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Abstract. Three new low-affinity fluorescent Ca2+ indicators excitable with visible light, namely
3-phenyl-6-(4-(3-carboxymethoxy-4-(N,N-dicarboxymethylamino)phenyl)phenyl)-2,5-dicarboxymethyl-1,4-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP1), 3-phenyl-6-(5-(3-carboxymethoxy-4-(N,N-dicarboxymethyl-
amino)phenyl)thien-2-yl)-2,5-dicarboxymethyl-1,4-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP2) and 3-
(thien-2-yl)-6-(5-(3-carboxymethoxy-4-(N,N-dicarboxymethylamino)phenyl)thien-2-yl)-2,5-dicarboxymethyl-
1,4-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP3) have been synthesized and evaluated for their Ca2+
binding properties via fluorimetric titrations. The in vitro dissociation constant Kd measured at 21 ◦C
in 100 mM KCl buffered solution, pH 7.05, for the Ca2+–DPP1 complex is 10µM; for Ca2+–DPP2 and
Ca2+–DPP3 a Kd value of 20µM is found. All three indicators form 1 : 1 complexes with Ca2+. The
fluorescence quantum yields of the uncomplexed forms of DPP1, DPP2 and DPP3 are 1.2× 10−2, 3.4× 10−2

and 3.6 × 10−2, respectively. After binding to Ca2+ these values increase to 4.8 × 10−2, 5.0 × 10−2 and
5.1× 10−2, respectively.

1. INTRODUCTION

From a functional point of view Ca2+ is probably
the most important intracellular ion. Measurements
of (changes in) cytosolic free Ca2+ concentrations
with fluorescent probes have enabled scientists to
investigate the role of Ca2+ in numerous physiological
processes. The development of fluorescent indicators,
with APTRA (o-aminophenol-N ,N ,O-triacetic acid) [1]
and BAPTA [1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-
tetraacetic acid) [2] moieties as Ca2+ chelators and
showing shifts in their excitation and/or emission spec-
tra upon binding Ca2+, entailed a major breakthrough
in the elucidation of intracellular Ca2+ dynamics [3].
Cells at rest have a cytosolic free Ca2+ concentration
of around 100 nM; upon activation, this level can rise
to well above 1µM. These changes play a pivotal role in
many cellular processes, ranging from muscle contrac-
tion, neuronal signaling, secretion, fertilization, cell
division, to metabolism and cell death [4]. Although
intracellular Ca2+ levels are at least in resting condi-
tions, below 1µM, the increase in Ca2+ is expected to
be much higher in close proximity of the mouth of the
Ca2+ channels. Moreover, the level of the luminal Ca2+

concentration in the cellular organelles may be very
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important for controlling Ca2+ release from intracel-
lular stores as well as Ca2+ entry from the outside
medium. Low-affinity Ca2+ indicators—with Ca2+

dissociation constants above 1µM—have therefore
been used to measure elevated intracellular Ca2+

levels [5] and for Ca2+ concentration measurements in
the lumen of stores [6]. Ca2+ levels around and above
1µM saturate the response of the most frequently
used Ca2+ probes based on the tetracarboxylate Ca2+

ligand BAPTA [2]. Low-affinity indicators generally use
the tricarboxylate chelator APTRA with low affinity for
Ca2+ (ground-state dissociation constant Kd for the
Ca2+–APTRA complex is around 30µM) [1].

In this study we have developed three new fluo-
rescent indicators with low affinity for Ca2+, consist-
ing of the chelator APTRA linked to a fluorescent
dioxopyrrolopyrrole moiety. The new indicators are
3-phenyl-6-(4-(3-carboxymethoxy-4-(N,N-dicarboxyme-
thylamino)phenyl)phenyl)-2,5-dicarboxymethyl-1,4-di-
hydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP1), 3-phenyl-
6-(5-(3-carboxymethoxy-4-(N,N-dicarboxymethylamino)
phenyl)thien-2-yl)-2,5-dicarboxymethyl-1,4-dihydropy-
rrolo[3,4-c]pyrrole-1,4-dione (DPP2) and 3-(thien-2-
yl)-6-(5-(3-carboxymethoxy-4-(N,N-dicarboxymethylam-
ino)phenyl)thien-2-yl)-2,5-dicarboxymethyl-1,4-dihyd-
ropyrrolo[3,4-c]pyrrole-1,4-dione (DPP3). Their chemi-
cal structures are shown in Figure 1.



160 Nesibe Avcıbaşı et al. Vol. 06

HO O O

DPP1

N

HO

O O

N

O
O

OH

OH

Ph O O

HO

N

HO

O O

N

OH

O

OH

O

S

OH

O O

N N

Ar O O

OH

DPP2 Ar = phenyl
DPP3 Ar = 2-thienyl

Figure 1. Structures of DPP1, DPP2 and DPP3.
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Scheme 1. Kinetic scheme of the ground and excited-state

association–dissociation between fluorescent indicator and

cation.

In addition to the synthesis of DPP1, DPP2 and
DPP3, we also report their spectroscopic and Ca2+ bind-
ing properties in aqueous solution.

2. DETERMINATION OF Kd FROM DIRECT
FLUORIMETRIC TITRATION

In a previous paper [7] we have derived the expression
of the fluorescence signal F as a function of the cation
concentration for the case of an n : 1 complex between
a fluorescent indicator and a cation (n denotes the sto-
ichiometry of the formed complex, Scheme 1).

Consider a photophysical system consisting of the
free (uncomplexed) form of the indicator (F) which in
the ground state can undergo a reversible association
with cation X to form an n : 1 ion–indicator complex
[i.e., the bound form (B) of the indicator]. Assuming an
n : 1 stoichiometry between X and F, the association–
dissociation can be described by the ground-state dis-
sociation constant Kd [eq. (1)],

Kd = [F][X]n/[B] (1)

in which [ ] denote molarities. It should be noted
that Scheme 1 depicts only the overall association–
dissociation between an indicator and a cation [7], so
that Kd represents the overall dissociation constant. In
Scheme 1, it is further assumed that only species F and
B absorb light at the excitation wavelength λex to cre-
ate the corresponding excited-state species F∗ and B∗,
which can decay by fluorescence (F) and non-radiative
(NR) processes. The composite rate constant for deac-
tivation of species F∗ is denoted by k01(= kF1 + kNR1)
and by k02 for species B∗. The overall rate constant de-
scribing the association F∗ + nX → B∗ is denoted by
k21, while the overall rate constant for the dissociation
of B∗ into F∗ and nX is represented by k12.

If the system depicted in Scheme 1 is excited with
light of constant intensity, and if the absorbance of the
same sample is sufficiently low (< 0.1), and moreover, if
one assumes that the intermediate complexes (between
F and one or more cations) are present in concentration
low enough to give only a negligible contribution to the
total fluorescence intensity, and that the rate of cation
binding in the excited state can be neglected, then the
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total fluorescence signal F(λex, λem, [X]) at cation con-
centration [X], due to excitation at λex and observed at
emission wavelength λem can be expressed by eq. (2) [7]

F
(
λex, λem, [X]

) = [X]nFmax +KdFmin

Kd + [X]n
(2)

where Fmin represents the fluorescence signal of the un-
complexed form F∗ of the indicator and Fmax denotes
the fluorescence signal of the bound form B∗. Fmin and
Fmax thus correspond to fluorescence signals at mini-
mum and maximum X concentration. Fitting eq. (2) to
the fluorescence data F as a function of [X] yields values
for Kd, n, Fmin and Fmax.

3. RESULTS AND DISCUSSION

3.1. Indicator design. 1,4-Dioxo-3,6-diphenylpyr-
rolo[3,4-c]pyrrole (DPP) and variously substituted ana-
logues comprise a relatively new class of red pigments
that usually display excellent photostability and a high
quantum yield of fluorescence [8, 9]. Among the de-
sired properties of fluorescent indicators for intracellu-
lar cations are high molar extinction coefficients, a high
quantum yield of fluorescence, the ability to use visible
light excitation to reduce the risk of cellular photodam-
age and the interference of cellular autofluorescence,
and good chemical as well as photochemical stability.
As DPP derivatives usually display these qualities, we
designed and synthesized the indicators DPP1, DPP2
and DPP3 with dioxopyrrolopyrrole as fluorophore.

For the measurement of elevated free Ca2+ con-
centrations (above 1µM) a low-affinity chelator of Ca2+

is required. Therefore, we choose as Ca2+ complexing
moiety a derivative of APTRA [1].

3.2. Synthesis of the indicators. In general, the
new indicators are synthesized by Stille coupling
(Schemes 3 and 4) between the tin derivatives of the
respective dioxopyrrolopyrroles and the brominated
t-butyl triester 6 of APTRA (Scheme 2). To synthesize
DPP1, bromophenyl derivative 7 (Scheme 3, gift from
Dr. O. Wallquist of Ciba Specialty Chemicals) was used
as starting material. For DPP2, dithienyl derivative 3b
was synthesized as starting material by a literature pro-
cedure [8], namely the base catalyzed condensation of
two equivalents of thiophene-2-carbonitrile (2) with di-
ethyl succinate (Scheme 2). When a 5 : 1 mixture of
benzonitrile (1) and thiophene-2-carbonitrile (2) was
used under the same conditions (Scheme 2), a maxi-
mum yield of the mixed DPP 3a was obtained, reflect-
ing the higher reactivity of the thiophene carbonitrile.
Of course, this condensation also yields two undesired
symmetrically substituted analogues. To remove these,
the mixture was treated with Boc2O, yielding a mixture
of the respective diBoc-derivatives which were sepa-
rated by column chromatography. After separation, the
symmetrical derivatives were discarded whereas the

desired asymmetrically substituted diBoc-derivative 4
was converted back into 3a by straightforward reflux
in methoxyethanol (as this is a polar solvent in which
3a is only slightly soluble, it allows the isolation of 3a
by filtration). Compound 3a serves as the starting mate-
rial for the synthesis of DPP3. Since direct bromination
of the t-butyl triester of APTRA was anticipated to be
problematic, bromide 6 was prepared by alkylation of 4-
bromo-2-hydroxyaniline (5) [10] with t-butyl bromoac-
etate (Scheme 2). We found that the use of Huenig’s base
(diisopropylethylamine) was the best way to avoid cy-
clization.

For the synthesis of DPP1, bromophenyl-DPP 7 was
transformed into the diacetate 8 by direct alkylation
with t-butyl bromoacetate (Scheme 3). In general, the
solubility in organic solvents of acetates such as 8
dramatically increased with respect to the initial DPPs
which are usually highly insoluble. Moreover, the in-
troduction of these acetate esters allows final conver-
sion into acetate salts, which will assure water solu-
bility of the target compounds, under the same con-
ditions as for the deprotection of the APTRA residue.
Diacetate 8 could readily be transformed into the tin
derivative 9 by treatment with hexakisbutylditin in the
presence of Pd(PPh3)4. Finally, tin derivative 9 could be
coupled with the bromo-APTRA ester 6 under classical
Stille conditions, yielding the conjugate 10 which dis-
played excellent solubility in organic solvents such as
dichloromethane and acetone. Finally, the desired in-
dicator DPP1 was obtained by deprotection of the five
t-butyl ester groups with trifluoroacetic acid. This com-
pound was found to be sufficiently soluble in water for
fluorimetric measurements.

Tin compounds 11a and 11b were obtained di-
rectly from the unsubstituted derivatives 3a and 3b
in a one pot procedure (Scheme 4). Thus, the initial
DPP was treated with an excess of LDA, resulting in
the deprotonation of the nitrogen atoms and of the
free alpha position of the thiophene substituent. Ad-
dition of tributyltin chloride then resulted in stannyla-
tion of the latter thienyl carbanion. Finally, addition of
t-butyl bromoacetate and heating resulted in the alkyla-
tion of the free nitrogen atoms as well, yielding 11a and
11b which both are highly soluble in common organic
solvents. Coupling of these two tin derivatives with
bromo-APTRA derivative 6 in the presence of Pd(PPh3)4
yielded the conjugates 12a and 12b and subsequent de-
protection with trifluoroacetic acid gave rise to the two
desired indicators DPP2 and DPP3.

3.3. Excitation and emission spectra. The inter-
action of the three DPP indicators with Ca2+ can be
followed by fluorescence spectroscopy. The changes
in the fluorescence excitation and emission spectra of
the three probes that accompany Ca2+ complexation
(from 0 to 0.95 mM free Ca2+) are illustrated in Fig-
ure 2. For DPP1, excitation spectra were recorded at
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the observation wavelengths of 520, 530 (Figure 2A),
540 and 545 nm. All spectra show a rather broad band
with some structure and with two maxima of approx-
imately equal intensity at 464 and 475 nm. The asso-
ciated emission spectra—obtained at λex = 460, 470,
480 and 490 (Figure 2D) nm—also display a broad band
with a maximum at 538 nm and a shoulder at 566 nm.
Fluorescence excitation spectra of DPP2 were scanned
while monitoring the emission at 590 (Figure 2B), 600
and 640 nm. Its emission spectra were measured upon
excitation at 519 (Figure 2E), 526, 533 and 540 nm. The
excitation spectra show a broad structureless band with
a maximum at 520 nm. The emission spectra reach their
maximum intensity at 600 nm with an additional shoul-
der at 645 nm. Excitation spectra of DPP3 were scanned
while following the emission at 580, 590 (Figure 2C),
600, 610 and 640 nm, whereas the emission spectra
were recorded upon excitation at λex = 540, 550, 560
(Figure 2F), and 570 nm. The excitation spectra show
two maxima: in the absence of Ca2+ the major maxi-
mum is at 528 nm with a minor maximum at 561 nm.
Upon increasing the free Ca2+ concentration, the inten-
sity at 561 nm increases relatively more than at 528 nm,
so that at high Ca2+ levels the major maximum is at
561 while the minor maximum is at 528 nm. The emis-
sion spectra show two intensity maxima: at 611 and
650 nm. Without Ca2+ the major maximum is located
at 650 nm; upon increasing the Ca2+ concentration the
band at 611 nm grows relatively more to become the
major one when DPP3 is saturated with Ca2+. It is clear
that for all DPP indicators Ca2+ complexation causes
an increase in fluorescence intensity without any sig-

nificant spectral shift. The spectroscopic properties of
DPP1, DPP2 and DPP3 at pH 7.05 are summarized in
Table 1.

The fluorescence intensity increases upon binding
Ca2+ (as illustrated Figure 2) indicate a higher fluores-
cence quantum yield, Φf , of the Ca2+ bound form of the
indicators than of the uncomplexed form. This is in-
deed what is found (see Table 1). The increase is more
pronounced for DPP1 (approximately 4-fold) than for
DPP2 and DPP3 (both about 1.5-fold). The low fluores-
cence quantum yields necessitate high indicator load-
ing levels. Table 1 also compiles the values of Φf and
the molar extinction coefficients ε of the three probes.

3.4. Cation binding properties. By following the
increase of fluorescence intensity in the excitation spec-
tra (Figure 3) with higher [Ca2+], Kd and the stoichiom-
etry n of the complexes of DPP1, DPP2 and DPP3 with
Ca2+ can be estimated by non-linear fitting of eq. (2)
to the fluorimetric titration data. Least-squares estima-
tion with all parameters (Kd, n, Fmin and Fmax) freely
adjustable usually gave unacceptable fits with parame-
ter estimates with extremely large standard deviations.
Moreover, the Fmin and Fmax estimates were very dif-
ferent from the experimental fluorescence intensities
obtained at zero and high [Ca2+], respectively. There-
fore, we decided to keep Fmin and Fmax fixed at the mea-
sured fluorescence intensities at zero and maximum
Ca2+ concentration, respectively, during the fitting
procedure. Since all estimated stoichiometry values n
were indicative of a 1 : 1 complex between indicator
and Ca2+, we further held n constant (at unity) in the
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Figure 2. Fluorescence excitation spectra of DPP1 (A), DPP2 (B) and DPP3 (C) in buffered solutions containing zero to 0.95 mM

Ca2+. Corresponding fluorescence emission spectra of DPP1 (D), DPP2 (E) and DPP3 (F) as a function of [Ca2+]. All spectra

were recorded at 21 ◦C using solutions containing 100 mM KCl and 10 mM MOPS, pH 7.05.

subsequent parameter estimation (i.e., only Kd is an ad-
justable parameter). For DPP2 and DPP3 unacceptable
fits were obtained with very large standard deviations
forKd whennwas adjustable. The estimatedKd (andn)
values for the Ca2+ complexes with the three indicators
are compiled in Table 2. Some illustrative examples of

the non-linear least-squares fitting of eq. (2) to the flu-
orimetric titration data as a function of free [Ca2+] are
shown in Figure 3.

The estimatedKd values are in the range of elevated
intracellular [Ca2+]. The average Kd values at 21 ◦C in
100 mM KCl, pH 7.05, computed from the Kd estimates



Vol. 06 Synthesis and in vitro evaluation of dioxopyrrolopyrroles . . . 165

Table 1. Spectroscopic properties of DPP1, DPP2 and DPP3 in uncomplexed (free) and Ca2+ bound forms, determined at pH

7.05 and 21 ◦C in solutions containing 10 mM MOPS and 100 mM KCl.

Compound Excitation Emission Φf λex Reference Φreference ε
λmax (nm) λmax (nm)

free bound free bound free bound free bound
DPP1 464, 475 464, 475 538 538 1.1×10−2 4.5×10−2 470 nm-fluorescein 0.90 12900±50 12930±30

in 0.1 N NaOH
sh 566 sh 566 1.3×10−2 5.1×10−2 470 nm-rhodamin 0.76

6G in H2O

DPP2 520 520 600 600 3.4×10−2 5.0×10−2 526 nm-rhodamin 0.81 14500±300 14260±80
6G in H2O

sh 645 sh 645

DPP3 528 561 650 611 3.9×10−2 5.3×10−2 555 nm-cresyl violet 0.50 37000±1000 25000±1000
perchlorate in EtOH

sh 561 sh 528 sh 611 sh 650 3.3×10−2 4.9×10−2 568 nm-cresyl violet 0.51
perchlorate in EtOH

Table 2. Non-linear least-squares estimation [eq. (2)] of Kd andn for the Ca2+–DPP1, Ca2+–DPP2 and Ca2+–DPP3 complexes

by direct fluorimetric titration. Fmin and Fmax were kept fixed during all fittings.

Compound Experimental excitation and Kd (µM) n
emission wavelength (nm)

DPP1 λex = 480 nm λem = 535 nm 5± 3a 1.08± 0.04

λex = 480 nm λem = 535 nm 10± 0.4a 1c

λex = 436 nm λem = 530 nm 4± 2b 1.11± 0.04

λex = 436 nm λem = 530 nm 10± 0.4b 1c

λex = 470 nm λem = 530 nm 5± 2b 1.09± 0.04

λex = 470 nm λem = 530 nm 10± 0.4b 1c

λex = 470 nm λem = 537 nm 7± 3b 1.05± 0.04

λex = 470 nm λem = 537 nm 10± 0.3b 1c

λex = 463 nm λem = 537 nm 9± 3b 1.03± 0.04

λex = 463 nm λem = 537 nm 10± 0.3b 1c

DDP2 λex = 540 nm λem = 644 nm 100± 300a 0.8± 0.2
λex = 540 nm λem = 644 nm 20± 5a 1c

λex = 540 nm λem = 603 nm 100± 300a 0.8± 0.2
λex = 540 nm λem = 603 nm 20± 5a 1c

λex = 515 nm λem = 600 nm 200± 400b 0.8± 0.2
λex = 515 nm λem = 600 nm 20± 4b 1c

DDP3 λex = 560 nm λem = 644 nm 500± 900a 0.7± 0.2
λex = 560 nm λem = 644 nm 20± 5a 1c

λex = 560 nm λem = 619 nm 300± 600a 0.7± 0.2
λex = 560 nm λem = 619 nm 20± 5a 1c

λex = 563 nm λem = 590 nm 100± 300b 0.8± 0.2
λex = 563 nm λem = 590 nm 20± 5b 1c

λex = 519 nm λem = 590 nm 200± 500b 0.7± 0.2
λex = 519 nm λem = 590 nm 20± 5b 1c

λex = 523 nm λem = 610 nm 200± 500b 0.8± 0.2
λex = 523 nm λem = 610 nm 20± 5b 1c

λex = 564 nm λem = 610 nm 200± 400b 0.8± 0.2
λex = 564 nm λem = 610 nm 20± 5b 1c

a Determined by monitoring the increase of the fluorescence emission signal upon addition of Ca2+.
b Determined by monitoring the increase of the fluorescence excitation signal upon addition of Ca2+.
c n kept constant.
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Figure 3. Estimation of Kd and n for Ca2+–DPP1, Ca2+–

DPP2 and Ca2+–DPP3 complexes using direct fluorimetric

titration [eq. (2); A, B and C, respectively]. For DPP2 and

DPP3, n was kept constant at unity during the fitting. Data

were obtained from experiments performed at 21 ◦C and

pH 7.05 (see Table 2).

with n = 1 for Ca2+–DPP1, Ca2+–DPP2 and Ca2+–DPP3
are 10µM, 20µM and 20µM, respectively.

4. CONCLUSIONS

Three new fluorescent indicators with a low affinity
for Ca2+ (DPP1, DPP2 and DPP3, Figure 1) have been
designed and synthesized. The new indicators are ex-
citable with visible light and have dissociation con-
stants for Ca2+ in the micromolar range, so that they

are suitable to detect elevated intracellular Ca2+ lev-
els. The low fluorescence quantum yield values (only a
few percent) of the uncomplexed as well as of the Ca2+

bound forms require high loading indicator concentra-
tions. The absence of any significant spectral shift in
the excitation and emission spectra makes the new in-
dicators non-ratiometric.

5. EXPERIMENTAL SECTION

5.1. Materials and methods. THF was dried by
distillation from sodium/benzophenone. All other
reagents and solvents were purchased from Acros Or-
ganics and used without further purification. Mass
spectra were recorded on a Perkin Elmer instrument
(EI 70 eV or ES). 1H-NMR and 13C-NMR spectra were
recorded on a Bruker AMX 400 MHz or Bruker Avance
300 MHz. The absorption measurements were per-
formed on a Perkin Elmer Lambda 40 UV/VIS spectrom-
eter. Up to six probe concentrations were used for the
determination of the molar extinction coefficients, ε, of
each probe.

5.2. Steady-state fluorescence. Corrected steady-
state excitation and emission spectra were recorded
on a SPEX Fluorolog-3. The fluorimetric measure-
ments were done on solutions made up to mimic
the intracellular milieu of mammalian cells. The so-
lutions contained 100 mM KCl and 10 mM MOPS (3-
[N-morpholino]propanesulfonic acid), and were ad-
justed to pH 7.05 with KOH or HCl. The free Ca2+

concentration in the solutions was adjusted with
Ca2+–nitrilotriacetic acid buffers, as described by Fabi-
ato and Fabiato [11]. Free Ca2+ concentrations were
computed with the CHELATOR program developed by
Schoenmakers et al. [12]. The indicator concentrations
were 14.3µM, yielding an absorbance per cm path
length of approximately 0.1 at the absorption maxi-
mum.

Fluorescence quantum yields of the free and bound
forms of indicators were determined using fluorescein
in 0.1 N NaOH, rhodamin 6G in water, and cresyl vi-
olet perchlorate in ethanol as reference. The fluores-
cence quantum yields of these references were taken
to be 0.90 for fluorescein, 0.76 (λex = 488 nm) and
0.81 (λex = 546 nm) for rhodamin 6G, and 0.50 (λex =
546 nm) and 0.51 (λex = 578 nm) for cresyl violet per-
chlorate [13]. The buffered (pH 7.05) solutions of the
uncomplexed form of the indicator contained 100 mM
KCl, 10 mM MOPS and 15 mM nitrilotriacetic acid. The
buffered (pH 7.05) solutions of the Ca2+ bound form
were made up of 0.95 mM free Ca2+, 100 mM KCl and
10 mM MOPS. The indicator concentration was chosen
so that the absorbance at the excitation wavelength
never exceeded 0.1. All aqueous solutions were pre-
pared with Milli-Q water. All measurements were done
at 21 ◦C.
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6. SYNTHESIS

A detailed description of the synthesis is available elec-
tronically as supplementary material.
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