN− (black); (4) I− (blue).
(B) Dependence of the measured mid-peak potential of Fura-2/AM cyclic
voltammograms on the standard potential of transferable anions across the
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. Materials and methods

Fura-2/AM [2-[6-(bis(carboxymethyl)amino)-5-[2-[2-
bis(carboxymethyl)amino)-5-methyl-phenoxy]ethoxy]
enzofuran-2-yl]-1,3-oxazole-5-carboxylic acid] (99%
urity), butyryl-cholinesterase (from horse serum) (99%
urity) and Fura-2 potassium salt (99% purity) were
urchased from Fluka and were used as received. All
ther chemicals were from Sigma–Aldrich and of highest
urity. Fura-2/AM was dissolved in nitrophenyloctyl ether
NPOE) at a concentration of 0.5 mmol/L. Besides the
edox compound, NPOE contained 0.1 mol/L tetrabuthy-
ammonium perchlorate (Bu4N+ClO4

−) as an organic
lectrolyte, in case thin-film electrode methodology was
sed. A graphite rod with diameter of 0.30 cm was used as
working electrode. An Ag/AgCl (saturated KCl) electrode
as used as a reference and a platinum wire as an auxiliary

lectrode. NPOE solution of Fura-2/AM or Fura-2 salt
0.25 �L) was deposited on the graphite electrode with the
elp of a micropipette; in the three-phase electrode, only a
roplet was attached to the graphite electrode, while at the
hin-film electrode scenario, the organic solution (volume
f 0.5 �L) spreads spontaneously over the electrode surface
orming a stable film. The modified electrode was thereafter
mmersed into aqueous solutions containing some of the
ransferable anions (in three-phase electrode mode), or in
uffer solutions having different pH, composed of 0.1 mol/L
H3COOH and 0.1 mol/L CH3COONa (at the thin-film
lectrode mode). In cases of more acidic media, pH was
djusted by adding of 0.05 mol/L nitric acid. In case of
he thin-film electrode methodology, the aqueous phase
ontained 0.1 mol/L NaClO4 as a supporting electrolyte in
ddition to the buffer. Presence of a common ion (ClO4

− in
ur case) in both (aqueous and organic) phases is required
or controlling of the potential difference at the liquid–liquid
nterface [11–18]. The butyryl-cholinesterase enzyme was
issolved in ethanol and its working concentration in the
queous phase was 1 mmol/L. Millipore Q water was used
or preparing all aqueous solutions. Cyclic voltammograms
ere recorded using an EG&G PAR 273 potentiostat model.

. Results

.1. Voltammetric behaviour of Fura-2/AM in Ca2+-free
olutions

Several cyclic voltammograms of the Fura-2/AM dis-
olved in NPOE are shown in Fig. 1A. The voltammograms
ere recorded in three-phase electrode set-up with various
onovalent anions present in the aqueous phase. In aque-

us solutions with a pH value of 7, an electrochemically

eversible oxidation of Fura-2/AM was observed, accompa-
ied by the charge-compensating uptake of anions from the
queous phase into the organic (NPOE) phase. The reduc-
ion of the electrochemically created (i.e. the oxidized) form

v
o
f
p

ater–NPOE interface. The values of the standard potential of anion trans-
er from water to NPOE are taken from references [10,20,21]. 4.7pc(For
nterpretation of the references to colour in this figure legend, the reader is
eferred to the web version of the article.)

f Fura-2/AM is being accompanied by the release of these
nions into the aqueous solution. Both processes are por-
rayed in a well-developed pair of anodic and cathodic peaks
eparated about 60 mV on the potential scale. The potential
eparation between cathodic and anodic peaks is practically
ndependent on the scan rate, while the peak currents of
oth peaks increase proportionally with the square root of
he scan rate (data not shown). The mid-peak potential of
he voltammetric response is a function of the nature of the
nions present in the aqueous solution. An increase of the
ipophilicity of the transferable anions present in the aqueous
hase causes a shift of the mid-peak potentials of Fura-2/AM

oltammograms toward more negative potentials (i.e. it is
xidized more easily). Moreover, for a single type of trans-
erable anions present in the aqueous phase, the mid-peak
otentials shift for about 60 mV in negative direction per 10-
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Fig. 2. (A) Cyclic voltammograms of Fura-2/AM recorded in thin-film
set-up. In addition to Fura-2/AM, the organic phase contains 0.1 mol/L
tetrabuthylammonium perchlorate (Bu4N+ClO4

−). The thin-film electrode
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old increase of their concentration in the aqueous phase (data
ot shown). Fig. 1B depicts the dependence of the mid-peak
otentials of the cyclic voltammograms of Fura-2/AM on the
tandard potentials of transfer from water to NPOE for the
ifferent transferable anions, which are initially only present
n the aqueous solution (the data for the standard potentials
f anion transfers are taken from references [10,20,21]). A
inear dependence between these two quantities is observed,
ith a slope of the linear line of 0.95. When the aqueous
hase has a pH ≥ 7 (Fig. 1A), the redox behaviour of the
ura-2/AM (in NPOE) can be described with the following
cheme:

he-N-R(NPOE) + An−
(water)

↔ Phe-N+-R(NPOE) + An−
(NPOE) + 1e− (I)

here Phe-N-R represents the initial form of Fura-2/AM,
nd An is the symbol for the anions present in the aqueous
hase. When the thermodynamic conditions are considered,
he Nernstian equation evaluated for the reaction (I) has
he same form as that previously evaluated by Scholz et al.
9,10,22]:

= Eθ
FURA/FURA+ + �ϕθAnNPOE

w − RTF−1 ln [c(An−)w]

+ RTF−1 ln [c(FURA)NPOE/2], (1)

here Eθ
FURA/FURA+ is the standard redox potential of

ura-2/Am/Fura+ couple in NPOE, �ϕθAnNPOE
w is the stan-

ard potential of transfer of transferable anions from water
o NPOE, c(An−)w the anion concentration in the water
hase, while c(FURA)NPOE is the initial concentration of
he Fura-2/AM in NPOE. R, T, and F are the gas con-
tant (R = 8.314 J mol−1 K−1), thermodynamic temperature
K) and Faraday constant (F = 96,500 C mol−1), respectively.

Considering the chemical structure of Fura-2/AM, it is
lausible to assume that the amino groups (Phe-N-R) placed
t the benzene ring are redox active centres [23–26]. Since
oth amino groups in the structure of Fura-2/AM are sym-
etrically positioned, their oxidation will appear at a same

otential and will be portrayed in one voltammetric signal.
t is worth mentioning that although the chemical environ-
ent substituted to both aromatic rings of Fura-2/AM is quite

ifferent, this should not significantly affect the electronic
ensity at the redox active amino groups, since the substi-
utes are far away from the electro-active sites. This is the
eason why the redox activity of both amino groups occurs
t virtually same potential. The presented voltammetric fea-
ures of Fura-2/AM imply that this compound can be used
s a redox probe in the electrochemically facilitated anion
ransfer studies across the liquid–liquid interface.

In aqueous solutions with pH ≤ 6, a chemically
acilitated transfer of protons (accompanied by the charge-

ompensating uptake of anions) into the organic phase occurs
23–26] and leads to protonation of the N-R groups of the
ura molecules. The voltammetric responses of Fura-2/AM
ecorded at thin-film electrode mode, in aqueous media hav-

I
o

s immersed in acetate buffers aqueous solutions having pH of 6.0 (1), 4.0
2), 3.0 (3) and 2.6 (4), and containing also 0.1 mol/L NaClO4. The scan
ate was 30 mV/s. (B) Dependence of the mid-peak potentials of the cyclic
oltammograms of Fura-2/AM on the pH of aqueous phase.

ng pH from 6 to 2.5 are presented in Fig. 2A. Obviously, the
id-peak potential of recorded cyclic voltammograms is a

trong function of pH, being shifted in positive direction by
ncreasing the proton concentration in the aqueous phase. In
his case, the oxidation of the protonated Fura-2/AM form is
oupled to the transfer of protons between the organic and the
queous phase. The mid-peak potential of the voltammetric
esponses shifts by −56 mV/pH (Fig. 2B), which means that
ne H+ is being coupled to each N-R group of Fura-2/AM.
oreover, the peak currents rise proportionally to the con-

entration of the protons in the pH region from 5.8 to 2.6.
his feature is typical for the redox processes of the elec-

rochemical systems that are coupled by preceding chemical
eaction [27,28].

Therefore, in aqueous media having pH ≤ 6, the redox
rocess of Fura-2/AM at the thin-film electrode set-up can
e described with the following reaction scheme:

he-N-R(NPOE) + H+
(water)

↔ Phe-NH+-R(NPOE) (protonationstep) (II)

he-NH+-R(NPOE) ↔ Phe-N+-R(NPOE) + H+
(water) + 1e−
(III)

t is worth noting that all these voltammetric features
f Fura-2/AM closely resemble those of the substituted
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Fig. 3. (A) Effect of the Ca2+ concentration on the cyclic voltammograms
(recorded in thin-film set-up) of Fura-2/AM in absence of butyryl-
cholinesterase. The pH of the aqueous phase was 6.0 (acetate buffer).
c(Ca2+) = 30 mM (red); 60 mM (blue) and 90 mM (black). Solution of
Ca(NO3)2 was used in these experiments; the scan rate was 30 mV/s. (B)
Effect of the Ca2+ concentration on the cyclic voltammetric responses
of Fura-2/AM recorded in the presence of 1 mM buthyryl-cholinesterase
enzyme. c(Ca2+) = 4 mM (1), 16 mM (2), 28 mM and (3) 40 mM (4). The
inset shows the dependence of the mid-peak potentials of the cyclic voltam-
mograms on the logarithm of the Ca2+ concentration. Other experimental
conditions were the same as those in (A). (C) Cyclic voltammograms of
Fura-2 salt as a redox probe, the Ca2+ concentrations in the aqueous solu-
t
c
a

I
e
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etraalkylphenylenediamines redox liquids, which have been
xplored in detail by Compton, Marken et al. [23–26]. NPOE
tself can also show some electrochemical activity, if the elec-
rolysis is performed at highly negative starting potentials
more negative than −0.9 V vs. Ag/AgCl) for certain accu-
ulation times. Therefore, in these kinds of experiments, we

voided potentials more negative than −0.9 V.

.2. Voltammetric behaviour of Fura-2/AM in Ca2+

uffer solutions

The effect of an increased Ca2+ concentration on the
oltammetric response of Fura-2/AM, as recorded in a thin-
lm electrode set-up, is shown in Fig. 3A. Obviously, no
ignificant changes in the voltammetric features of Fura-
/AM can be observed. Our data is an agreement with the
ndings that the ester form of Fura-2 (Fura-2/AM) or simi-

ar ester forms of Ca2+ indicators do not bind Ca2+ [29,30].
n the physiological experiments, the intracellular calcium
oncentration [Ca2+]i is usually evaluated by measuring the
uorescence of the Ca2+-indicating dye Fura-2/AM, which is

oaded into the cells. After loading, Fura-2/AM is hydrolyzed
o Fura-2 by intracellular esterases. This dissociated form of
ura-2 is trapped inside the cell and able to bind the free
a2+ ions. In Fig. 3B cyclic voltammograms of Fura-2/AM

n the presence of butyryl-cholineesterase are shown. These
oltammograms were recorded during a gradual increase
f the Ca2+ concentration in the aqueous phase. Butyryl-
holinesterase is a non-selective, non-specific esterase and
apable to catalyse the hydrolysis of various esters. It has
een demonstrated that this esterase can also catalyse the
ydrolysis of the ester form of Fura-2/AM [31]. In the
resent scenario, the butyryl-cholinesterase is being parti-
ioned across the interface between the organic phase and
queous phase, thus being able to break the ester bonds of
ura-2/AM. Analyzing the voltammetric response of Fura-
/AM by the thin-film electrode set-up, a thermodynamic
hift of the mid-peak potentials by about 60 mV in positive
irection per 10-fold increase of the Ca2+ concentration in the
ater phase was observed (see inset of Fig. 3B). This result

s fully consistent with the de-esterified Fura-2 being capable
o form a complex with Ca2+. Experiments performed with
ura-2 salt used as a redox probe instead of Fura-2/AM gave
imilar results as those of Fura-2/AM obtained in presence
f butyryl-cholinesterase (Fig. 3C). These data confirm the
ydrolysis of Fura-2/AM to Fura-2, as proposed to explain
he voltammograms in Fig. 3B.

. Discussion

During the last few decades, the electrochemical experi-

ents at liquid–liquid interface have revealed insights into

ignalling processes of biological systems. The new types
f interfacial reactions across artificial membranes closely
imic redox processes at living-cell membranes [9,17,18].

p
e
W
2

ions are the same as those in (B). (For interpretation of the references to
olour in this figure legend, the reader is referred to the web version of the
rticle.)

n the present study, we have performed electrochemical
xperiments using cyclic voltammetry, applied in the three-

hase and thin-film electrode modes in order to reveal basic
lectrochemical properties of the Ca2+-indicator Fura-2/AM.
e have also analyzed the de-esterification process of Fura-

/AM in the organic phase, because it closely mimics the
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20 R. Gulaboski et al. / Ce

ypical set-up for Ca2+ measurements using imaging tech-
ology in living cells.

We have shown that Fura-2/AM can be reversibly oxi-
ized in a single electrochemical step, the electrochemical
eatures of which are highly sensitive to the nature and com-
osition of the aqueous phase. While the redox reaction of
his compound is highly proton sensitive in buffers with
H ≤ 6, serving as a redox probe for proton transfer across
he liquid–liquid interface, in neutral solutions, the oxidation
f Fura-2/AM is coupled to an uptake of the mono-anions
cross the liquid–liquid interface. The ester form of Fura-
(Fura-2/AM) is insensitive to Ca2+. However, after being

ydrolyzed with help of an esterase enzyme, it can be con-
erted into a dissociated form capable to bind Ca2+, as evident
rom the voltammetric outputs (see Fig. 3B). The stoichiom-
try of the formed complex is 1:1 as has been previously
eported [4,32]. In principle, it should be possible to calculate
he formation constant between Fura and Ca2+ [17], however
o attempt has been made to do this since the value of the
tandard potential of non-assisted ion transfer of Ca2+ is not
nown.

The experimental set-up used in this study is carefully
hosen to mimic the conditions that are used in physiologi-
al and biological experiments in living cells. Although the
alue of the standard Gibbs energy (�Gθ) of Ca2+ transfer
rom water to NPOE is not yet determined, it is plausible
o assume that it is over 60 kJ/mol, what is common for
ther bivalent hydrophilic cations [17,18]. Considering this
alue, we can calculate the partition coefficient of Ca2+ ions
with the following equation: P = exp [−�G(RT)−1]. The

efinition of the partition coefficient for a biphasic solute
istribution is: P = c(Ca2+)o/c(Ca2+)w, (where c(Ca2+)o and
(Ca2+)w are the Ca2+ concentrations in organic phase and
ater phase, respectively). Therefore, the free partitioned

oncentration of Ca2+ in the organic phase (NPOE) can be
asily calculated and is in the sub-micromolar range. Since
his concentration is close to the free intracellular Ca2+ con-
entration in living cells [33], our experimental set-up mimics
he physiologically relevant situation. During the electro-
hemical experiment, the concentration of Ca2+ ions in the
rganic phase will increase due to their assisted transfer by
he Fura-2 redox transformation in NPOE. This Ca2+ increase

imics the activation of a cell.
While the redox properties of Fura-2 can be experi-

entally influenced by applying a potential difference, by
nalogy, in the biological systems, the membrane potential
f a cell or production of ROS (like peroxide and superoxide
adicals) could influence the redox properties of Fura-2 dur-
ng imaging experiments or patch-clamp experiments. The
esults presented in this paper suggest that the redox trans-
ormations of the Fura-2 forms do not affect the binding
bility toward the Ca2+ ions. Obviously, the complex build
etween Fura-2 and Ca2+ ions is ionic, while the redox trans-

ormation in the Fura-2 systems takes place at the nitrogen
toms of the amino groups. Therefore, no side effects are
xpected during Ca2+ measurements with Fura-2 in living

[

um 43 (2008) 615–621

ells, regardless of which redox form of Fura-2 is present in
he cell.
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27] V. Mirčeski, R. Gulaboski, F. Scholz, Determination of the stan-
dard Gibbs energies of transfer of cations across nitrobenzene/water
interface utilizing the reduction of iodine in an immobilized droplet,
Electrochem. Commun. 4 (2002) 813–819.
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