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A new water-soluble carboxylic-functionalized chemosensor 1 was designed and synthesized. 1 ex-
hibited the selective fluorescence enhancement toward aluminum ions with a 1:1 complexation stoi-
chiometry in aqueous solution. The detection limit (24 nM) of 1 for Al3þ is about two order lower than
the WHO guideline (7.41 μM) for the drinking water. 1 was successfully applied to living cells and real
samples for detecting Al3þ . Moreover, the sensing mechanism originated from the inhibited excited-state
intramolecular proton transfer (ESIPT) process and the chelation-enhanced fluorescence (CHEF) effect, as
supported by theoretical calculations.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Aluminum is widely used in modern life, such as in pharma-
ceutical gastric antacids, food additives, utensils, and cosmetics.
Owing to these wide usages, human beings are exposed to ex-
cessive Al3þ through direct intake or through the epidermis. The
excess Al3þ are then deposited in various tissues, including bone,
muscle, heart, spleen, liver, and brain, making the organs func-
tionally disordered (Verstraeten et al., 2008). Particularly, Al3þ

affects the central nervous system and is a potential factor in
neurodegenerative diseases, such as Alzheimer’s and Parkinson’s
diseases (Yokel, 2002). Recent studies show that aluminum salts
used for antiperspirants in underarm cosmetics triggers carcino-
genesis at the breasts by interfering with the function of estrogen
receptors (Darbre, 2005). Besides these human toxicities, Al3þ also
has adverse impacts on plant growth (Rout et al., 2001). Therefore,
it becomes important to monitor trace amounts (e.g., nanomolar
concentration) of Al3þ in aqueous sample.

Recently, many analytical methods, such as electrochemical
methods, atomic absorption spectroscopy and inductively coupled
).
plasma atomic emission spectroscopy have been applied to detect
metal ions including Al3þ (Gulaboski et al., 2002). However, these
analytical methods need lengthy processing methods and so-
phisticated equipment. By contrast, fluorescence sensing methods
can detect interesting analytes with fast response, convenient
procedures, and high sensitivity. For this reason, scientists have
devoted huge efforts to design fluorescence chemosensors for
monitoring Al3þ (Das et al., 2012). Some of the reported Al3þ

sensors showed their own unique advantages (Shellaiah et al.,
2013; Chun-Yan et al., 2013; Shymarprosad et al., 2013; Shyama-
prosad et al., 2013), but they suffer partly from interference caused
by other metal ions such as Ga3þ and Zn2þ (Shyamarprosad et al.,
2013), poor water solubility, and tedious synthetic methods of
preparation (Chun-Yan et al., 2013; Shymarposad et al., 2013).

A Schiff base, with π electrons in C¼N group offers a good
possibility for chelation with metal ions and can enhance the
fluorescence through CHEF mechanism (Kim et al., 2012). In this
regard, a julolidine moiety is a well-known chromophore and
chemosensors with the julolidine moiety are usually water-soluble
(Choi et al., 2014). Moreover, we expected that the presence of
carboxylate group (a hard base) in a chemosensor might not only
increase its water solubility, but also would make the molecule
more selective toward a hard acid, such as Al3þ . Therefore, we
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planned to develop a simple Schiff base chemosensor with both a
julolidine group and a carboxylate group. In the current work, a
new Schiff base chemosensor 1 ((E)-2-(((8-hydroxy-2,3,6,7-tetra-
hydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)methylene)amino)ben-
zoic acid) was synthesized, which contained both the julolidine
and the carboxylic acid groups. The molecule 1 showed a good
water solubility and the sensing abilities of 1 were tested toward
various metal ions. Indeed, the receptor 1 exhibited an exclusive
sensing property towards Al3þ even at nanomolar concentration
in various solvent systems via fluorescence. Additionally, the the-
oretical calculations supported the experimental data and the
sensing mechanism.
2. Material and methods

Reagent, instruments, experimental methods and theoretical
calculation methods are given in Supplementary information (SI).
3. Results and discussion

3.1. Synthesis

The receptor 1 was obtained by coupling anthranilic acid with
8-hydroxyjulolidine-9-carboxaldehyde with an 87% yield in etha-
nol (Scheme S1) and analyzed by 1H NMR, 13C NMR, ESI-mass
spectrometry and elemental analysis.

3.2. Fluorescence and absorption spectroscopic studies of 1 toward
Al3þ ion

To examine the fluorescent properties of 1, the emission was
measured with various metal ions (Naþ , Kþ , Mg2þ , Ca2þ , Al3þ ,
Ga3þ , In3þ , Cr3þ , Mn2þ , Fe2þ , Fe3þ , Co2þ , Ni2þ , Cu2þ , Zn2þ

Cd2þ , and Pb2þ) in a variety of solvent systems such as methanol
(MeOH), dimethylsulfoxide (DMSO), dimethylformamide (DMF),
and bis-tris buffer solution (10 mM, pH 7.0) containing 50% DMSO.
Importantly, only Al3þ showed fluorescence enhancement as
shown in Fig. 1 and S1, while most chemosensors with only a ju-
lolidine moiety did it not only for Al3þ but also for Ga3þ and In3þ .
Fig. 1. (A) Fluorescence spectra of 1 (5 μM) upon addition of various metal ions (42 equi
Cu2þ , Zn2þ , Cd2þ , and Pb2þ in DMSO-buffer solution (10 mM bis-tris, pH 7.0, v/v ¼ 1:1
(Excitation: 365 nm) (B) Bar graph representing the change of the relative emission int
These results demonstrate that the presence of carboxylate group
as a hard base in a chemosensor might be more selective towards
the hard acid, Al3þ .

For practical purposes, the sensing properties of 1 toward Al3þ

were further examined in bis-tris buffer solution (10 mM, pH 7.0)
containing 50% DMSO. Receptor 1 exhibited fluorescence with a
low quantum yield (Φ ¼ 3.81�10�4), which was much lower
than that (Φ¼0.143) in the presence of Al3þ with excitation at
478 nm (Fig. 1). The substantial fluorescence enhancement of 1
might be explained by the restricted ESIPT (Wang et al., 2014)
involving the phenolic protons (Scheme 1). Also, the selective
fluorescence enhancement by Al3þ might be due to the effective
coordination of Al3þ to 1, imparting the CHEF effect (Supriti et al.,
2012; Kim et al., 2012).

The fluorescence titration experiment of 1 with Al3þ showed
that the emission intensity of 1 at 478 nm steadily increased until
the amount of Al3þ reached 42 equiv (Fig. S2). UV–vis titration of 1
was also conducted with Al3þ (Fig. S3). Upon the addition of Al3þ

to a solution of 1, the absorption band at 435 nm decreased, while
a new band at 380 nm increased (ε¼1.2�104 L mol�1 cm�1). Two
isosbestic points were observed at 393 and 498 nm, suggesting
that only one product was produced from the binding of 1 with
Al3þ .

The Job plot referred to a 1:1 stoichiometric complex between
1 and Al3þ (Fig. S4), and this was further confirmed by ESI-mass
spectrometry analysis (Fig. S5). The positive-ion mass spectrum
showed a large peak at 516.60 m/z, which was assignable to 1-
Al3þcomplex þ 3 solvents [calcd, m/z: 516.22]. Based on the Job
plot, ESI-mass spectrometry analysis, and the crystal structures of
similar type of Al complexes reported in the literatures (Myers and
Berben 2011), a penta-coordinated structure for the 1-Al3þ com-
plex with two solvent molecules or nitrates was proposed
(Scheme 1).

The association constant (K) of the 1-Al3þ complex was de-
termined to be 1.0�104 M�1 by using non-linear fitting analysis
(Fig. S6), which is within the range of those (103�109) reported for
Al3þ binding chemosensor. The detection limit estimated, based
on the 3σ/slope, was 24 nM, (Fig. S7), which was about two order
lower than the WHO guideline (7.41 μM) for Al3þ in the drinking
water (Alstad et al., 2005; Han et al., 2012), and comparable to
those of the Al3þ chemosensors reported to show the lowest
v) of Naþ , Kþ , Mg2þ , Ca2þ , Al3þ , Ga3þ , In3þ , Cr3þ , Mn2þ , Fe2þ , Fe3þ , Co2þ , Ni2þ ,
, λex ¼ 420 nm). Inset: Picture of the fluorescence corresponded with 1 and 1-Al3þ

ensity of 1 at 365 nm upon treatment with various metal ions.



Scheme 1. Proposed structure and binding mechanism of 1-Al3þ complex.
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detection limits (Bodenant et al., 1998). For practical applications,
we carried out fluorescence titration in three real samples, tap,
distilled, and pond waters. The detection limits for the real sam-
ples were determined to be 37 nM (tap water), 47 nM (distilled
water) and 60 nM (pond water), based on the 3σ/slope (Fig. S8 and
Table S1). These results suggest that the receptor 1 could be used
to monitor trace amounts of Al3þ in environmental solutions.

To further check the practical applicability of receptor 1 as Al3þ

selective sensor, fluorescence interference experiment was carried
out in presence of various competing metal cations (Fig. S9). Other
background metal ions had small or no obvious interference with
the detection of Al3þ ion, except for three metal ions, viz. Cr3þ ,
Fe2þ and Fe3þ , which are strong quenchers of fluorescence
(Bodenant et al., 1998). Nevertheless, these results suggest
that 1 could be a good sensor for Al3þ and, in particular, can dif-
ferentiate Al3þ from Ga3þ and In3þ , where all three have many
similar properties.

The effect of pH on the fluorescence response of receptor 1 to
Al3þ ion was also investigated in a series of buffers with pH values
ranging from 2 to 11 (Fig. S10). An intense and stable fluorescence
of the 1-Al3þ complex was retained between pH 3.0 and 8.0. These
results indicate that Al3þ could be clearly detected by the fluor-
escence measurements using 1 over the wide pH range of 3.7 - 8.0,
which includes the biologically relevant range of pH 6.0–7.6.

3.3. In vitro cellular studies of 1 toward Al3þ ion

Based on the pH dependence, subsequent experiments were
conducted to test whether 1 could be used to visualize in-
tracellular Al3þ by fluorescence or not. Adult human dermal fi-
broblasts were first incubated with various concentrations of Al3þ

(0, 20, 50, 100 and 200 μM) for 4 h and then exposed to 1 (50 μM)
Fig. 2. Fluorescence images of fibroblasts cultured with Al3þ and 1. Cells were exposed t
for four hours and then later with 1 (50 μM) for 1 hour. The top images (A, C, E, G, and I)
fluorescence microscope. The scale bar is 20 μm.
for 1 h before imaging. The fibroblasts that were cultured with
both Al3þ and 1 exhibited fluorescence (Fig. 2), while those cells
cultured without Al3þ or without 1 did not exhibit any fluores-
cence. The intensity and region of the fluorescence within the cell
with 1 increased as the Al3þ concentration increased from 20 to
200 μM. The mean fluorescence intensity of the microscopy ima-
ges in Fig. 2 was evaluated by Icy software (Fig. S11). The detection
limit was found to be 1.9 μM, which is still a below the WHO
guideline for Al3þ in the drinking water. In order to further con-
firm that the increase of the fluorescence depended on the Al3þ

changes (Nandre et al., 2014), the Al3þ-supplemented cells (Fig.
S12B and E) were treated with 100 μM of metal chelator (desfer-
oxamine: DFO) to remove the intracellular levels of Al3þ . The in-
tracellular fluorescence disappeared with the DFO chelation (Fig.
S12C and F), demonstrating that the observed intracellular fluor-
escence enhancements (Fig. S12B and E) were due to the changing
levels in the Al3þ-supplemented cells. Moreover, the biocompat-
ibility of 1 was also examined with the living cells (Fig. S13). All
the fibroblasts were still alive until 12 h, while some cells were
dead after 24 h. These results confirm that 1 can be a suitable and
biocompatible sensor to detect Al3þ in living cells.

3.4. 1H NMR titration of 1 with Al3þ

In order to further investigate the binding mode between 1 and
Al3þ , 1H NMR titration was conducted in DMSO-d6 (Fig. S14).
While the non-aromatic protons of the julolidine moiety in 1
changed little, the aromatic and imine protons (H1, H2, H3, H4, H5,
and H6) were shifted to downfield. These results indicate that Al3þ

might be coordinated to two oxygens of carboxylate and phenol
groups and nitrogen of imine moiety, as proposed in Scheme 1. On
further addition of Al3þ (41 equiv) into 1 solution, no shift in the
o 0 (A and B), 20 (C and D), 50 (E and F), 100 (G and H) and 200 (I and J) μM Al(NO3)2
were observed using a light microscope and the bottom images were taken using a
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position of proton signals was observed, which supports a 1:1
complexation of 1 with Al3þ .

3.5. Theoretical calculations

To obtain a deeper insight into the interaction of 1 and Al3þ ,
theoretical calculations were also done in parallel to the experi-
mental studies. Energy-minimized structures (S0) for 1 and 1-Al3þ

complex were optimized by applying density functional theory
(DFT/B3LYP/6-311G**) (Becke, 1993) in water solution (CPCM)
(Cossi et al., 2003) with GAUSSIAN 03 program (Frisch et al., 2004)
(Fig. S15). Time-dependent density functional theory (TD-DFT)
method was also performed at the energy-minimized structures of
1 and 1-Al3þ complex (Fig. S15). In case of 1 (S0), the main tran-
sition of the first excited state (S0-S1) was determined for HOMO
to LUMO transitions (412 nm, π-π*) (Table S2 (a) and Fig. S16). In
case of 1-Al3þ complex, the main transition of the first excited
state (S0-S1) was also determined for HOMO to LUMO transitions
(414 nm, π-π*) (see Table S2 (b) and Fig. S17). These results are
well consistent with the experimental absorption wavelengths
(430 nm for 1 and 435 nm for 1-Al3þ complex) within 20–30 nm
deviations.

To figure out whether ESIPT for 1 would play an important role
in the weak fluorescence of 1, the potential energy surface (PES)
scan was conducted between two tautomers, keto (c) and enol (a)
(Fig. S18). In the ground state, the proton transfer from a (enol) to c
(keto) and vice versa could occur with an energy barrier of
4.68 kcal/mol and 3.61 kcal/mol, respectively. This indicated that
the enol form of 1 was more stable than its keto form by 1.08 kcal/
mol energy. These results were consistent with the 1H NMR
spectrum of 1, which showed chemical shift of the enol form. In
the first excited state, the energy of keto form (c’) was lower than
that of enol form (a’). The potential energy curve for the excited
state exhibited the energy barrier of 0.02 kcal/mol (from a’ to b’),
which was sufficiently small to allow proton transfer (H27) from
O26 to N30 in 1 (Chen et al., 2014). Thus, upon coordination with
Al3þ , the ESIPT process for 1 was inhibited, resulting in the large
fluorescence enhancement.

As the CHEF effect was also proposed as another sensing me-
chanism of 1 toward Al3þ , the optimized geometries of 1 and 1-
Al3þ complex were compared in the S0 state. The geometry of the
1-Al3þ complex showed a more planar and rigid structure than
that of 1 (Fig. S19). As the rigid complex might inhibit the non-
radiative processes, the CHEF effect also plays an important role in
the fluorescence enhancement. Based on the Franck–Condon
principle (Condon, 1928), the first excited state (S1) of 1-Al3þ

complex was optimized by TD-DFT method. The optimized geo-
metry of the S1 state (1-Al3þ) showed a more coplanar structure
than that of the S0 state (1-Al3þ) (Fig. S19). This conformation
relaxation led to a non-radiative process, and affected the energy
level of the molecular orbitals. As shown in Fig. S20, the HOMO-
LUMO energy gap decreased in the S1 state geometry of 1-Al3þ

(blue arrow), compared to that in the S0 state geometry of 1-Al3þ

(red arrow). These results suggest that the decrease in the HOMO-
LUMO energy gap and the geometry relaxation were the main
contributing factor for the large stoke shift. The theoretical emis-
sion wavelength of 1-Al3þ complex was calculated to be 478 nm,
which was in good agreement with the experimental value
(477 nm) (Table S2 (c)). Therefore, a rigid structure and theoretical
emission of 1-Al3þ complex could support the sensing mechanism
of Al3þ by the CHEF effect.
4. Conclusion

In this study, a carboxylic-functionalized chemosensor 1 was
developed for detection of Al3þ ion in aqueous solution. 1 showed
highly selective fluorometric response to Al3þ with the detection
limit at the nanomolar level (24 nM). 1 could be successfully ap-
plied to living cells and real samples for detecting Al3þ . Moreover,
the theoretical calculations supported the sensing mechanisms of
Al3þ by 1, which were proposed with the inhibited ESIPT and
CHEF effects. Future study will focus on developing a chemosensor
with the detection limit of picomolar level and its potential ap-
plications in biological chemistry.
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