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A new fluorescent boron dipyrromethene (Bodipy) derivative 1 containing a di(2-picolyl)amine group as
a binding site for Cu?* was synthesized and characterized. Compound 1 behaves as an “on-off” fluores-
cent sensor for highly selective and sensitive detection of Cu2* ions. The selective interaction between
compound 1 and Cu?* leads to formation of a 1-Cu?* complex, associated with quenching of the fluo-
rescence of 1. An investigation into the detection of biothiols shows that the 1.Cu?* complex has better
recognition for glutathione than cysteine and homocysteine in CH3OH-HEPES (1:1, v/v) buffer solu-
tion at pH 7.4 (HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid). In addition, fluorescence
images obtained via confocal microscopy reveal that compound 1 exhibits excellent selectivity and high
sensitivity for Cu?* under physiological conditions and in living cells.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Metal ions and biological thiols (biothiols) containing peptides
and amino acids play essential roles in many antioxidant defense
mechanisms of biological systems. For this reason the design of
selective and sensitive sensors for the detection and recognition
of important biological metal ions and amino acids has attracted
considerable attention [1-3]. In particular, glutathione (GSH), is
a particularly abundant biothiol and a basal endogenous antiox-
idant, which plays an important role in defending cells against
toxins and free radicals [4]. Cellular deficiency of GSH has been
linked to ailments such as cancer, premature aging, and car-
diovascular diseases [5,6]. Changes in the level of expression of
cysteine (Cys)/homocysteine (Hcy) amino acids are involved in
many diseases [7,8]. Thus, the significant biological role of bio-
thiols, especially GSH, motivates efforts to find efficient methods
for the detection of GSH both in vitro and in vivo [9-15]. Boron
dipyrromethene (Bodipy)-based dyes are useful materials that
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have many properties, such as relatively high fluorescence quan-
tum yields and molar absorption coefficients, narrow emission
bandwidths with high peak intensities, good solubility, excel-
lent stability toward light and chemicals, and excitation/emission
wavelengths in the visible spectral region (>500nm) [16]. Bodipy
dyes are therefore well suited for applications in fluorescence based
biological sensing.

Although there are some reports of Bodipy dyes used for biothiol
sensing, most detection methods are based on covalent interac-
tions between the fluorophore and biothiols [17-21], which feature
long response times. However, for real-time detection of bioth-
iols, non-covalent interactions may be more effective in these
sensing platforms. Owing to the strong affinity of biothiols for Cu?*,
the addition of biothiols into a non-emissive system containing
a fluorophore-Cu?* complex may induce a change in the binding
interaction of Cu?* within the complex [22]. This interaction may
release free fluorophores, and induce changes in the fluorescence
intensity and/or color of the complex [3]. In this context, we report
a Bodipy-based compound consisting of a Bodipy fluorophore and
a di(2-picolyl)amine (DPA) binding moiety, and its application as
a metal ion sensor. The compound exhibits a rapid “on-off” type
spectroscopic response: non-emissive in the presence of Cu2* ions,
switching on through recovery of fluorescence in the presence of
biothiol-containing amino acids and peptides. The most interesting
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aspect of this new compound is that it exhibits a high selectivity
and sensitivity for Cu2* under physiological conditions and in living
cells.

2. Experimental
2.1. General information

All start materials were obtained from commercial sources,
and used as-received without further purification unless otherwise
stated. The "H NMR spectra were measured on a Bruker instrument
operating at a 'H frequency of 400 MHz at 298 K. Chemical shifts (8,
ppm) were referenced to tetramethylsilane for 'H. The ESI-MS data
were obtained with an APEX Il Model FT-ICR mass spectrograph.
Absorption spectra were recorded using a Hitachi U-3010 scanning
spectrophotometer, and the emission spectra of the solutions were
measured using a Hitachi F-4500 fluorescence spectrophotometer
at room temperature. The fluorescence quantum yield in solution
was measured by a relative method against quinine sulfate in a
sulfuric acid aqueous solution (Aex =345 nm, &5 =0.546) at room
temperature.

2.2. Determination of dissociation constant

The dissociation constant K; was determined based on the fluo-
rometric titration curve of the complex between 1 and Cu?* in
10 mM of CH30H-HEPES (1:1, v/v) buffer solution at pH 7.4 at 25 °C.
The dissociation constant, Ky, was calculated by nonlinear fitting of
Eq. (1) to the fluorescence data as a function of the [Cu?*] yield
values of F, Fmax, and Fyi, [23].

(Fmax — F)[Cu2+]
(F — Fmax)
In Eq. (1), Fis the fluorescence signal of [Cu?*], and Fy,j, and Fmax

denote the fluorescence signals at minimal and maximal [Cu?*],
respectively.

Ky = (1)

2.3. Fluorescence bioimaging

The sensitivity of 1 to Cu?* in human lung adenocarcinoma
epithelial cells was investigated using confocal microscopy. Fluo-
rescence images were recorded with excitation by a 488-nm diode
laser, using a Spinhole aperture, an oil-objective lens with 60 times
magnification, 1.40 NA, and 100% detector gain. The A549 cells were
incubated with compound 1 (5.0 wM) in phosphate-buffered saline
(PBS) for 30 min at 37 °C. Experiments for Cu2* uptake were carried
out over 30 min in the same medium, supplemented with 25 uM
of CU(C]O4 )2.

2.4. Synthesis and characterization

2.4.1. Synthesis of compound 2
4,4-Difluoro-8-(4-aminophenyl)-1,3,5,7-tetramethyl-2,6-

diethyl-4-bora-3a,4a-diaza-s-indacene (3) was prepared by
procedures given in the literature [24]. A solution of 3 (0.514¢g,
1.3 mmol) with potassium carbonate (0.1g, 0.7 mmol) in CH,Cl,
(50mL) was stirred for 15min in an ice bath, at which point
chloroacetyl chloride (0.17g, 1.5mmol) was added dropwise,
and the solution was stirred at room temperature for 24 h. The
resulting reaction mixture was filtrated to remove potassium
carbonate. The organic layer was dried over Na,SO,4 and filtered.
The solvent was evaporated to give the crude product, which
was purified by column chromatography over a silica gel col-
umn using petroleum ether (boiling range 60-90°C) and ethyl
acetate (5:1, v/v) as the eluent. Recrystallization of the product

from a dichloromethane/diethyl ether solution afforded a pale
yellow solid powder crystal. Yield: 0.37 g (60%). 'H NMR (400 MHz,
DMSO0): §10.53 (s, 1H), 7.79(d, 2H,J=8.4Hz),7.31(d, 2H,J=8.4 Hz),
4.30 (s, 2H), 2.43 (s, 6H), 2.29 (q, 4H,J=7.4Hz), 1.30 (s, 6H), 0.94 (t,
6H, J=7.5Hz).

2.4.2. Synthesis of compound 1

Compound 2 (0.471g, 1.0mmol) with potassium carbonate
(0.138 g, 1.0 mmol), potassium iodide (0.166g, 1.0 mmol) in THF
(50mL) was stirred for 15min, then dipicolylamine (0.242g,
2.4 mmol) was added dropwise under a nitrogen atmosphere. The
reaction mixture was refluxed for 24 h. The resulting solution was
filtered and evaporated in vacuum to produce the Bodipy-DPA
crude product, which was purified by column chromatography
over a silica gel column using petroleum ether and ethyl acetate
(1:1, v/v) as the eluent. Recrystallization of the product from
a dichloromethane/diethyl ether solution afforded red prismatic
crystals. Yield: 0.37 g (50%). 'H NMR (400 MHz, DMSO): § 10.73 (s,
1H),8.58(d,2H,J=4.4Hz),7.86(d,2H,]=8.4Hz),7.76 (td, 2H,] = 7.6,
1.5Hz), 7.48 (d, 2H, J=7.7 Hz), 7.29 (dd, 4H, J=10.5, 4.3 Hz), 3.96 (s,
4H),3.51(s,2H), 2.43(s,6H),2.30(q,4H,J=7.3Hz), 1.32(s,6H),0.94
(t, 6H, J=7.5Hz). 13C NMR (101 MHz, DMSO-dg) § 169.72, 158.43,
152.99, 148.98, 140.49, 139.43, 138.10, 136.67, 132.40, 130.22,
129.22, 128.59, 123.13, 122.30, 119.22, 59.61, 57.97, 16.38, 14.48,
12.19, 11.53. '9F NMR (376 MHz, DMSO-dg) § —142.84, —143.01.

2.5. X-ray crystallography

A crystal of compound 1 suitable for X-ray structure analysis
was obtained by slow evaporation of diethyl ether into a solution of
complex 1 in dichloromethane. The diffraction data were collected
on a Rigaku Saturn diffractometer using a graphite monochroma-
tor with Mo-Ka radiation (A =0.071073 nm) at 113 K. The structure
was solved by direct methods and refined by full-matrix least-
squares methods on all F2 data (SHELX-97) [25].

3. Result and discussion
3.1. Synthesis and characterization

The Bodipy-based derivative 1 was obtained from 5-
(chloroacetamido)-Bodipy-based 2, which was prepared by
reacting 4,4-difluoro-8-(4-aminophenyl)-1,3,5,7-tetramethyl-2,6-
diethyl-4-bora-3a,4a-diaza-s-indacene and chloroacetyl chloride,
with the DPA moiety used as a metal ion sensor (Scheme 1)
[26,27]. Compounds 1 and 2 were characterized by 'H nuclear
magnetic resonance (NMR), 13C NMR and '9F NMR spectroscopy,
and electrospray ionization mass spectrometry (ESI-MS) (see
Supporting Information). A previous report demonstrated that a
compound similar to compound 1, without a carbonyl group, could
be used as a fluorescence probe for Zn2* [28]. In the present study,
the introduction of a carbonyl group into the molecule of 1 may
enhance the binding selectivity for Cu2* [29].

Nily HN JJ\/ a

cic,cocl Di-(2-picalyl)amine

K,CO;, CHyCly KI, K,COj. THF

Scheme 1. Preparation of compound 1.
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Fig. 1. Perspective view of compound 1 with atom-labeling scheme. Hydrogen
atoms and solvent molecules are omitted for clarity.

The X-ray structural analysis of 1 is shown in Fig. 1. Full crystal-
lographic data and details on data collection and refinement can be
found in the Electronic Supporting Information. The X-ray crystal-
lographic analysis of the compound reveals that the Bodipy moiety
exhibits a planar arrangement of the dipyrrin group, and the boron
center adopts a slightly distorted tetrahedral coordination. The
average B-N and B-F distances of 1.534(7) and 1.399(6) A, respec-
tively, fall within normal limits. The corresponding F(1)—B(1)—F(2),
N(5)—B(1)—N(6), and N(5)—B(1)—F(1) bond angles are 108.8(4)°,
107.7(3)°, and 110.1(4)°, respectively.

3.2. Photoluminescence

Compound 1 exhibits a strong visible absorption band with Amax
at 522nm (¢=76,958 M~ cm~1) in 10 mM of CH3OH-HEPES (1:1,
v/v) buffer solution at pH 7.4, and displays a bright green fluores-
cence in solution with an emission peak at 539 nm upon excitation
at526 nm (Pg =0.42).In the presence of 10 equiv. of metal ions such
as Zn%*, Pb%*, Na*, Mn?*, Mg?*, Li*, Hg?*, Fe3*, FeZ*, Cd?*, AI3*, and
Ag?*, slight changes in the fluorescence emission intensity were
observed except in the cases of Ni2* and Co2* (Fig. 2). However,
Cu?* ions, cause the greatest fluorescence quenching of compound
1. Ata 1:1 molar ratio of 1 and Cu?*, the fluorescence of compound
1 was almost completely quenched by the Cu2*, with a quenching
efficiency 0f 0.98 ((Ip — I)/Io x 100% =98%). The selective recognition
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Fig. 2. Fluorescence spectra of compound 1 (5.0 x 10-6 M) with addition of var-
ious metal ions in 10mM of CH3;OH-HEPES (1:1, v/v) buffer solution at pH 7.4
(Aex =526 nm).
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Fig. 3. Fluorescence spectra of compound 1 (5.0 M) in the presence of various
metal ions with or without Cu?* in 10 mM of CH3 OH-HEPES (1:1, v/v) buffer solution
at pH 7.4 (Aex =526 nm).

of compound 1 toward Cu?* is not affected by the presence of other
interfering cations.

The fluorescent behavior indicates that the interaction 1 with
Cu?* is more effective for quenching the excited state than with
other interfering cations (Fig. 3) [30-42].It is particularly important
to ensure there is no disruption of the detection of Cu?*, by Mg?*,
Na*, and K*, because these three metal ions exist in high concentra-
tions under physiological conditions. The results of the titration of
1 at increasing concentrations of Cu%* in a CH3OH-HEPES solution
demonstrate that the fluorescence intensity gradually decreases
and then remains constant after addition of 1 equiv. of Cu2* (Fig. 4),
indicating the formation of a 1.Cu?* complex. In addition, investi-
gations using electrospray ionization mass spectrometry showed
the system containing compound 1 emits two ESI/MS signals at
m/z=348.7 and 796.1, which can be ascribed to [1+Cu]?* and
[1+Cu+(ClO4)]*, respectively (Fig. S1). This is consistent with the
formation of a 1:1 stoichiometric 1.-Cu?* complex in 10mM of
CH3OH-HEPES (1:1, v/v) buffer solution at pH 7.4. The dissocia-
tion constant K is calculated as 7.56 x 10~% M from the changes of
the fluorescence intensity via nonlinear fitting of the fluorometric
titration data shown in Fig. 4.

Using ethylenediaminetetraacetate (EDTA) as a chelator of
metal ions, Cu2* jons can be bound away from 1-Cu?* complex to
release compound 1. When EDTA is added to the 1-Cu2* solution
compley, it is found that the fluorescence intensity is significantly
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Fig.4. Fluorescence titration of 1 with various concentrations of Cu2* ions in 10 mM
of CH3OH-HEPES buffer solution at pH 7.4 ([1]=5.0 uM, Aex =526 nm).
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Fig. 5. Fluorescence intensity changes I/l of the 1-Cu?* complex (5.0 wM) in 10 mM
of CH3;OH-HEPES (1:1, v/v) buffer solution at pH 7.4 after the addition of 100 wM of
various amino acids (Aex =526 nm): 1. None; 2. Phe; 3. Ala; 4. Gly; 5. Glu; 6. Gln; 7.
Met; 8. Arg; 9. Lys; 10. Tyr; 11. Leu; 12. Pro; 13. Trp; 14. Ser; 15. Thr; 16. Asp; 17.
Asn; 18. Val; 19. lle; 20. His; 21. Na,S; 22. Cys; 23. Hcy; 24. GSH.

enhanced and is recovered to 90% of its initial intensity (Fig. S2).
Additionally, in the presence of sulfide ions, the 1.Cu?* complex
also displays a remarkable fluorescence-enhancing behavior due
to the formation of CuS, whose existence is ascertained by NMR
spectral measurements of compound 1 (Fig. S3).

There have also been reports on the use of metal ion (Cu?*
or HgZ*) complexes as sensors for thiol-containing peptides and
amino acid based on the high affinity of biothiols for metal ions
[43-45]. In the present study, the 1-Cu?* complex can potentially
lose Cu?*, and recover its fluorescence through regeneration of
compound 1. To investigate the potential of the 1.-Cu?* complex as
athiol-containing peptide and amino acid sensor in buffer solution,
we examined the changes in the fluorescence spectra of solutions
containing the 1.Cu?* complex after the addition of various thiol-
containing peptides and amino acids (GSH, Hcy, Cys, Met) as well
as non-thiol-containing amino acids (Ala, Arg, Asn, Asp, Gln, Glu,
Gly, His, Ile, Leu, Lys, Phe, Pro, Ser, Thr, Trp, Tyr, Val).

The 1-Cu?* complex in 10 mM of CH30H-HEPES with various
thiol-containing peptides and amino acids showed some changes
in fluorescence, as illustrated in Fig. 5. Remarkably, recovery of flu-
orescence was observed upon addition of GSH or $2-. Compared
with GSH, the addition of Cys and Hcy leads to only partial recov-
ery of fluorescence intensity, while other amino acids cause no
obvious changes in emissive intensity. Notably the 1.-Cu?* com-
plex has better recognition for GSH than Cys and Hcy. A titration
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2 3 4 3 6 7 8
GSH/Cu*"complex

Fluorescence Intensity (a.u.)
[>]
1

500 520 540 560 580 600 620 640
Wavelength/nm

Fig. 6. Fluorescence titration of the 1.Cu?* complex with various concentra-
tions of GSH in 10mM of CH30OH-HEPES (1:1, v/v) buffer solution at pH 7.4
([1-Cu?t]=5.0 uM, Aex =526 nm).

of the 1.Cu?* complex (5.0 M) with GSH, while monitoring
fluorescence showed that the fluorescence intensity displayed a
steady increase for increasing concentrations of GSH (0-30.0 wM)
(Fig.6),and the fluorescence intensity changes are linear with [GSH]
in the range 0-30 wM, for [S2~] 0-5 WM. Recovery of 90% of the flu-
orescence signal could be attributed to the release of compound
1 from interactions between Cu?* and S?~ or mercapto groups
(Figs. S4 and S5).

3.3. Fluorescence bioimaging

Additionally, we examined the sensitivity of 1 to Cu?* in
human lung adenocarcinoma epithelial cells (A549) by confocal
microscopy. Fluorescence images were recorded by excitation with
a 488-nm diode laser, using a Spinhole aperture, an oil-objective
lens with 60 times magnification, 1.40 NA (numerical aperture),
at 100% detector gain. After the A549 cells were incubated with
compound 1 (5.0 wM) in PBS for 30 min at 37 °C, significant green
fluorescence was observed (Fig. 7a). However, 10min after the
addition of 25 M of Cu?* to the same system, the fluorescence was
almost completely quenched (Fig. 7b). The fluorescence quenching
could be attributed to the association of compound 1 with Cu?*. As
shown in Fig. 8, the overlays of fluorescence and brightfield images
reveal that the fluorescence signals are localized in the perinuclear
region of the cytosol. These results confirm that compound 1 is cell
permeable and can respond to variations in intracellular Cu2*.

Fig. 7. Fluorescence image of compound 1 in living cells at 37°C. (a) A549 cells incubated with 5.0 uM of compound 1 in 10~ mM, 1 mL PBS for 30 min. (b) A549 cells
incubated with 5.0 wM of compound 1 treated with 25 wM of Cu?* aqueous solution with each of 125 WM Na*, Mg?*, K*, for 10 min.
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Fig. 8. Co-staining fluorescence images of compound 1 with LysoTracker or MitoTracker in living cells at 37°C: (top) (a) The overlay of a fluorescence image of compound
1 with LysoTracker; fluorescence images of compound 1 (b) and LysoTracker (c). (bottom) (a) An overlay of a fluorescence image of compound 1 with MitoTracker; the

fluorescence images of MitoTracker (b) and compound 1 (c).

4. Conclusions

We synthesized a new Bodipy-based compound containing a
Bodipy signaling fluorophore and a DPA binding moiety for selec-
tive sensing of Cu?* jons and biothiols. The compound features
higher selectivity for detection of GSH than Cys and Hcy. In the
presence of Cu%* ions, the compound displays “on-off” type emis-
sive behavior. With the addition of biothiols, especially GSH, a fast
fluorescent “off-on” response occurs owing to the strong affinity
of biothiols to coordinate Cu2*. This promotes the removal of Cu2*
from the 1-Cu?* complex to release the fluorophore, and give fluo-
rescence recovery. Compound 1 can be used as a fluorescence probe
to recognize Cu?* under physiological conditions and in living cells,
and its Cu(II) complex can be used for sensing biothiols in biological
systems.
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