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a b s t r a c t

A new highly selective and sensitive chemosensor 1 for both Al3þ and F� was designed and synthesized. 1
could detect both Al3þ and F� with turn-on fluorescence behavior in a nearly perfect aqueous solution.
The binding stoichiometry of receptor 1 with Al3þ and F� was proposed to be 1:1, respectively, based on
Job plot, 1H NMR titration and ESI-mass spectrometry analysis. The detection limits (1.12 mM for Al3þ and
7.01 mM for F�) of 1 for Al3þ and F� were lower than the World Health Organization guidelines (7.41 mM
for Al3þ and 79 mM for F�) for drinking water. Chemosensor 1 was also successfully applied to living cells
for simultaneous detection and quantification of both Al3þ and F�. Moreover, the sensing mechanisms of
1 toward Al3þ and F� were explained by theoretical calculations.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Natural abundance of aluminum in the biosphere is around 8%
of the total mineral components and it is the most abundant
metallic element in the Earth's crust [1,2]. Aluminum is generally
used in modern life such as the food additives, water purification,
pharmaceuticals and the production of light alloy [3e10]. Because
of its multiple uses, a tremendous amount of aluminum ions ex-
ceeds the human body's excretory capacity, and the excess is
deposited in various tissues and cells. Aluminum's toxicity not only
hampers plant growth but also damages the human nervous sys-
tem to induce Alzheimer's disease, Parkinson's disease amyo-
trophic lateral sclerosis, etc. [11]. Therefore, detection of Al3þ is
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crucial in controlling its concentration levels in the biosphere and
its harmful effect on human health [12e14].

The design and synthesis of fluoride receptors have become of
increasing interest because of its important roles in many biolog-
ical, medical and chemical processes [15e21]. Proper ingestion of
fluoride can prevent and cure dental problems and osteoporosis.
However, a high intake of fluoride may cause fluorosis, and also
lead to nephrotoxic changes and cancer in humans [22e26]. Thus,
there are many efforts devoted to the development of fluorescent
chemical sensors for fluoride. A variety of fluorescent fluoride
sensors based on hydrogen bonding interactions and fluoride ion-
induced chemical reactions have been synthesized. However, the
number of fluoride probes suitable for cell-imaging applications is
still very limited due to the requirements that a chemosensor has to
meet for applications in reality. Such requirements include high
sensitivity for fluoride inwater, a high cell permeability, and low/no
toxicity [27e33]. Therefore, it is crucial to develop chemosensors
capable of detecting fluoride in cell imaging [34].

Besides, the detection of multiple targets with a single receptor
would bemore effective and economical than a one-to-one analysis
process [35,36]. Various sensing procedures for detecting cations
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and anions have been described, including fluorescent chemo-
sensors, colorimetric chemosensors, and electrochemical methods.
Florescence sensing methods among them are the most promising
due to the simplicity of the assay, convenient procedures, analytes
with fast response and high sensitivity [37,38]. For this reason,
scientists have devoted huge efforts to design fluorescence probes
that monitor multiple targets. On the other hand, only a few che-
mosensors with the electron-withdrawing or -donating groups
have been reported, which showed the interesting sensing prop-
erties. Therefore, we planned to synthesize a chemosensor with an
electron-donating group (tert-butyl).

Herein, we report a new Schiff base chemosensor 1 with the
tert-butyl moiety as an electron-donating group, which was very
water-soluble and exhibited an exclusive sensing property toward
Al3þ and F� via fluorescence enhancement in a near-perfect
aqueous solution. Moreover, in vitro studies with fibroblasts in
presence of Al3þ and F� showed for the first time that chemosensor
1 could be successfully applied to living cells for simultaneously
quantifying both Al3þ and F�.

2. Experimental section

2.1. General information

All the solvents and reagents (analytical grade and spectroscopic
grade) were obtained from Sigma-Aldrich and used as received. The
Live/Dead assay (LIVE/DEAD® Viability/Cytotoxicity Kit) kit was
purchased from Life Technologies Company. 1H NMR and 13C NMR
measurements were performed on a Varian 400 MHz and 100 MHz
spectrometer and chemical shifts were recorded in ppm. Electro-
spray ionization mass spectra (ESI-MS) were collected on a Thermo
Finnigan (San Jose, CA, USA) LCQTM Advantage MAX quadruple ion
trap instrument. Elemental analysis for carbon, nitrogen, and
hydrogen was carried out by using a Flash EA 1112 elemental
analyzer (thermo) in Organic Chemistry Research Center of Sogang
University, Korea. UVevis spectra were recorded at room temper-
ature using a Perkin Elmer model Lambda 25 UV/Vis spectrometer.
Fluorescence measurements were performed on a Perkin Elmer
model LS45 fluorescence spectrometer.

2.2. Synthesis of 1

8-Hydroxyjulolidine-9-carboxaldehyde (0.65 g, 3 mmol) was
dissolved in 20 mL of ethanol, and 2-amino-4-tert-butyl phenol
(0.49 g, 3 mmol) was added into the solution. The reaction mixture
was stirred for 4 h at room temperature until a brown precipitate
appeared. The resulting precipitate was filtered andwashed 2 times
with diethyl ether. The yield: 0.43 g (40%). 1H NMR (DMSO-d6,
400 MHz) d: 14.37 (s, 1H), 8.57 (s, 1H), 7.24 (d, 1H), 7.00 (d, 1H), 6.86
(s,1H), 6.82 (d,1H), 3.23e3.19 (m, 4H), 2.61 (t, J¼ 12 Hz, 2H), 2.57 (t,
J ¼ 12 Hz, 2H), 1.88e1.81 (m, 4H), 1.27 (s, 9H). 13C NMR (DMSO-d6,
100 MHz): d 161.94, 157.55, 147.42, 146.89, 142.01, 133.20, 129.71,
122.49, 115.60, 115.13, 112.50, 108.41, 105.53, 49.46, 49.10, 31.43,
26.80, 21.66, 20.68, 20.11 ppm. LRMS (ESI): m/z calcd for
C23H29N2O2þHþ ([MþHþ]): 365.223; found, 365.467. Anal. Calcd
for C24H23N3O3 (365.222): C, 75.79; H, 8.78; N, 7.69; Found: C,
75.54; H, 8.49; N, 7.44%.

2.3. Fluorescence measurements of receptor 1 with Al3þ

Receptor 1 (2.2 mg, 0.006 mmol) was dissolved in methanol
(2 mL) and 3 mL of the receptor 1 (3 mM) was diluted to 2.997 mL
bis-tris buffer (10 mM, pH 7.0) in order to make the final concen-
tration of 3 mM. Al(NO3)3$9H2O (7.5 mg, 0.02 mmol) was dissolved
in bis-tris buffer (2 mL). 0.45e4.5 mL of the Al3þ solution (10 mM)
was transferred to each receptor solution (3 mM) prepared above.
After mixing them for 15 min, fluorescence spectra were obtained
at room temperature.

2.4. UVevis measurements of receptor 1 with Al3þ

Receptor 1 (2.2 mg, 0.006 mmol) was dissolved in methanol
(2 mL) and 20 mL of the receptor 1 (3 mM) was diluted to 2.980 mL
bis-tris buffer to make the final concentration of 20 mM.
Al(NO3)3$9H2O (7.5 mg, 0.02 mmol) was dissolved in bis-tris buffer
(1 mL). 0.3e8.4 mL of the Al3þ solution (20 mM) was transferred to
each receptor solution (20 mM) prepared above. After mixing them
for 15 min, UVevis absorption spectra were taken at room
temperature.

2.5. Competition with other metal ions

Receptor 1 (2.2 mg, 0.006 mmol) was dissolved in methanol
(2 mL) and 3 mL of the receptor 1 (3 mM) was diluted to 2.997 mL
bis-tris buffer to make the final concentration of 3 mM. MNO3
(M ¼ Na, K, 0.02 mmol), M(NO3)2 (M ¼ Mn, Co, Ni, Cu, Zn, Cd, Hg,
Mg, Ca, Pb, 0.02 mmol), M(ClO3)2 (M¼ Fe, 0.02 mmol) andM(NO3)3
(M ¼ Al, Cr, 0.02 mmol) were separately dissolved in bis-tris buffer
(2 mL). 4.5 mL of each metal solution (10 mM) was taken and added
into 3 mL of each receptor 1 solution (3 mM) prepared above to
make 5 equiv. Then, 4.5 mL of the Al(NO3)3$9H2O solution (10 mM)
was added into the mixed solution of each metal ion and receptor 1
to make 5 equiv. After mixing them for 15min, fluorescence spectra
were taken at room temperature.

2.6. Job plot measurement of Al3þ

Receptor 1 (2.2 mg, 0.006 mmol) and Al(NO3)3$9H2O (7.5 mg,
0.02mmol) were separately dissolved inmethanol (1mL). 200 mL of
the receptor 1 solution (3 mM) was diluted to 14.800 mL of bis-tris
buffer to make the concentration of 40 mM. 30 mL of the
Al(NO3)3$9H2O solution (20 mM) was diluted to 14.970 mL of bis-
tris buffer to make the concentration of 40 mM. 2.7, 2.4, 2.1, 1.8,
1.5,1.2, 0.9, 0.6 and 0.3mL of the receptor 1 solutionwere taken and
transferred to vials. 0.3, 0.6, 0.9,1.2, 1.5, 1.8, 2.1, 2.4 and 2.7 mL of the
Al3þ solution were added to each receptor 1 solution separately.
Each vial had a total volume of 3 mL. After shaking the vials for
15 min, fluorescence spectra were taken at room temperature.

2.7. 1H NMR titration of Al3þ

For 1H NMR titrations of receptor 1 with Al3þ, three NMR tubes
of receptor 1 (3.6 mg, 0.01 mmol) dissolved in DMSO-d6 (700 mL)
were prepared and then three different concentrations (0, 0.005,
and 0.01) of Al(NO3)3$9H2O dissolved in DMF-d7 were added to
each solution of receptor 1. After shaking them for 15 min, 1H NMR
spectra were taken at room temperature.

2.8. pH effect of Al3þ

A series of buffers with pH values ranging from 2 to 12 were
prepared by mixing sodium hydroxide solution and hydrochloric
acid in bis-tris buffer. After the solution with a desired pH was
achieved, receptor 1 (2.2 mg, 0.006 mmol) was dissolved in
methanol (2 mL), and then 3 mL of the receptor 1 (3 mM) was
diluted with 2.997 mL buffers to make the final concentration of
3 mM. Al(NO3)3$9H2O (7.5 mg, 0.02 mmol) was dissolved in bis-tris
buffer (2 mL). 4.5 mL of the Al3þ solution (10mM)was transferred to
each receptor solution (3 mM) prepared above. After mixing them
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for 15 min, fluorescence spectra were obtained at room
temperature.
Scheme 1. Synthesis of receptor 1.
2.9. Fluorescence measurements of receptor 1 with F�

Receptor 1 (2.2 mg, 0.006 mmol) was dissolved in methanol
(2 mL) and 20 mL of the receptor 1 (3 mM) was diluted with
2.980 mL bis-tris buffer to make the final concentration of 20 mM.
Tetraethyl ammonium fluoride (TEAF) hydrate (30.8 mg, 0.2 mmol)
was dissolved in bis-tris buffer (2 mL). 0.6e7.2 mL of the fluoride
solution (100 mM) was transferred to receptor solution (20 mM)
prepared above. After mixing them for 15 min, fluorescence spectra
were obtained at room temperature.
2.10. UVevis measurements of receptor 1 with F�

Receptor 1 (2.2 mg, 0.006 mmol) was dissolved in methanol
(2 mL) and 30 mL of the receptor 1 (3 mM) was diluted with
2.970 mL bis-tris buffer to make the final concentration of 30 mM.
TEAF hydrate (30.8 mg, 0.2 mmol) was dissolved in bis-tris buffer
(2 mL). 0.9e17.1 mL of the fluoride solution (100 mM) was trans-
ferred to receptor solution (30 mM) prepared above. After mixing
them for 15 min, UVevis absorption spectra were taken at room
temperature.
2.11. Competition with other anions

Receptor 1 (2.2 mg, 0.006 mmol) was dissolved in methanol
(2 mL) and 20 mL of receptor 1 (3 mM) was diluted to 2.980 mL bis-
tris buffer solution tomake the final concentration of 20 mM. (TEA)X
(X¼CN�, OAc�, F�, Cl�, Br�, I�), tetrabutylammonium salts ((TBA)X,
X ¼ OAc�, H2PO4

�, BzO�, N3
�, SCN�) and NaX (X ¼ NO2

�, SH�) were
separately dissolved in bis-tris buffer (2 mL). 7.2 mL of each anion
solution (100 mM) was taken and added into 3 mL of each receptor
1 solution (10 mM) prepared above to make 12 equiv. Then, 7.2 mL of
fluoride solution (100 mM) was added into the solution of each
anion and receptor 1 to make to 12 equiv. After mixing them for
15 min, fluorescence spectra were taken at room temperature.
2.12. Job plot measurement of receptor 1 with F�

Receptor 1 (2.2 mg, 0.006 mmol) and TEAF hydrate (30.8 mg,
0.2 mmol) were separately dissolved in methanol (2 mL). 200 mL of
the receptor 1 solution (3 mM) was diluted to 14.800 mL of bis-tris
buffer to make the concentration of 40 mM. 6 mL of the fluoride
solution (100 mM) was diluted to 14.994 mL of bis-tris buffer to
make the concentration of 40 mM. 2.7, 2.4, 2.1, 1.8, 1.5, 1.2, 0.9, 0.6
and 0.3 mL of the receptor 1 solution were taken and transferred to
vials. 0.3, 0.6, 0.9, 1.2, 1.5, 1.8, 2.1, 2.4 and 2.7 mL of the fluoride
solution were added to each receptor 1 solution separately. Each
vial had a total volume of 3 mL. After shaking the vials for 15 min,
fluorescence spectra were taken at room temperature.
Fig. 1. (a) Fluorescence spectral changes of 1 (3 mM) in the presence of different metal
ions (5 equiv) such as Al3þ, Ga3þ, In3þ, Zn2þ,Cd2þ, Cu2þ, Fe2þ, Fe3þ, Mg2þ, Cr3þ, Co2þ,
Ni2þ Naþ, Kþ, Ca2þ, Mn2þ and Pb2þ with an excitation of 440 nm in bis-tris buffer
solution. (b) Bar graph shows the relative emission intensity of 1 at 487 nm upon
treatment with various metal ions.
2.13. NMR titration of receptor 1 with F�

For 1H NMR titrations of receptor 1 with F�, five NMR tubes of
receptor 1 (3.6 mg, 0.01mmol) dissolved in DMSO-d6 (700 mL) were
prepared and then five different concentrations (0, 0.005, 0.01, 0.05
and 0.08 mmol) of TEAF dissolved in DMSO-d6 were added to each
solution of receptor 1. After shaking them for 15 min, 1H NMR
spectra were taken at room temperature.
2.14. pH effect of F�

A series of buffers with pH values ranging from 2 to 12 were
prepared by mixing sodium hydroxide solution and hydrochloric
acid in bis-tris buffer. After the solution with a desired pH was
achieved, receptor 1 (2.2 mg, 0.006 mmol) was dissolved in
methanol (2 mL), and then 20 mL of the receptor 1 (20 mM) was
diluted with 2.980 mL buffers to make the final concentration of
20 mM. TEAF hydrate (30.8 mg, 0.2 mmol) was dissolved in bis-tris
buffer (2 mL). 7.2 mL of the fluoride solution (100 mM) was trans-
ferred to each receptor solution (20 mM) prepared above. After
mixing them for 15 min, fluorescence spectra were obtained at
room temperature.



Fig. 2. Fluorescence spectral changes of 1 (3 mM) in the presence of different con-
centrations of Al3þ ions in bis-tris buffer solution. Inset: Fluorescence intensity at
487 nm versus the number of equiv of Al3þ added.
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2.15. Methods for cell imaging of 1 toward Al3þ and F�

Human dermal fibroblast cells in low passage were cultured in
FGM-2 medium (Lonza, Switzerland) supplemented with 10% fetal
bovine serum, 1% penicillin/streptomycin in the in vitro incubator
with 5% CO2 at 37 �C. Cells were seeded onto a 10 well plate (SPL
Lifesciences, Korea) at a density of 2 � 105 cells per well and then
incubated at 37 �C for 4 h after addition of various concentrations
(0e100 mM) of Al(NO3)3 or TEAF dissolved in FGM-2-medium.
After washing with phosphate buffered saline (PBS) two times to
remove the remaining Al(NO3)3 or TEAF, the cells were incubated
with 1 (40 mM) dissolved in FGM-2-medium for 1 h at room
temperature. The cells were observed using a microscope
Fig. 3. 1H NMR titration
(Olympus, Japan). The fluorescent images of the cells were ob-
tained using a fluorescence microscope (Leica DMLB, Germany) at
an excitation wavelength of 425 nm. In order to remove the
intracellular levels of Al3þ or F�, the Al3þ or F�-supplemented
cells were treated with 100 mM of metal chelator (desferoxamine:
DFO).

2.16. Live/dead assay of fibroblast toward 1, 1-Al3þ and 1-F�

To observe cell viability, a live& dead assay was performed for 1.
Fibroblasts (P ¼ 5) were in vitro cultured to reach 70% confluent.
The cells were incubated with 1 (40 mM) dissolved in FGM-2-
medium for 1 h, 12 h, and 24 h. Reagent (400 mL) of the live &
dead assay was added into each cell culture plate. Both viability and
morphological changes of the cells were observed by a fluorescence
microscope (Leica DMLB, Leica; Wetzlar, Germany). Identical ex-
periments were carried out in the presence of 1-Al(NO3)3 (100 mM)
and 1-TEAF (100 mM), respectively.

2.17. Theoretical calculations methods of 1 toward Al3þ and F�

All DFT/TDDFT calculations based on the hybrid exchange-
correlation functional B3LYP [39,40] were carried out using
Gaussian 03 program [41]. The 6-31G** basis set [42,43] was used
for all elements (C, O, N, H and Al). In vibrational frequency calcu-
lations, there was no imaginary frequency for the optimized ge-
ometries of 1, 1-Al3þ and 1-F�, suggesting that these geometries
represented local minima. For all calculations, the solvent effect of
water was considered by using the Cossi and Barone's CPCM
(conductor-like polarizable continuum model) [44,45]. To investi-
gate the electronic properties of singlet excited states, time-
dependent DFT (TDDFT) was performed with the ground state ge-
ometries of 1, 1-Al3þ, and 1-F�. The 25 singletesinglet excitations
were calculated and analyzed. The GaussSum 2.1 [46] was used to
calculate the contributions of molecular orbitals in electronic
transitions.
of 1 with Al(NO3)3.



Scheme 2. Proposed binding mode of receptor 1 with Al3þ.
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3. Results and discussion

The receptor 1was obtained by coupling 8-hydroxyjulolidine-9-
carboxaldehyde with 2-amino-4-tert-butyl phenol with a 40% yield
in ethanol (Scheme 1) and characterized by 1H NMR, 13C NMR,
elemental analysis and ESI-MS spectrometry.

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

To examine the fluorescence properties of 1, the emission was
measured with various cations (Al3þ, Ga3þ, In3þ, Zn2þ, Cd2þ, Cu2þ,
Fig. 4. Fluorescence images of fibroblasts cultured with Al3þ and 1. Cells were exposed to 0 (
4 h and then later with 1 (40 mM) for 30 min. Fluorescence image of K was taken 30 min afte
microscope and the bottom images (FeK) were taken with a fluorescence microscope. The
Fe2þ, Fe3þ, Mg2þ, Cr3þ, Co2þ, Ni2þ, Naþ, Kþ, Ca2þ, Mn2þ and Pb2þ) in
bis-tris buffer solution (10 mM, pH 7.0). As shown in Fig. 1, the
receptor 1 alone has a very weak fluorescence emission
(lex ¼ 440 nm). When 5 equiv of various metal ions such as Ga3þ,
In3þ, Zn2þ, Cd2þ, Cu2þ, Fe2þ, Fe3þ, Mg2þ, Cr3þ, Co2þ, Ni2þ, Naþ, Kþ,
Ca2þ, Mn2þ and Pb2þwere added to the receptor 1, it was found that
the solution of 1 exhibited no increase of the fluorescence. In
contrast, the addition of Al3þ resulted in a remarkable enhance-
ment of the emission intensity at 487 nm (90 folds). These results
indicated that receptor 1 could be used as a fluorescence chemo-
sensor for Al3þ. The selective fluorescence enhancement by Al3þ

might be due to the effective coordination of Al3þ with 1 over other
metal ions. This is referred to as chelation-enhanced fluorescence
(CHEF) effect: the reaction of a metal ion with a chelating agent
induces rigidity in the resulting molecule and tends to produce
fluorescence. Also, receptor 1 is poorly fluorescent in part due to
excited-state intramolecular proton transfer (ESIPT) [23] involving
the phenolic protons. Upon stable chelationwith aluminum ion, the
C]N isomerization and ESIPT might be inhibited, leading to fluo-
rescence enhancement.

To further investigate the chemosensing properties of 1 toward
Al3þ, fluorescence titration of the receptor 1 with Al3þ ion was
A and F), 15 (B and G), 50 (C and H), 80 (D and I), 100 (E, J and K) mM Al(NO3)3$9H2O for
r J was treated with DFO (100 mM). The top images (AeE) were observed with the light
scale bar was 100 mm.



Fig. 5. (a) Fluorescence spectral changes of 1 (20 mM) in the presence of different
anions (12 equiv) such as F�, CN�, OAc�, Cl�, Br�, I�, H2PO4

�, BzO�, N3
�, SCN�, NO2

� and
SH� with an excitation of 440 nm in bis-tris buffer solution. (b) Bar graph shows the
relative emission intensity of 1 at 495 nm upon treatment with various anions.
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performed (Fig. 2) The emission intensity of 1 at 487 nm steadily
increased until the amount of Al3þ reached 5 equiv. The photo-
physical properties of 1were examined using UVevis spectrometry
(Fig. S1). Upon the addition of Al3þ to a solution of 1, the absorption
band at 440 nm decreased and was saturated with 2.8 equiv of Al3þ

with an isosbestic point at 291 nm, indicating a clean conversion of
1 into the 1-Al3þ complex.

The binding mode between 1 and Al3þ was determined by using
Job plot [47] analysis (Fig. S2), which exhibited 1:1 complexation
stoichiometry. The formation of 1-Al3þ complex was also further
confirmed by ESI-MS spectrometry analysis. The positive ion mass
spectrum indicated that the peak at m/z 544.867 was assigned to
[1þAl3þ�2Hþ4 solvents]þ (Fig. S3).

The interaction between receptor 1 and Al3þwas further studied
through 1H NMR titration (Fig. 3). Upon addition of 1 equiv of Al3þ,
the protons of the two hydroxyl groups at 9.33 and 14.42 ppm
disappeared due to deprotonation. The H6 of the C]N moiety, H3
and H2 shifted upfield by 0.02, 1.70 and 0.07 ppm, respectively,
while the aromatic protons H5 and H8 shifted downfield. There was
no shift in the position of proton signals on further addition of Al3þ

(>1 equiv), which indicates a 1:1 binding of 1 to Al3þ. Based on the
Job plot, ESI-mass spectrometry analysis, and 1H NMR titration, we
proposed the structure of a 1:1 complex of 1 and Al3þ, as shown in
Scheme 2.

From the results of fluorescence titration, the association con-
stant of the 1-Al3þ complexwas determined as 2.1� 105M�1 on the
basis of BenesieHildebrand equation (Fig. S4). This value is within
the range of those (103 ~ 109) reported for Al3þ-chemosensors
[48e62]. For practical application, the detection limit was also an
important parameter. Thus, the detection limit (3s/k) of receptor 1
for the analysis of Al3þ ion was calculated and found to be 1.12 mM
(Fig. S5) [63]. The detection limit of 1 for Al3þ was lower than the
value (7.41 mM) recommend by WHO in drinking water [64].

To check the practical applicability of 1 as a selective fluores-
cence sensor for Al3þ, the competition experiments were con-
ducted in the presence of Al3þ mixed with other metal ions, such as
Ga3þ, In3þ, Zn2þ, Cd2þ, Cu2þ, Fe2þ, Fe3þ, Mg2þ, Cr3þ, Co2þ, Ni2þ, Naþ,
Kþ, Ca2þ, Mn2þ, and Pb2þ. When 1was treated with 5 equiv of Al3þ

in the presence of the same concentration of other metal ions
(Fig. S6), there was no or small interferences for most interfering
metal ions except for Cu2þ, Fe2þ, Fe3þ and Cr3þ, which completely
interfered.

For biological applications, the pH dependence of the 1-Al3þ

complex was examined. Over the pH range tested, the fluorescence
intensity of 1-Al3þ displayed a strong pH dependence (Fig. S7). An
intense and stable fluorescence of 1-Al3þ found in the pH range of
5.0e7.5 warrants its application under physiological conditions,
without any change in detection results.

To further demonstrate the practical biological application of 1,
fluorescence imaging experiments were carried out in living cells
(Fig. 4). Adult human dermal fibroblasts were first incubated with
various concentrations of Al3þ (0, 15, 50, 80 and 100 mM) for 4 h and
then exposed to 1 (40 mM) for 30min before imaging. The fibroblast
cells with neither Al3þ nor 1 did not exhibit fluorescence. However,
the intensity of fluorescence within the cell increased as the Al3þ

concentration increased from 15 to 100 mM. Themean intensities of
the fluorescent regionwere evaluated by Icy software (Fig. S8). The
detection limit was found to be 11.9 mM. When the Al3þ-supple-
mented cells (Fig. 4J) were treated with 100 mM of metal chelator
(Desferoxamine: DFO), the fluorescent intensity disappeared,
indicating that observed intracellular fluorescence enhancements
were due to the changing levels in the Al3þ-supplemented cells.
Moreover, the biocompatibility of 1 and 1-Al3þ complex was also
examined with the living cells (Figs. S9 and S10). All the fibroblasts
were alive for 12 h, while a few cells were dead after 24 h. These
results demonstrated that a new sensor 1 could be a suitable and
biocompatible sensor for detecting Al3þ in living cells.

3.2. Fluorescence and absorption spectroscopic studies of 1 toward
fluoride

To examine the fluorescent properties of 1 toward various an-
ions, the emission was also investigated with various anions (F�,
CN�, OAc�, Cl�, Br�, I�, H2PO4

�, BzO�, N3
�, SCN�, NO2

� and SH�) in
bis-tris buffer solution (10 mM, pH 7.0). Receptor 1 alone has a
weak fluorescence emission (Fig. 5). Upon the addition of 12 equiv
of each anion, only F� resulted in a drastic enhancement (83 folds)
of the emission intensity at 495 nm (lex ¼ 440 nm), while other
anions showed either no or slight increase in the fluorescence
spectra relative to the free receptor 1.

To further investigate the chemosensing properties of 1, the
fluorescence titrationof the receptor1with F�was investigated. The
emission intensity of 1 at 495 nm gradually increased until the
amount of F� reached 12 equiv (Fig. 6). The photophysical properties
of 1were also examinedusingUVevis spectrometry. The absorption
bandat 450nmdecreasedandanewabsorbance intensityat 525nm
increased with an isosbestic point at 490 nm (Fig. S11), suggesting
that the only product was produced from 1 binding to F�.

The Job plot [47] showed a 1:1 stoichiometry between 1 and F�

(Fig. S12). To further examine the binding mode between 1 and F�,



Fig. 6. Fluorescence spectral changes of 1 (20 mM) in the presence of different
concentrations of F� in bis-tris buffer solution. Inset: Fluorescence intensity at 495 nm
versus the number of equiv of F� added.
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ESI-mass experiment was carried out (Fig. S13). A peak at m/z
727.000 was assigned to [1þF��Hþ2TEAþCl�þ2 solvents].

The 1H NMR investigation was performed to further understand
the nature of interaction between sensor 1 and fluoride (Fig. 7).
Fig. 7. 1H NMR titratio
Upon addition of 1 equiv of TEAF as a fluoride source, the proton
signals of two OH moieties at 9.30 and 14.36 ppm gradually dis-
appeared. The proton signal of H6 showed a downfield-shift, while
most of aromatic protons were shifted upfield. On excess addition
of F� (8 equiv) to 1 solution, a new peak at 15.5 ppm appeared,
indicating the formation of [HF2�] species. Based on 1H NMR titra-
tions and ESI-mass spectrometry analysis, we proposed the sensing
mechanism of 1 for F� as shown in Scheme 3.

Based on the fluorescence titration data, the association con-
stant for 1 with F� was determined as 1.4 � 104 M�1 from Bene-
sieHildebrand equations (Fig. S14). This value is slightly greater
than those (102 ~ 104) reported for F�-chemosensors [65e71]. The
detection limit of receptor 1 as a fluorescence sensor for the anal-
ysis of F� was found to be 7.01 mM (Fig. S15) [63]. This value is far
below the WHO guideline (79 mM) for drinking water [72].

To explore the ability of 1 as a fluorescence chemosensor for
fluoride, the competition experiments were conducted in the
presence of F� mixed with various competing anions (Fig. 8). When
receptor 1 was treated with 12 equiv of F� in the presence of the
same concentration of other anions, other background anions had
small or no obvious interference with detection of F� ion, except for
82% and 53% interferences of NO2

� and SH�. Thus,1 could be used as
a selective fluorescence sensor for F� in the presence of other
competing anions.

For biological applications, the pH sensitivity of F� detection by
1 was examined by fluorescence measurements (Fig. S16). While
n of 1 with TEAF.



Scheme 3. Proposed sensing mechanism of F� by 1.
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the fluorescence of 1-F� was very weak at low (2e4) and high pH
(10e12), its intense and stable fluorescence was observed in the pH
range of 5e10, which permits its application under physiological
conditions, without any change in detection results.

To further know the potential of 1 to detect F� in living matrices,
fluorescence imaging experiments were carried out in living cells
(Fig. 9). Adult human dermal fibroblasts were incubated with
various concentrations of F� (0, 15, 50, 80 and 100 mM) for 4 h and
then exposed to 1 (40 mM) for 1 h before imaging. The intensity and
region of the fluorescence within the cell with 1 increased as the F�

concentration increased from 15 to 100 mM. Themean intensities of
the fluorescent region were also evaluated by Icy software [73] and
the detection limit was found to be 18.1 mM (Fig. S17). The
biocompatibility of 1-F� was also examined with the living cells
(Fig. S18). All the fibroblasts were still alive until 12 h, while some
cells were dead after 24 h. These results demonstrated that a new
sensor 1 could be a suitable and biocompatible sensor for detecting
F� in living cells.

On the other hand, whether Al3þ distinguishes from F� in
fluorescent cell applications must be considered, because both 1-
Al3þ and 1-F� showed the same fluorescence in the living cells.
Thus, we treated both 1-Al3þ and 1-F�-supplemented cells with the
metal chelator DFO (Figs. 4K and 9K). The original fluorescence of
the 1-F�-supplemented cells was retained for 4 h (Fig. 9J), while the
1-Al3þ-supplemented cells lost the fluorescence within 30 min
after DFOwas added (Fig. 4K). These results demonstrated that Al3þ

could be distinguished from F� in fluorescent cell applications, and
that the fluorescence of 1-Al3þ in cells was Al3þ-based. Moreover,
in vitro studies with fibroblasts in presence of Al3þ and F� showed
for the first time that chemosensor 1 could be successfully applied
to living cells for simultaneous quantification of both Al3þ and F�.
Fig. 8. Competitive selectivity of 1 (20 mM) toward F� (12 equiv) in the presence of
other anions (12 equiv) in bis-tris buffer solution.
3.3. Theoretical sensing mechanism of 1 toward Al3þ and F�

To further understand the sensing mechanism, theoretical cal-
culations were performed for 1, 1-Al3þ complex and 1-F�. The
energy-minimized structures of chemosensor 1 and 1-Al3þ com-
plex were obtained from various possible isomers at DFT/B3LYP/6-
31G** level. Their energy-minimized structures along with bond
lengths and angles were shown in Fig. S19. The structures of 1 and
1-Al3þ complex had planar conformations. In case of 1-F�, the
deprotonation of the (tert-butyl)phenol by F� was observed, which
produced a strong hydrogen bond with the bond length of 1.0368 Å
between 6H and 7F. As the excitations of fluorescence for 1, 1-Al3þ

complex and 1-F� were relevant to their absorptions, time-
dependent density functional theory (TD-DFT) calculations were
also performed. In the case of 1, the main molecular orbital (MO)
contribution of the first lowest excited state was determined for
HOMO / LUMO transition (439.41 nm, Fig. S20), which was
p/ p* transition. For 1-Al3þ complex (Fig. S21), the second lowest
excited state with oscillator strength of 1.0914 was considered as a
major excitation, which was also determined for HOMO / LUMO
transition (430.87 nm, Fig. S21b). There were no obvious changes in
the electronic transitions between 1 and 1-Al3þ complex. These
results suggested that the sensing mechanism of 1 toward Al3þ

originated from the rigid structure of 1-Al3þ complex, which might
inhibit the non-radioactive process such as C]N isomerization and
ESIPT process [38,74]. For 1-F�, the main molecular orbital (MO)
contribution of the first lowest excited state was determined for
HOMO / LUMO transition (439.03 nm, Fig. S22), which is similar
to the transition between 1 and 1-Al3þ. These results led us to
propose that the strong hydrogen bond between 1 and F� induced
the inhibition of the non-radioactive process, resulting in the
fluorescence enhancement.
4. Conclusion

We have synthesized a bifunctional fluorescence sensor 1 based
on the combination of 2-amino-4-tert-butyl phenol and 8-
hydroxyjulolidine-9-carboxaldehyde. The sensor 1 with the
electron-donating group (tert-butyl) was very water-soluble and
showed selective response to both Al3þ and F� with turn-on fluo-
rescence enhancement in near-perfect aqueous solution. The
detection limits of 1 for Al3þ and F� were lower than WHO
guidelines for drinking water. Chemosensor 1 could be successfully
applied to living cells for simultaneous detection and quantification
of both Al3þ and F�. Additionally, the sensing mechanisms of 1
toward Al3þ and F� were explained by theoretical calculations.
These results provide a useful sensing strategy for the concept of ‘a
single chemosensor for multiple analytes’ in both environment and
in vitro systems.



Fig. 9. (a) Fluorescence images of fibroblasts cultured with F� and 1. Cells were exposed to 0 (A and F), 15 (B and G), 50 (C and H), 80 (D and I), 100 (E, J and K) mM TEAF for 4 h and
then later with 1 (40 mM) for 30 min. Fluorescence image of K was taken 30 min after J was treated with DFO (100 mM). The top images (AeE) were observed with the light
microscope and the bottom images (FeK) were taken with a fluorescence microscope. The scale bar was 100 mm.
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