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In this study, we have designed and synthesized a new near-infrared (NIR) fluorescent probe (BODIPY-Se) to detect fluorine ions
(F7) using a B-Se bond to connect the fluorescent dye BODIPY and benzotrifluoride. The probe exhibited a highly selective fluo-
rescence response to F~ with a detection limit of 7.4 x 10~° mol/L. The excitation and emission spectra of the probe in the NIR
region avoid background fluorescence interference present in biological systems. The fluorescent imaging of HepG2 cells demon-
strated that the newly developed probe should be broadly applicable to detect F~ in living cells.
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F~, the smallest anion, is an indispensable trace element for
the survival of organisms. Appropriate amounts of fluoride
can be used in osteoporosis treatment [1-3] and the preven-
tion of dental caries [4]. However, excess F~ results in
fluorosis and renal, gastrointestinal and immunological tox-
icity [5], such as dental fluorosis, crippling fluorosis, im-
pairment of the immune system, inhibition of key enzymes,
neurotoxicity and a reduction in IQ [6]. In addition, fluoride
causes changes in collagen and the metabolism of glycosa-
minoglycans (GAG), the main substance of connective tis-
sue [7]. Although, the structural chemistry of fluoride is
well understood, many questions related to fluoride homeo-
stasis and its action in biological systems remain unan-
swered. It is appealing to make fluoride “visible” in tissues
and even in living cells.

Therefore, there is a need to develop highly sensitive and
specific fluorescent probes that can be applied in the detec-
tion of cellular F~. Several types of molecular probes have
been reported for fluoride detection, including probes that
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hydrogen bond between the N—H of a urea or pyrrole group
and the fluoride ion [8,9]. Solvent effects play a crucial role
in controlling the binding strength and selectivity for F~. On
the other hand, there have been a few reports regarding F~
detection using unique fluoride-boron [10-19] and fluoride-
silica [20-22] interactions. To improve the sensitivity of the
fluoride-induced-lactonization detection scheme, a semi-
conductor polymer that amplifies the response has been
proposed [22]. However, this polymer is essentially mem-
brane impermeable thereby making it unsuitable for moni-
toring intracellular fluoride levels.

Many BODIPY products involving the substitution of
fluorine have been synthesized in recent years [23-27]. Us-
ing this strategy, one of the fluorine atoms on the BODIPY
dye is replaced with a selenium atom. Using a B—Se bond to
connect BODIPY and benzotrifluoride, a near-infrared
probe BODIPY-Se was successfully synthesized. The fluo-
rescence is quenched because of photoinduced electron
transfer (PET). The B—Se bond of the probe is cleaved when
reacting with the nucleophilic F~ to yield BODIPY (Scheme
1). Here, we report the design, synthesis, and application of
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Scheme 1 The reaction of BODIPY-Se with a fluorine ion.

the novel NIR fluorescent probe for F~ detection. The re-
sults show that the probe has excellent selectivity and sensi-
tivity. The imaging of F~ in living cells indicates that the
developed probe should be useful for high-throughput F~
screening in living cells.

1 Experimental

1.1 Materials and apparatus

m-Trifluoromethylphenyl bromide was purchased from Alfa
Aesar. All other chemicals were obtained from standard
reagent suppliers and of analytical-reagent grade. Ultrapure
water (18.2 MQ cm) was used throughout and obtained
from an ultrapurification system (Sartorius, Gottingen,
Germany). Fluorescence spectra were obtained with an
FLS-920 fluorescence spectrometer (Edinburgh, England)
with a xenon lamp and 1.0-cm quartz cells with slits of 2.5/
2.5 nm. All pH values were measured with a pH-3¢ digital
pH-meter (PB-21, Sartorius, Géttingen, Germany). 'H NMR
spectra were acquired on an AVANCE 300 spectrometer
(Bruker, Switzerland). The fluorescence images of the cells
were taken using a confocal laser scanning microscope
(TCS SPE, Leica, Wetzlar, Germany) with an objective lens
(x40) and the excitation wavelength was 633 nm (10 mW).

1.2 Synthesis of the fluorescent probe

(i) Synthesis of BODIPY. The synthetic route of

Br
CH3CH20H
+
NaOH Br DEA

NH4OAc BF3- OEt2 DIEA
CH30H20H = CH20|2
N\

Scheme 2 Synthetic route of BODIPY.
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BODIPY is shown in Scheme 2. The main products were
characterized by NMR spectroscopy.

Synthesis of 3-(4-bromo-phenyl)-1-phenyl-propenone
(a): 4-bromobenzaldehyde (3.7 g, 20 mmol), acetophenone
(2.8 g, 23 mmol) and sodium hydroxide (2.0 g) were dis-
solved in 23 mL H,O and 40 mL ethanol, and the mixture
was stirred at room temperature for 24 h. During the course
of the reaction, the product precipitated from the reaction
mixture. After filtration, the product was obtained as a
yellow solid. m.p. 117-119°C; 'H NMR (300 MHz, CDCls)
0 8.03-8.01 (d, 2H), 7.78-7.72 (d, 1H), 7.48-7.61 (m, 8H);
IR (KBr disc) cm™": 1658.

Synthesis of 3-(4-bromophenyl)-4-nitro-1-phenyl-butan-
1-one (b): a(8.0 g, 28 mmol), nitromethane (9.6 g) and di-
ethylamine (8.0 mL) were dissolved in dry methanol (100
mL) and heated under reflux for 24 h. The solution was
cooled, acidified with 1 mol/L HCI and the resulting preci-
pitate was isolated by filtration. The product b was obtained
as a yellow solid. m.p. 90-92°C; 'H NMR (300 MHz,
CDCly) 0 7.93-7.90 (d, 2H), 7.62—7.57 (m, 1H), 7.47-7.45
(m, 4H), 7.11-7.19 (m, 2H), 4.83—4.53 (m, 2H), 4.26—4.19
(m, 1H), 3.49-3.42 (m, 2H); IR (KBr disc) cm™": 1684.

Synthesis of [3-(4-bromophenyl)-5-phenyl-1H-pyrrol-
2-y1][3-(4-bromophenyl)-5-phenylpyrrol-2-ylidene] amine
(¢): b(3.0 g, 8.6 mmol) and ammonium acetate (23 g) were
dissolved in ethanol (100 mL) and heated under reflux for
48 h. The reaction was cooled to room temperature, the
solvent was concentrated to 20 mL and filtered, and the
isolated solid was washed with ethanol to yield the product
c as a purple solid.

Synthesis of the BF, chelate of [3-(4-bromophenyl)-5-
phenyl-1H-pyrrol-2-yl][3-(4-bromophenyl)-5-phenylpyrrol-
2-ylidene]amine (d): ¢(0.47 g, 0.77 mmol) was dissolved in
dry CH,Cl, (150 mL), treated with triethylamine (4 mL) and
boron trifluoride diethyl etherate (2 mL), and stirred at room
temperature under Ar for 36 h. The mixture was washed
with water. Purification by column chromatography on
silica eluting with CH,Cl,/petroleum ether (2:3) gave the
product d as a metallic brown solid. 'H NMR (300 MHz,
CDCly) 6 8.04 (m, 4H), 7.93-7.91 (d, 4H), 7.64-7.60 (d,

NO,
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0
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4H), 7.51-7.53 (m, 6H), 7.04 (s, 2H); IR (KBr) cm™': 1543.
(i1) Synthesis of the fluorescent probe. The synthetic
route of BODIPY-Se is shown in Scheme 3.

Synthesis of 3,3'-bis(trifluoromethyl) diphenyl diselenide
(e): A three-neck round-bottomed flask was fitted with a
reflux condenser, a dropping funnel and an argon inlet tube.
M-trifluoromethylphenyl magnesium bromide was prepared
using 2.7 mL (19.5 mmol) of m-bromobenzotrifluoride,
0.48 g (25 mmol) of magnesium turnings, and 20 mL of dry
tetrahydrofuran. After stirring for 2 h at room temperature,
1.52 g (19.3 mmol) of powdered black selenium was added
gradually over a 10 min period through the side arm. It is
important to avoid the introduction of oxygen during this
operation. After stirring for an additional 4 h, 20 g of ice
was slowly added to the flask followed by 4 mL of concen-
trated HCl and 20 mL of methanol. Air was bubbled
through the sample for 24 h. The mixture was treated with a
separatory funnel and the organic phase was treated by re-
moving the solvent in vacuo. Distillation of the residue gave
the diselenide product as an orange liquid. '"H NMR (300
MHz, CDCl;) ¢ 7.91 (s, 2H), 7.80-7.78 (d, 2H), 7.54-7.52
(d, 2H), 7.41-7.39 (q, 2H).

Synthesis of 3-trifluoromethyl diphenyl selenol (f): e
(0.224 g, 0.5 mmol) was dissolved in 6 mL of ethanol which
contained 0.02 g NaOH and was stirred at 0°C. Subse-
quently, 0.038 g (10 mmol) NaBH, was added while stirring
the reaction mixture. The mixture was allowed to reach
room temperature, during which the color of the solution
changed from orange to colorless. Concentrated HCl was
added until the pH reached 67 and the mixture was cooled
to 0°C. The mixture was treated with a separatory funnel
and the organic phase was treated by removing the solvent
in vacuo.

Synthesis of BODIPY-Se: A three-neck round-bottomed
flask was fitted with a reflux condenser and an argon inlet
tube. Selenol (f) and 18 mg (0.75 mmol) sodium hydride
was dissolved in 6 mL of CH,Cl,. After stirring for 2 h at
room temperature, 0.05 g BODIPY was added gradually
and the solution was stirred for an additional 12 h at 40°C.
Purification by column chromatography on silica eluting
with CH,Cly/petroleum ether (3:1) gave the product

Br MgSe
Mg, Se [O]
CF, CF,
NaBH, 1.NaH
C,HsOH SeH 5 BoDIPY
—_—
HCI T ChoCl
CFs

Scheme 3  Synthetic route of BODIPY-Se.
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BODIPY-Se as a green solid. '"H NMR (300 MHz, CDCly) 6
8.49 (m, 2H), 8.11 (m, 2H), 7.95-7.92 (d, 2H), 7.64-7.59
(m, 8H), 7.48 (d, 4H), 7.42 (d, 4H), 7.32 (s, 2H).

1.3 Cell culture and confocal imaging

The human hepatoma cell line (HepG2) was first grown in a
circular petri dish (60 mm) using RPMI 1640 medium supp-
lemented with 10% fetal bovine serum (FBS), NaHCO;
(2 g/L) and 1% antibiotics (penicillin/streptomycin, 100
U/mL). When the cells reached 80% confluence, they were
transferred from the petri dish and cultured directly on
sterile coverslips, which were rinsed and dried in a circular
petri dish (35 mm). The cells (0.1 mL, 1 x 10° cells/mL)
were carefully added onto each coverslip to ensure uniform
coverage and allowed to adhere onto the coverslips. The
same cell medium was then added to cover the coverslips in
petri dishes, which were placed in a CO, incubator and
maintained under the same conditions for 24 h. The cells
were incubated with or without F~ (1.0 umol/L) for 1 h and
1.0 umol/LL probe was subsequently added and the cells
were incubated for 1 h. Before the imaging was performed,
the cells were washed with PBS three times after the origi-
nal medium had been removed. Confocal fluorescence im-
ages were obtained on a confocal laser scanning microscope
with an objective lens (x40). The excitation wavelength was
633 nm.

2 Results and discussion

2.1 Spectra properties

The spectral properties of BODIPY-Se were tested. Figure 1
shows the excitation and emission spectra of BODIPY-Se
before and after its reaction with F~ in PBS buffer. A no-
ticeable increase of the fluorescence intensity appeared after
the probe reacted with F~. The fluorescence spectra, Ay, of
the excitation and emission of BODIPY-Se are positioned at
660 and 690 nm respectively. These wavelengths should
effectively avoid background fluorescence interference
arising from biological systems.
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Figure 1 Excitation and emission spectra of BODIPY-Se before and after
its reaction with F™. (a) and (b) are the excitation and emission spectra of
BODIPY-Se before its reaction with F~, respectively. (c) and (d) are the
excitation and emission spectra of BODIPY-Se after its reaction with F~,
respectively. Aex, o) = 660 nm, Aemp, )= 690 nm.

2.2 Optimization of the experimental variables

To optimize detection, the effects of particular experimental
variables were determined during the reaction of BODIPY-
Se and F.

() Effect of pH. In the experiment, the pH of the me-
dium has a significant effect on the fluorescence intensity of
the probe. The fluorescence intensity was detected in the
PBS buffer with different pH values. As shown in Figure 2,
pH 7.4 was appropriate to detect F~. To obtain higher sig-
nal-to-noise values, PBS buffer (pH 7.4, which matches
physiological conditions) was employed throughout the
analytical experiments.

(ii) Effect of the PBS concentration. The effect of the
PBS concentration was examined. As show in Figure 3, the
fluorescence intensity reached a maximum intensity at 5.0
mmol/L. Consequently, 5.0 mmol/LL. PBS was considered
suitable for the experiments.

(iii) Effect of probe concentration. The accuracy and

210 -

180 -

150 -

120

Fluorescence intensity (a.u.)

b i v 1)
6.8 7.0 7.2 7.4 7.6 7.8

pH

Figure 2 The effect of pH on the fluorescence intensity of the probe. The
addition sequence of the reagents: probe solution (1.0 pmol/L), PBS buffer
solution (pH 6.8, 7.0, 7.2, 7.4, 7.6 and 7.8) and KF (1.0 umol/L).
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Figure 3 The effect of the PBS concentration on the fluorescence inten-
sity of the probe. The addition sequence of the reagents: probe solution (1.0
umol/L), PBS buffer solution (pH 7.4, 1.0, 3.0, 5.0, 7.0 and 9.0 mmol/L)
and KF (1.0 umol/L).

sensitivity was also affected by the concentration of the
probe. The results presented in Figure 4 show that when
probe concentration was less than 1.0 umol/L, the fluores-
cence intensity increased with increasing concentration of
the probe. The fluorescence intensity reached a maximum
when the probe concentration ranged between 1.0 to 1.2
umol/L, and the intensity decreased at probe concentra-
tions > 1.2 umol/L. Thus, a probe concentration of 1.0
umol/L was used in the experiments.

2.3 Optical responses to F~

When BODIPY-Se (1.0 umol/L) reacted with F~ at different
concentrations, good linearity was observed between the
fluorescence intensity and the concentration of F~ over the
range of 0.10 to 1.0 pmol/L (Figures 5 and 6). The regres-
sion equation was F = 118.12 + 72.23 [F] (107° mol/L),
with a linear coefficient efficient of 0.9918. The detection
limit was 7.4 x 10~ mol/L.
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Figure 4 The effect of the probe concentration on the fluorescence inten-
sity of the probe. The addition sequence of the reagents: Probe solution
0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6 and 1.8 pmol/L), PBS buffer solution (pH
7.4,5.0 mmol/L) and KF (1.0 umol/L).
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Figure 5 Emission spectra of BODIPY-Se after reacting with F~ at diffe-
rent concentrations. The addition sequence of the reagents: probe solution
(1.0 pmol/L), PBS buffer solution (pH 7.4, 5.0 mmol/L) and KF (0.10, 0.40,
0.50, 0.70, 0.80, 1.0 pmol/L).
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Figure 6 The linear relation between fluorescence intensity and the con-
centration of F~ in the range of 0.10 to 1.0 pmol/L.

2.4 Evaluation of the selectivity of the probe

On account of the complexity of the intracellular environ-
ment, we examined whether other anions could potentially
interfere with the F~ measurements. BODIPY-Se showed a
strong response toward F~ and negligible responses toward
other anions (C,0,>, NO,", NO5, I, HCO;", Br, CO;™,
CI', CN", SO4%) (Figure 7). Therefore, this probe can detect
intracellular F~ without interference from other biologically
relevant analytes.

2.5 Kinetic assay

A kinetic assay of the probe was performed. As shown in
Figure 8, the probe reacted with F~ in 30 min and the fluo-
rescent intensity was stable after 50 min. These results
demonstrate that the probe is stable in solution and com-
pletely reacts with F~ in ~30 min. The fluorescent intensity
was stable after 50 min.

Figure 7 Fluorescence responses of BODIPY-Se toward F~ and other
anions. Black bars represent the addition of the fluorine ion (1.0 umol/L) or
other anions (1.0 mmol/L) to the BODIPY-Se solution (1.0 umol/L). Grey
bars represent the addition of the fluorine ion (1.0 umol/L) plus other
anions (1.0 mmol/L) to the BODIPY-Se solution (1.0 umol/L).
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Figure 8 Time course of the fluorescence response of BODIPY-Se to F~.
The addition sequence of the reagents: probe solution (1.0 pmol/L), PBS
buffer solution (pH 7.4, 5.0 mmol/L) and KF (1.0 pmol/L).

2.6 Confocal imaging

To test the capability of BODIPY-Se in imaging F~ in living
cells, BODIPY-Se was added to human hepatoma cells
(HepG2). After incubation with BODIPY-Se (1.0 umol/L)
for 1 h, HepG2 cells showed weak fluorescence. However,
when incubated with F~ (1.0 umol/L) for 1 h, and then in-
cubated with the probe (1.0 pmol/L) for 1 h, HepG2 cells
showed a clear increase in the intracellular fluorescence
intensity (Figure 9). The bright-field images confirmed that
the cells were viable throughout the imaging experiments.
The results clearly demonstrated that BODIPY-Se was able
to sense the differences in F~ concentrations in HepG2 cells.
Confocal microscopic imaging of HepG2 cells reveals that
the probe is cell-permeable and responsive toward intracel-
lular F.
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Figure 9 Confocal fluorescence images of living HepG2 cells. (a) Incu-
bated with the probe (1.0 umol/L) for 1 h; (b) incubated with F~ (1.0
pumol/L) for 1 h and then incubated with the probe (1.0 pmol/L) for 1 h; (c)
and (d) represent the bright field images of (a) and (b), respectively.

3 Conclusions

In this report, we have designed and synthesized a novel
fluorescent probe (BODIPY-Se) based on a Se-B bond.
Selective detection of F~ in the near infrared range was rea-
lized because of the strong nucleophilicity of F~. Good lin-
earity between fluorescence intensity and the concentration
of F~ was observed, and the limit of detection of the method
reached 7.4 x 10™® mol/L. Real-time imaging of F~ in living
cells was also successfully achieved. This probe should be
suitable for the detection and quantification of F~ in biolog-
ical systems.
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