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A fluorescent probe (FS) based on a fluoride-specific desilylation reaction has been developed for a
highly selective and sensitive detection of F~. In the presence of F~, the probe FS provided significant

Received (in Montpellier, France)
3rd September 2014,
Accepted 26th September 2014

DOI: 10.1039/c4nj01486¢

green fluorescence enhancement, while other anions produced only minor changes in fluorescence
intensity. The probe FS has a limit of detection of 1.45 puM, which is reasonable for the detection of
micromolar concentrations of F~ ions. The maximum fluorescence enhancement induced by F~ in the
probe was observed over the pH range 7-10. Moreover, fluorescence microscopy imaging using mouse

leukaemic monocyte macrophage showed that the probe FS could be an efficient fluorescent probe for

www.rsc.org/njc F~ ions in living cells.

1. Introduction

The development of sensors for biologically important anions is
currently an important research focus because of their important
roles in various biological processes."” Fluoride is a useful
additive in toothpaste and in drinking water for the prevention
of dental caries. However, excess of fluoride can result in fluoro-
sis, urolithiasis, and cancer.® ™" Therefore, precise determination
of fluoride in samples is necessary. Up to now, several methods
such as ion chromatography,'*'* ion-selective electrode,'* and the
Willard and Winter methods™ have been used for quantitative
fluoride detection. On the other hand, these methods have some
disadvantages such as high costs and complicated procedures.
Now, more attention has focused on the development of highly
selective and convenient methods for fluoride detection.

A large number of fluorescent probes have been developed for
fluoride detection based on three molecular interactions: hydrogen
bonding between fluoride and NH hydrogen (amide, indole,
pyrrole, thiourea, and urea),’®2® boron—fluoride complexation,*
and fluoride-mediated desilylation.** > Because fluoride ions have
strong tendency for hydration, the approach using hydrogen bond-
ing is not applicable in aqueous media. The fluoride-mediated
desilylation strategy does not have such limitations and can provide
the best way for detecting fluoride in aqueous solution. In this
study, a coumarin derivative with the Si-O functionality was
used for the detection of fluoride anions in living cells.

Department of Applied Chemistry, National Chiao Tung University, Hsinchu,
Taiwan 300, Republic of China. E-mail: spwu@mail.nctu.edu.tw;

Fax: +886-3-5723764; Tel: +886-3-5712121 ext 56506

1 Electronic supplementary information (ESI) available: "H and '*C NMR spectra
of FS, calibration curve of FS with F~. See DOI: 10.1039/c4nj01486¢
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In this study, we designed a fluorescent chemosensor FS for
fluoride detection. The chemosensor comprises two parts: a Si-O
functionality and a coumarin derivative. F~ triggers cleavage of the
Si-O bond, leading to the strong green emission of the coumarin
derivative. We have performed a competitive analysis for F~ ions
with other anions such as Br,CN—, Cl~, H,PO, ,1",NO, ,NO; ",
N,~, OAc™, and P,0,*~ with FS. The result shows that F~ is the
only anion that triggers the cleavage of the Si-O bond in FS and
that it causes the formation of a strongly fluorescent green
derivative while other anions do not. This new probe exhibits high
selectivity and sensitivity toward F~ over other anions in aqueous
solutions. Most importantly, FS shows good permeability for cell
membranes and is applicable to F~ imaging of living cells.

2. Experimental section
2.1 Materials and instrumentation

All solvents and reagents were obtained from commercial sources
and used as received without further purification. UV/Vis spectra
were recorded on an Agilent 8453 UV/Vis spectrometer. NMR
spectra were obtained on a Bruker DRX-300 and Agilent Unity
INOVA-500 NMR spectrometer. IR data were obtained on a Bomem
DA8.3 Fourier-Transform Infrared Spectrometer. Fluorescence
spectra measurements were performed on a Hitachi F-7000 fluores-
cence spectrophotometer. Fluorescent images were taken on a
Leica TCS SP5 X AOBS confocal fluorescence microscope.

2.2 Synthesis of 2-((tert-butyldiphenylsilyl)oxy)-4-(diethylamino)-
benzaldehyde (1)

4-Diethylaminosalicyl aldehyde (193 mg, 1.00 mmol), imid-
azole (100 mg, 1.47 mmol) and tert-butyldiphenylchlorosilane

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2014


http://crossmark.crossref.org/dialog/?doi=10.1039/c4nj01486c&domain=pdf&date_stamp=2014-10-14
http://dx.doi.org/10.1039/c4nj01486c
http://pubs.rsc.org/en/journals/journal/NJ
http://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ038012

Published on 26 September 2014. Downloaded by National Chiao Tung University on 21/07/2015 10:52:35.

Paper

(275 pL, 1.0 mmol) were dissolved in DMF (1 mL). The mixture
was stirred at 50 °C for 12 h. The solvent was removed under
reduced pressure, and the crude product was purified using
column chromatography (hexane:ethyl acetate = 4:1) to give
the compound as a white solid. Yield: 384 mg (89.2%). Melting
point: 108-109 °C. *H-NMR (300 MHz, CDCl,): 6 10.49 (s, 1H),
7.77-7.78 (m, 5H), 7.37-7.44 (m, 6H), 6.22 (d, J = 9.0 Hz, 1H),
5.59 (s, 1H), 2.93 (q, J = 6.6 Hz, 4H), 1.13 (s, 9H), 0.76 (t, J =
6.9 Hz, 6H); *C-NMR (125 MHz, CDCl,): § 187.2, 160.8, 153.1,
135.3, 132.3, 130.0, 129.8, 127.9, 115.6, 105.2, 100.9, 44.4, 26.5,
19.6, 12.1. MS (EL): m/z (%) = 431 (6.4), 374 (100), 354 (1.7), 330
(12.9), 224 (2.1); HRMS (EI): caled for C;oH;,N;0SSi (M)
431.2281; found, 431.2277.

2.3 Synthesis of (E)-2-(benzo[d Jthiazol-2-yl)-3-(2-((tert-butyl-
diphenylsilyl)oxy)-4-(diethylamino)phenyl)acrylonitrile (FS)

To the solution of 1,3-benzothiazol-2-ylacetonitrile (87 mg,
0.5 mmol) dissolved in 10 mL methanol, piperidine (150 uL)
was added and stirred for 5 min. 2-((¢ter¢t-Butyldiphenylsilyl)oxy)-
4-(diethylamino)benzaldehyde was added to the mixture, and
stirred at room temperature overnight. An orange precipitate
was formed, and the crude product was filtered, and thoroughly
washed with methanol to give the compound FS. Yield, 41 mg
(14.0%). Melting point: 197-198 °C. "H-NMR (300 MHz, CDCl,):
d 8.88 (s, 1H), 8.49 (d, J = 9.3 Hz, 1H), 8.03 (d, J = 8.1 Hz, 1H),
7.87 (d, J = 7.8 Hz, 1H), 7.78-7.80 (m, 4H), 7.34-7.51 (m, 8H),
6.33 (dd, J = 9.3 Hz, ] = 1.8 Hz, 1H), 5.70 (d, J = 1.8 Hz, 1H), 2.98
(q,J = 6.9 Hz, 4H), 1.25 (s, 9H) 0.80 (t, ] = 7.2 Hz, 6H); ">*C-NMR
(125 MHz, CDCl,): 6 165.9, 158.0, 154.0, 151.9, 141.5, 135.4,
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134.3, 132.1, 130.2, 128.0, 126.3, 124.8, 122.9, 121.2, 118.5,
111.3, 105.9, 101.4, 96.1, 44.6, 26.7, 19.7, 12.3. IR (KBr): 2969,
2927, 2854, 2212, 1609, 1591, 1559 cm™'. MS (EL): m/z (%) =
587(97.3), 530(100); HRMS (EI): caled for Cz¢H;,N;0SSi (M)
587.2427; found, 587.2420.

2.4 Anion selection study using fluorescence spectroscopy

The chemosensor FS (10 uM) was added with different anions
(1 mM). All spectra were measured in 1.0 mL acetonitrile-water
solution (v/v = 1:1, 10 mM HEPES, pH 7.0). The light path
length of the cuvette was 1.0 cm.

2.5 The pH dependence on the reaction of the fluoride with
the chemosensor FS using fluorescence spectroscopy

Chemosensor FS (10 uM) was added with F~ (20 uM) in 1.0 mL
acetonitrile-water solution (v/v = 1:1, 10 mM buffer). The
buffers were: pH 3-4, KH,PO,-HCl; pH 4.5-6, KH,PO,~NaOH;
pH 6.5-8.5, HEPES; pH 9-10, Tris-HCL.

2.6 Cell culture

RAW 264.7 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) at 37 °C under an atmosphere of 5% CO,. Cells were plated
on 18 mm glass coverslips and allowed to adhere for 24 h.

2.7 Cytotoxicity assay

The methyl thiazolyl tetrazolium (MTT) assay was used to measure
the cytotoxicity of FS in RAW264.7 cells. RAW264.7 cells were
seeded into a 96-well cell-culture plate. Various concentrations
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(5, 10, 15, 20, 25 uM) of FS were added to the wells. The cells
were incubated at 37 °C under 5% CO, for 24 h. 10 uL MTT
(5 mg mL™") was added to each well and incubated at 37 °C
under 5% CO, for 4 h. Remove the MTT solution and yellow
precipitates (formazan) observed in plates were dissolved in 200 pL
DMSO and 25 pL Sorenson’s glycine buffer (0.1 M glycine and
0.1 M NaCl). A Multiskan GO microplate reader was used to
measure the absorbance at 570 nm for each well. The viability
of cells was calculated according to the following equation:

Cell viability (%) = (mean of absorbance value of treatment group)/

(mean of absorbance value of control group).

2.8 Cell imaging

Experiments to assess the F~ uptake were performed in phosphate-
buffered saline (PBS) with 20 uM NaF. The cells cultured in DMEM
were treated with 10 mM solutions of NaF (2 pL; final concen-
tration: 20 pM) dissolved in sterilized PBS (pH = 7.4) and incubated
at 37 °C for 30 min. The treated cells were washed with PBS
(3 x 2 mL) to remove remaining metal ions. DMEM (2 mL) was
added to the cell culture, which was then treated with a 10 mM
solution of chemosensor FS (2 pL; final concentration: 20 pM)
dissolved in DMSO. The samples were incubated at 37 °C for
30 min. The culture medium was removed, and the treated cells
were washed with PBS (3 x 2 mL) before observation. Confocal
fluorescence imaging of cells was performed with a Leica TCS
SP5 X AOBS confocal fluorescence microscope (Germany), and
a 63x oil-immersion objective lens was used. The cells were
excited with a white light laser at 480 nm, and emission was
collected at 535 & 10 nm.

3. Results and discussion
3.1 Synthesis of the probe FS

The synthesis of the probe FS is outlined in Scheme 1. 4-Diethyl-
aminosalicyl aldehyde and tert-butyldiphenylchlorosilane were
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Fig. 2 UV-Vis (top) and fluorescence (bottom) spectra of FS (10.0 uM) in

acetonitrile—water (v/v = 1:1, (C)10 mM HEPES, pH 7.0) solution, after the
addition of various anions (1 mM). The excitation wavelength was 465 nm.

reacted to form 2-((tert-butyldiphenylsilyl)oxy)-4-(diethylamino)
benzaldehyde. Further reaction of 2-((tert-butyldiphenylsilyl)oxy)-
4-(diethylamino) benzaldehyde with 1,3-benzothiazol-2-ylacetonitrile

NO,” NOs; OAc P,0,*

Fig.1 Color (top) and fluorescence (bottom) changes in FS upon the addition of various anions in a acetonitrile—water (v/v = 1:1, 10 mM HEPES,

pH 7.0) solution.
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Fig. 3 Emission spectra of FS (10 uM) in acetonitrile—water (v/v = 1:1,
10 mM HEPES, pH 7.0) solution upon the addition of 0-2 mM of F~. The
excitation wavelength was 465 nm. The incubation time was 180 minutes.
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Fig. 4 Time-course measurement of the fluorescence response of FS
(10 uM) to F~ (1 mM). The excitation wavelength was 465 nm.

Scheme 2 The reaction mechanism of FS and F.
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in equimolar quantities yields the chemosensor FS (Scheme 1).
FS is yellow and has an absorption band centered at 465 nm
with a quantum yield (@) of 0.001.

3.2 Anion-sensing properties

To evaluate the selectivity of the chemosensor FS toward
various anions, absorption spectra and fluorescence spectra
of FS were measured in the presence of 12 anions: F, Br~, Cl,
CN~, H,PO,~, HSO;~, 1", N;~, NO,~, NO;~, OAc™, and P,0,*~
(Fig. 1). Only F~ caused a visible color change in FS (yellow to
green) and had a green emission (Fig. 1). Fig. 2 shows the
absorption spectra and fluorescence spectra of FS with various
anions. Addition of F~ caused the absorption band at 465 nm to
shift to 483 nm and formation of a new emission band centered
at 521 nm. Fig. 3 shows the titration of F~ with the chemosensor
FS. After addition of 100 equivalents of F~, the emission intensity
reached a maximum. The quantum yield of the new emission
band was 0.146, which is 146-fold that of the chemosensor FS at
0.001. The fluoride ion was the only anion that we tested that
readily reacted with FS to yield a significant fluorescence
enhancement, suggesting the possibility of application for the
highly selective detection of F~ ions. The limit of detection for the
chemosensor FS as a fluorescent sensor for F~ detection was
determined from a plot of fluorescence intensity as a function
of F~ concentration (see Fig. S7 in the ESIt). We found that the
chemosensor FS has a limit of detection of 1.45 pM, which is
reasonable for the detection of micromolar concentrations of
F~ ions.

The time course for the reaction of the chemosensor FS with
fluoride is shown in Fig. 4. The pseudo-first-order condition
(10 utM FS, 1 mM F ™) was employed. By fitting the time course, the
observed rate constant for F~ deprotection of FS was found to be
0.0155 min~'. The mechanism of fluoride-mediated desilylation
is shown in Scheme 2. F~ triggers the cleavage of the Si-O bond
in FS, and then phenol attacks the cyano group to form a cyclic
coumarin derivative with a strong green emission. To confirm the

/J
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Fig. 5 'H NMR spectral change of the reaction of FS with NaF in CDCls.

formation of the coumarin ring through the reaction of FS with
NaF, '"H NMR spectroscopy (Fig. 5) was employed. After the
reaction with F~, the imine proton (6 8.88 ppm, Hg) of FS showed
upfield shifts due to the formation of a cyclic coumarin derivative.
The proton signals (H, and Hp) in the phenyl ring showed
downfield shifts after the reaction. These observations support
the formation of the coumarin ring.

To study the influence of other anions on the reaction of
F~ with the chemosensor FS, we performed competitive experi-
ments with other anions (1 mM) in the presence of F~ (1 mM)
(Fig. 6). The observed fluorescence enhancement for mixtures
of F~ with most anions was similar to that seen for F~ alone.
We observed high fluorescence enhancement only with mixtures

1000 Il FS + anion
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c
S 600 — M
©
P
‘@ 400
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Fig. 6 Fluorescence response of chemosensor FS (10 pM) to F~ (1 mM) or
1 mM of other anions (the black bar portion) and to the mixture of other
anions (1 mM) with 1 mM of F~ (the gray bar portion) in acetonitrile—water
(v/v =1:1, 10 mM HEPES, pH 7.0) solution.
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of F~ with CN™~ or P,0,", indicating that CN~ and P,0," might
aid the reaction of F~ with the chemosensor FS. No other anions
appeared to interfere with the fluorescence of the chemosensor
FS and F~.

We performed pH titration of the chemosensor FS to inves-
tigate a suitable pH range for the reaction of F~ with the
chemosensor FS. As shown in Fig. 7, the emission intensities
of the chemosensor FS are very low. After mixing of FS with F~
in the pH range 7-10, the emission intensity at 521 nm rapidly
increases to a maximum. At pH < 6, the enhanced emission
does not occur because of protonation of F~, preventing fluoride-
mediated desilylation.

30004 A FS 0O
O FS+F Ogd
€ 20004 [
© =
2 1000 0
5
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ol ANONCOAAAAAAAAA

3 4 5 6 7 8 9 10
pH

Fig. 7 Fluorescence response of free chemosensor FS (10 pM) (A) and
after addition of F~ (1 mM) (O) in acetonitrile—water (v/v = 1:1, 10 mM
buffer, pH 3-4: PBS, pH 4.5-6: MES, pH 6.5-8.5: HEPES, pH 9-10: Tris-HCl)
as a function of different pH values. The excitation wavelength was 465 nm.
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3.3 Cell imaging

Finally, the potential of the probe FS for imaging F~ in living
cells was investigated. First, an MTT assay with a RAW264.7 cell
line was used to determine the cytotoxicity of FS. The cellular
viability was estimated to be greater than 80% after 24 h, which
indicates that FS (<30 mM) has low cytotoxicity (Fig. 8).
Furthermore, images of the cells were obtained using a con-
focal fluorescence microscope. The cells were then incubated
with the chemosensor FS (20 uM) for 30 min and then washed
with PBS to remove any remaining sensor. Images of the
RAW 264.7 cells were obtained by using a confocal fluorescence
microscope. Fig. 9 shows images of RAW 264.7 cells with the
chemosensor FS after treatment with F~. An overlay of fluores-
cence images and bright-field images shows that the fluores-
cence signals are localized in the intracellular area, indicating
subcellular distribution of F~ and good cell-membrane perme-
ability of the chemosensor FS.
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Fig. 8 Cell viability values (%) estimated by an MTT assay versus incuba-

tion concentrations of FS. RAW264.7 cells were cultured in the presence of
FS (0-25 pM) at 37 °C for 24 h.

Bright field

Fluorescence

FS

FS+F

Fig. 9 Fluorescence images of macrophage (RAW 264.7) cells treated
with FS and NaF. (left) Bright field image; (middle) fluorescence image; and
(right) merged image.
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4. Conclusion

In conclusion, we have reported a coumarin-based fluorescent
chemosensor FS for F~ sensing that exhibits a turn-on response
both in vitro and in live cells. The detection of F~ is achieved
through significant fluorescence enhancement resulting from
the fluoride-mediated desilylation. This probe displays high
selectivity and sensitivity toward F~ over other anions in aqueous
solutions. Most importantly, the chemosensor FS may have appli-
cation in fluorescence imaging of living cells. This coumarin-based
F~ chemosensor provides an effective probe for F~ sensing.
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