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A new coumarin-based ‘turn-off fluorescent probe, 7-(diethylamino)-N-(1,3-dihydroxy-2-(hydrox-
ymethyl)propan-2-yl)-2-oxo-2H-chromene-3-carboxamide (AGD) was synthesized. This compound is
highly selective for ferrous ions (Fe?*) and can reversibly detect them in aqueous medium. The probe
localizes to the cell membrane in living cells, where it can detect changes in Fe?* concentration. Mo-
lecular dynamics (MD) simulations indicate that AGD interacts with the lipid bilayer at the level of the

© 2013 Elsevier Masson SAS. All rights reserved.

Iron is widely distributed in nature and is one of the most
important elements in biological systems, where it plays a crucial
role in many biochemical processes at the cellular level. It is an
essential element for the formation of the hemoglobin of vertebrate
red cells and plays an important role in the storage and transport of
oxygen to tissues [1]. It is also essential for many organisms and both
its deficiency and excessive accumulation can induce various disor-
ders such as anemia and damage to the liver and kidneys (due to
hemochromatosis), which can eventually lead to liver cancer,
cirrhosis, arthritis, diabetes and cardiac failure [2]. Recent studies
show that elevated iron levels are associated with neurodegeneration
such as that underlying Parkinson’s disease [3], as well as in Frie-
dreich’s ataxia [4], and play a key role in some infectious diseases
such as malaria [5] by participating through the various cytochromes
in the electron transport chain and in the catabolism of endogenous
and exogenous substances [1]. Iron is also detrimental as it fosters the
generation of highly destructive oxygen species. Iron-dependent
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oxidative processes in cells are usually believed to be the result of
increases in the release of superoxide anion radical (O3 ) and/or H,0;
[6]. For all these reasons it is very important to be able to detect iron
ions, particularly in cells. Several techniques such as atomic absorp-
tion spectroscopy, spectrophotometry and voltammetry have been
used for iron assay. Some of them are complicated, and not suitable
for quick and online monitoring [6,7]. In recent years, the develop-
ment of sensitive chemosensors has become an active field of
research because of their potential application in clinical biochem-
istry as well as analytical chemistry and environmental science [8].
Selective fluorescence chemosensors are especially important for
monitoring biologically essential or toxic metal ions, such as Ca’*,
Zn**, cu**, Mg?*, Hg?* and Pb** in cells [9]. Also, fluorescence
sensors have attracted more and more attention due to their ad-
vantages over other techniques, including ease of detection, sensi-
tivity, and instantaneous response.

In this work we report a new bifunctional probe derived from
the fluorophore 7-diethylaminocoumarin and 2-amino-2-(hydrox-
ymethyl)propane-1,3-diol as the ferrous iron-binding moiety.
This probe, 7-(diethylamino)-N-(1,3-dihydroxy-2-(hydroxymethyl)
propan-2-yl)-2-oxo-2H-chromene-3-carboxamide (AGD), is charac-
terized by being water-soluble, binding to the cell membrane, and
being reversible in the presence of more potent iron chelators.
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The novel fluorescence probe was prepared via a conventional
two-step synthesis from commercial precursors. 4-Diethylamino
salicylaldehyde (1) was condensed with ethyl malonate (Kno-
evenagel) giving ethyl 7-diethylamino-2-oxo-2H-chromene-3-
carboxylate (2). This coumarin was condensed with 2-amino-2-
(hydroxymethyl)propane-1,3-diol (TRIS) to afford AGD, by analogy
with a literature procedure (Scheme 1). The 'H NMR and '3C
NMR spectra of AGD are available in the Supporting Information
(Fig. 1A and B).

The absorption and emission spectral studies were performed in
pH 7.4 HEPES buffer at room temperature. AGD shows an absorp-
tion maximum at 430 nm (Fig. 3; Supporting Information), a molar
extinction coefficient (¢) of 5245 M~ ! cm~! and an emission band at
480 nm (Fig. 4; Supporting Information). The quantum yield of this
probe is 0.103 and its Stokes shift is 2423 cm~! Fe?*, Fe>*, Ca®*,
Co®*, Mg?*, Mn?*, Zn?*, Cd?**, Pb®* and Hg?* chlorides were added
at a final concentration of 200 pM to a 20 puM solution of AGD. The
effects of all but Fe2* and Fe>*+ were negligible, and the fluorescence
quenching by Fe?* was about twice as intense as that of Fe>* (Fig.1).
With excitation at 430 nm, the fluorescence emission intensity of
AGD at 480 nm decreases by about one third upon increasing the
concentration of Fe?* from 0 to 200 uM (Fig. 2) and the quantum
yield decreases to 0.0057. A good linear relationship between
fluorescence intensity and Fe>* concentration was observed, with a
correlation coefficient as high as 0.99097 (Inset to Fig. 2).

The stability constant K, of the AGD-Fe’* interactions was
determined using the Benesi—Hildebrand equation, which gives a
value of 419 x 10* M~ (Fig. 5; Supporting data). A literature report
suggests that AGD-Fe?* complexes might be polymeric, considering
the steric effects, where an iron atom coordinates with the three
hydroxyls of one AGD molecule and the two carbonyls of the
following molecule (Fig. 6; Supporting data) [7]. The ESI spectrum
exhibited a peak at m/z 420.3426 assignable to [AGD + Fe(Il)]" (Fig. 7;
Supporting data), indicative of a 1:1 stoichiometry, but it does not
rule out the possibility of labile polymeric complexes. However,
although the hydroxyl groups of the 2-amino-2-(hydroxymethyl)
propane-1,3-diol, the carbonyl groups of the a-pyrone and amide,
might all bind the iron atom in the monomeric species detected, the
conformation adopted to form such a complex is unclear and should
give rise to further work in coordination chemistry.

To assess the practical applicability of AGD as a Fe?* selective
fluorescent sensor, we carried out competitive experiments with
20 pM AGD pretreated with 200 uM of each of the following ions:
Fe**, Zn?*, Cu**, Co®*, Ca®*, Mn?*, Mg?*, Pb?*, Cd**, and Hg?>",
after which 200 pM Fe?* was added. As shown in Fig. 3, these ex-
periments demonstrate that none of the selected ions interfere to
any obvious extent with the detection of Fe?*.

Fluorescent probes available for iron are few, and many of them
cannot be used for biological applications. Moreover, bifunctional
iron-chelating compounds with preference for a specific organelle
are scarce, since the vast majority are found in the cytoplasm.
Consequently, the behavior of AGD was studied in SH-SY5Y human
neuroblastoma cells loaded with Fe>* by incubating them for 24 h
with ferric nitrilotriacetic acid complex (FeNTA), monitoring
changes in fluorescence with a microplate fluorescence reader.
Reversibility is another important feature of excellent chemical
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Fig. 1. Fluorescence spectra of AGD (20 uM) in the presence of different metal cations
(200 uM) in 20 mM HEPES buffer, pH 7.4.
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Fig. 2. Fluorescence spectra of AGD (20 uM) with different concentrations of Fe?* in
pH 7.4 HEPES buffer. Inset shows the relationship between fluorescence intensity and
Fe?* concentration (10—100 uM).

probes. Therefore, experiments were conducted adding bipyridyl (a
molecule with high affinity for the metal) to examine the revers-
ibility of the AGD-Fe?* interaction (Fig. 4A). These showed that the
fluorescence intensity of Fe—loaded cells treated with AGD (Fig. 4B)
increased with the addition of bypiridyl (BIP, Fig. 4C). Subsequent
addition of ferrous ammonium sulfate (FAS) quenched the fluo-
rescence again (Fig. 4D). This experiment was also followed by
epifluorescence microscopy, visualizing the change in fluorescence
intensity caused by the different treatments. The mitochondria
were labeled by incubation with Mito-Tracker (Fig. 5A). The
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Scheme 1. Synthetic route to AGD. Reagents and conditions: a) diethyl malonate, piperidine, acetic acid, EtOH, reflux 6 h; b) 2-amino-2-hydroxymethylpropane-1,3-diol, EtOH, reflux 48 h.
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Fig. 3. Selectivity of the fluorescence quenching of AGD by Fe?* in HEPES buffer pH 7.4.
Blue bars indicate the fluorometric responses of AGD with 10 equiv of Fe>*, Zn?*, Cu®*,
Co®*, Ca®*,Mn?*, Mg?*, Pb?*, Cd?*, and Hg?*. Red bars represent the florescence response
after addition to the same solutions of 10 equiv. of Fe>*. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

fluorescence due to AGD was concentrated in the cell membrane
(Fig. 5B) with very little localization to the mitochondria, and a
colocalization experiment (Fig. 5C) corroborated this observation.

A molecular dynamics (MD) simulation was performed in order
to study the incorporation of AGD in the lipid phase of the cell
membrane [10]. The conditions of the simulations and the software
used are described in the Supplementary material. AGD was initially
placed in the bulk water, far from the 1-palmitoyl-2-oleoyl-sn-
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glycero-3-phosphocholine (POPC) membrane. After 15 ns of simu-
lation, AGD was incorporated into the lipid membrane (Fig. 6A). This
process corresponds to the passive diffusion of the probe toward the
membrane surface. After its incorporation, the more polar region of
AGD (the {[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]amino}
carbonyl group and the oxygen atoms of the 2H-chromen-2-one
scaffold) was positioned near the glycerol level of the lipid bilayer
(Fig. 6). Analysis of the positions occupied by AGD during the MD
simulation shows that this molecule does not enter into the depths
of the membrane, and interacts only with the groups near the sur-
face (Fig. 6B and zoom). We also evaluated the effect of AGD on the
orientation of the membrane lipids. To do this we calculated the
order parameter Scp of the acyl chains of sn-1 and sn-2 POPC.
Comparing pure POPC with the phospholipid containing AGD, we
found that the sn-1 and sn-2 chains in the system containing AGD
showed increased order (Figure S8; Supplementary data).

In conclusion, we have prepared and characterized a novel
bifunctional fluorescence “turn-off” sensor that is highly sensitive
and selective for reversible Fe?* ion detection. This probe was used
successfully to image cell membranes, responding to changes in
available Fe?* ion concentrations.
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.ejmech.2013.06.022.
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Fig. 4. (A) Fluorescence changes of AGD in SH-SY5Y cells. (B) Shows the basal fluorescence of the probe: SH-SY5Y cells were treated for 24 h with FeNTA (20 uM), and then
incubated for 20 min with AGD (10 uM). (C) Fluorescence after adding BIP (20 uM), (D) Fluorescence after adding FAS (20 uM). Epi-fluorescence microscope, 63 x.
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Fig. 5. (A) SH-SY5Y cells treated with Mito-tracker. (B) SH-SY5Y cells treated with AGD (5 uM). (C) Different localization of both probes. 63x objective.
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Fig. 6. The dependence of the AGD center of mass position as a function of time of unconstrained MD simulation. (A) Location of AGD is depicted by a black curve. The positions of
the ammonium (blue curves), phosphate (red curves) and glycerol (cyan curves) moieties of the lipid bilayer are also plotted. (B) Typical snapshot of a POPC bilayer containing AGD
from MD simulations. A zoomed snapshot is also shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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