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A BODIPY-based probe has been investigated for fast response to Hg>* with high sensitivity and selec-
tivity in living cells. This response is attributed to intramolecular charge transfer (ICT) mechanisms. The
detection limit is lower than the upper limit (10 nM) that the United States Environmental Protection
Agency (EPA) had mandated for Hg" in drinking water.
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1. Introduction

Mercury ion (Hg>") is one of the most dangerous heavy metal
ions.'™ Even at a low concentration, mercury ions can induce
several human diseases, including acrodynia (pink disease),
Hunter-Russell syndrome, and Minamata diseases, which result
from the accumulation of mercury through biological chain.f
Physiologically, mercury ions can also easily pass through bi-
ological membranes and cause serious damages to the central
nerves and endocrine systems.”® The upper limit of Hg?* in
drinking water is 10 nM as mandated by United States Environ-
mental Protection Agency (EPA).? Thus, it is highly desirable to
develop sensors for Hg?™.

Fluorescence sensors have been widely developed to detect
metal ions, organic molecules, and biological analytes. Such fluo-
rescence sensors are superior because of their sensitivity, simplic-
ity, and real-time analysis.!®!! Especially, the fluorescence sensors
are able to modulate the emission wavelength. In far red and near
[R-emission region lights can transmit deeply into human body
tissues without disturbing the normal physiological activities.!? It is
potential to be well adapted into many applications, such as in vivo
biological imaging.>4
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BODIPY-based (Boradiazaindacenes, 4,4-Difluoro-4-bora-3a,4a-
diaza-s-indacene) dyes are expected to be matrix of far red and
near-IR dyes, because they possess desired characteristics, such as
sharp absorption and fluorescence bands, high extinction co-
efficients, high fluorescence quantum yields, high stability against
light, and easy modification'>~® to exhibit fluorescence at wave-
length beyond 650 nm by extending delocalization of the conju-
gated system. It is available to synthesize pyrrole derivatives
bearing phenyl, vinyl, or thiophene groups at the 3-position to
manil%ulate the characters and properties of this kind of BODIPY
dyes.

Knut Rurack et al. had developed BODIPY-based Hg?* sensor by
introducing the 1,4,7,10-tetrathia-13-az acyclopentadecane to the
meso position of BODIPY,?® however, the sensor emission was far
from the far red or Near-IR region.?! Yuliang Li et al. designed
dithia-dioxa-aza macrocycles sensor of Hg?* on the BODIPY chro-
mophore,! but its detection limit did not meet the upper limit that
the EPA had mandated for Hg?* in drinking water. Our work aimed
at the construction of Hg?>* sensor based on ICT (intramolecular
charge transfer) mechanism The chromophore was designed to
shift emission wavelengths to the far red region, i.e., the range
beyond 650 nm. Furthermore, it was used for imaging in living cells
with excellent performance.

To achieve goals mentioned above, Z1 (Scheme 1) was synthe-
sized featuring a BODIPY fluorophore and a thia aza crown ether
receptor (Scheme 1). (The thia aza crown ether receptor was re-
ported to be selectively responsible for Hg?*.2?)
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Scheme 1. The molecular structure of Sensor Z1.

2. Result and discussion
2.1. Physical characteristic of Z1

The photophysical properties of Z1 in different solvents were
investigated, as shown in Table 1. From cyclohexane to acetonitrile,
a significant bathochromic shift in the excitation (586—598 nm)
and emission (609—656 nm) were observed along with the in-
creased polarities of the solvents. The absorption maximum is lo-
cated at 594 nm and has a hypsochromic shift of 12 nm from
cyclohexane to acetonitrile—HEPES solution (Table 1), which is
weak solvent dependence. In contrast, the fluorescence emission
spectra are strongly dependent on the dipole moment of the sol-
vents. The emission maximum shifts from 609 nm in cyclohexane
to 656 nm in acetonitrile—HEPES solution.?> The bathochromic
shifts with a concomitant decrease of fluorescence quantum yield
are observed (from 0.22 to 0.01). The reducing of the quantum yield
is attributed to the acceleration of internal conversion; the bath-
ochromic shift of the emission wavelength is due to the decreasing
of the energy gap between the ground state and the excited state.'®
The data above confirmed that Z1 was going through ICT
transformation.

Table 1

Absorption and emission properties of Z1 in different solvents
Solvent Aabs (Max/nm) Aem (Max/nm) [
Cyclohexane 586 609 0.22
Toluene 596 618 0.15
Chloroform 598 621 0.10
Acetonitrile 591 648 0.02
Acetonitrile/HEPES=4/1 594 656 0.01

2.2. Computational results of Z1

According to the frontier orbital distribution in Fig. 1, the elec-
tron cloud density of the LUMO is considerably larger than that of
the HOMO, which leads to an expected stabilization of the LUMO
through irradiation.”” The electron cloud density would be dis-
turbed by external interferences. Hence, the energy gap between
the HOMO and LUMO is expected to increase owing to the in-
troduction of Hg?" and the absorption has hypochromatic shift.!”
The band gap between LUMO and HOMO is 1.92 eV, which in-
dicates the fluorescence emission of Z1 would be about 650 nm (far
red region).

2.3. Spectral response of Z1 to HgZ* and Ag*

Fig. 2a shows the absorption spectral changes of Z1 as a function
of the Hg?* concentration in a CH3CN—HEPES solution (4:1, v/v,
pH=6.86) at room temperature. The UV—Vis spectrum of Z1 is
characterized with an intense band centered at 594 nm, which is

HOMO -4.47eV

Fig. 1. HOMO (below) and LUMO (above) distributions of Z1.

responsible for the red color of the solution. The absorption max-
imum of Z1 has a bathochromic shift of about 90 nm in comparison
with the standard BODIPY dye.?* This red shift is assigned to an
efficient ICT process from the donor nitrogen atom on the thia aza
crown ether receptor that was conjugated to the BODIPY acceptor
group.>32>26 Upon adding Hg>*, the intensity of the absorption
maximum of Z1 at 594 nm gradually decreased along with the
formation of a new band centered at 564 nm, indicating that Hg?*
binded to thia aza crown ether. The coordination of Hg?* to the
ligand reduced the electron-donating ability of the nitrogen atom
at the thia aza crown ether, thus the ICT effect decreased. Therefore,
the blue-shift in absorption spectra was observed upon Hg?*
binding.
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Fig. 2. (a) Absorption spectra of Z1 probe in CH;CN and HEPES at pH 6.86 upon gradual
addition of Hg?* at concentrations of 0—1 uM. (b) Emission spectra of Z1 in the
presence of increasing Hg?* concentration (0—1 uM) in a CH3CN—HEPES solution (v/
v=4/1, pH=6.86). Excitation wavelength was 560 nm. The concentration of Z1 was
1 uM. Inset: the fluorescence color change of Z1 (left) and Z1-Hg?* (right). (c): In
emission spectra Fg17/F710nm as a function of Hg?* concentration (0—1 pM). (d): black
bars: In emission spectra Fg;7/F710nm as a function of 50 equiv of Cd?>*, Cr**, Cu?*, Fe?™,
K*, Lit, Mg?*, Na*, Ni?*, Pb?*, Co?*, Ba®*, Ca®*, Mn?*, Fe**, and Zn?*, 5 equiv of Hg?"
and 10 equiv of Ag" in CH3CN—HEPES solution (v/v=4/1, pH=6.86). Red bar: to mix
5 equiv of Hg?*.
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The fluorescence spectra of Z1 upon addition of Hg?* were
displayed in Fig. 2b. Free Z1 showed a maximum fluorescence
emission at 656 nm upon excitation at 560 nm in buffer solution
(CH3CN and HEPES (v/v=4:1, pH=6.86)). After binding with Hg?",
Hg?*-Z1 showed a large emission blue-shift of 39 nm, indicating
that a disturbed ICT process. The fluorescence intensity gradually
increased at 617 nm, and the ratio of emission intensities (Fg17/F710)
varied from 0.8 to 3.5 (Fig. 2¢, the ratio was used to eliminate the
disturbance of Ag™, and the explanation were listed below). This
can be explained by utilizing the ICT process—Hg?* would co-
ordinate with the N atom of the thia aza crown ether, which might
restrict the ICT process. With the increase of Hg?* concentration,
the fluorescence intensity of the solution increased and the color
changed from red to orange under a UV light (Fig. 2b inset).
According to titration experiments, Job’s plot determined that Z1
and Hg?t was 1/1 complexion (see Supplementary data). Probe Z1
can detect the Hg?* concentration at 4.36x10~° M (Limit of de-
tection was calculated according to the method described by
Demchembko.?”), which is lower than the upper limit (10 nM) that
the EPA had mandated for Hg?" in drinking water.

To obtain an insight into the sensing properties of Z1 toward
metal ions, the fluorescence emission of different ions in
CH3CN—HEPES solution (v/v=4:1, pH=6.86) was investigated, and
the results were shown in Fig. 2d. No significant ratio (Fg17/F710)
changes were observed when Cd**, Cr3*, Cu®*, Fe?*, K*, Lit, Mg>™,
Na®, Ni?*, Pb%*, Ag*, Co** Ba®* Ca®t Mn?* Fe*, and Zn?* were
added in the sensor solution even at high concentration (50 equiv,
black bars). Completive experiments in the addition of Hg?*
(5 equiv) showed similar ratio (Fg17/F710) enhancement (Fig. 2d
red bars). The result suggested that Z1 had good selectivity
toward Hg?".

The emission spectrum changes of Z1 upon the addition of an
increasing amount of Ag™ were displayed in Fig. 3a. Free Z1 showed
a maximum fluorescence emission at 656 nm upon excitation at
560 nm in buffer solution (CH3CN—HEPES (v/v=4:1, pH=6.86)).
Remarkable fluorescence enhancements were detected along the
addition of Ag™ while only a smaller wavelength shift (3 nm) ap-
pears. The disturbance of Ag* was eliminated by ratiometric signals.
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Fig. 3. (a) Emission spectra of Z1 along with the increased concentration of Ag*
(0—10 equiv) in a CH3CN—HEPES solution (v/v=4/1, pH=6.86). The excitation wave-
length was 560 nm and the concentration of Z1 was 1 pM. (b) Fluorescence intensity of
Z1 probe in CH3CN and HEPES at pH 6.86 upon gradual addition of Ag" at concen-
trations of 0—10 equiv.

2.4. Mechanism of the sensing system

The dual titration of Ag™ and Hg*" was also conducted. Z1 in
CH3CN and HEPES was first titrated with 10 equiv Ag", and the
fluorescence intensity was significantly enhanced without wave-
length changes. Then 5 equiv Hg?* was added, the wavelength had
a hypochromatic shift about 39 nm (Fig. 4a). In a contrast experi-
ment, 5 equiv Hg>" was first added, and the fluorescence intensity
enhanced with a blue-shift of 39 nm. Then 10 equiv Ag™ was added,
the fluorescence intensity decreased only a little without wave-
length changes (Fig. 4b).
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Fig. 4. (a) The fluorescence intensity changes of Z1: the curve (Z1+Ag") represents
10 equiv of Ag*; the curve (Z1+Ag*+Hg?") represents 5 equiv of Hg?* was added into
the (Z1+Ag™") solution. (b) The fluorescence intensity changes of Z1: the curve
(Z1+Hg?") represents 5 equiv of Hg?*; the curve (Z1-+Hg?*+Ag") represents 10 equiv
of Ag* was added into the (Z1+Hg?")solution. The concentration of Z1 was 1 M.

Based on these data, we confirmed that Z1 had higher binding
affinity for Hg?* (3.19x10% M~! obtained by nonlinear regression
analysis, see Supplementary data) than that for Ag* (7.64x10* M~!
obtained by nonlinear regression analysis, see Supplementary
data), which indicated the capacity that Hg?>* could displace Ag*
to form more stable complexes and suggested the mechanism of
sensing Ag" and Hg?" (Fig. 5). Z1 can successfully distinguish Hg>*
from Ag* via two different sensing mechanisms, i.e., PET for Ag*
and ICT&PET for Hg?*. The reason might be that the Ag™ does not
get involved into the conjugated system while Hg?* is involved, Ag™
can only coordinate with four sulfur atoms of Z1 and result in
fluorescence intensity enhancement. While, Hg?* can coordinate
with not only the four sulfur atoms but also the nitrogen atom and
act as an electron-withdrawing group to regulate the electronic
push—pull system, which consequently leads to fluorescence in-
tensity enhancement and wavelength changes. Further in-
vestigation by leaving Z1 in a solution of pH=1 has showed that the
emission wavelength hypochromatic shifts similar to Hg?* (see
Supplementary data). This is because H can easily bind to the
nitrogen atom but to the four sulfur atoms. This experiment also
confirms the previous observation of the Ag" titration.

Hg%”” pink strong fluorescence

Fig. 5. The mechanism of Z1 for sensing Hg?* and Ag™.

2.5. Cell imaging

Live cell imaging based on Z1 was investigated with confocal
laser scanning microscopy (CLSM). HeLa cells were utilized to
demonstrate the utility of Z1 for intracellular Hg?* sensing by cell
imaging. After incubation with the Z1 solution (5 pM) for 15 min,
the cells were washed three times in PBS buffer. The excitation
wavelength was fixed at 561 nm. Fluorescent signals were collected
from 600 nm to 650 nm. Fig. 6a—c shows cell images without the
addition of Z1 in fluorescence image, bright field image, and overlay
image, respectively. Fig. 6d—f shows the CLSM images of the Z1
stained HeLa cells in fluorescence image, bright field image, and
overlay image, respectively. Weak fluorescence is observed in the
cells. Fluorescence is hardly observed in the merged image.
Fig. 6g—i shows the increases of the fluorescence intensity in living
cells after addition of Hg* (50 pM) into the medium and incubated
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for 10 min in fluorescence image, bright field image, and overlay
image, respectively. Strong fluorescence is observed from the cel-
lular cytoplasm in both the fluorescence image and overlayed im-
age for the Hela cells. The results reveal that Z1 can penetrate the
living cell membrane and be used for imaging intracellular Hg>" in
living cells.

Fluorescence image  Bright field Overlay image

Fig. 6. Confocal fluorescence images of living HeLa cells. (a), (b), (c) Blank. (d), (e), (f)
Incubated with Z1 (5 pM) for 15 min. (g), (h), (i) Then further incubated with 50 uM Hg
(ClO4), for 10 min.

3. Conclusions

We have developed a BODIPY-based ICT sensor with far red
emission for Hg?" detection. The sensor exhibits high sensitivity
with a detection limit of 4.36 nM and high selectivity over other
metal ions including Cd?*, Cr**, cu?*, Fe?*, K, Lit, Mg?*, Na™,
Ni?*, Pb?*, Co?* Ba®* Ca** Mn?* Fe*, and Zn®*. This work also
provides a basis for further investigation of BODIPY-based sensors
and improves the characteristics of BODIPY.

4. Experiment section
4.1. Materials and apparatus

All UV—Vis and fluorescence spectra in this work were recorded
with Hitachi U3010 spectrometers and Hitachi F-4600 fluorescence
spectrometers, respectively. The quantum yield of Z1 in different sol-
vents was directly obtained through the FLS920 Combined Steady State
& Time Resolved Fluorescence Spectrometer. 'H NMR (400 Hz) and >C
NMR (100 Hz) spectra were obtained on a Bruker Avance 400 NMR
spectrometer using tetramethylsilane (TMS) as an internal reference.

Unless otherwise noted, all reagents were purchased from
commercial suppliers and were used without further purifications.

4.2. Synthesis (Scheme 2)

1,4,8,11-Tetrathiaundecane (Z5) was synthesized according to
the literature.?

s
(XOH 1.(NH,),CS/HCI (SXSH

oH — >
s—" 2.KOH/H,0 S_/_SH
75
= 1.TFA 2.DDQ
— NH + OHC OH ———»
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HO o~ OH S N N
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Scheme 2. The synthesis of sensor Z1.

4,4-difluoro-8-(4’-hydroxyphenyl)-1,3,5,7-tetramethyl-4-bora-
3a,4a-diaza-s-indacene (Z2) was synthesized according to the
literature.??

4.2.1. Synthesis of 4-(bis(2-chloroethyl)amino)benzaldehyde (Z4).
1.81 g (10 mmol) N,N-diethoxy aniline, 5 mL POCls, and 10 mL DMF
were mixed and the thus-formed solution was refluxed for 5 h. The
reaction mixture was poured into ice water, extracted with
dichloromethane (3 x100 mL). The organic layers were combined and
dried over magnesium sulfate, and then the solvent was removed
under reduced pressure. The residue was purified by column chro-
matography through silica gel with ethyl acetate and petroleum ether
(v:iv=1:5) as eluent to afford a yellow solid, which was further
recrystallized from ethyl acetate and petroleum ether (v:v=1:5) to
yield 0.85 g (35%) vellow crystal. 'H NMR (CDCl5): 6=3.68 (t, 4H),
0=3.83 (t, 4H), 6=6.74 (s, 2H), 0=778 (s, 2H), 6=9.79 (s, 1H).
C11H13CI;NO calced for 245.04 found 245.091.

4.2.2. Synthesis of 13-(4-formylphenyl)-1,4,7,10-tetrathia-13-az acy-
clopentadecane (Z3). 735 mg (3 mmol) Z2, 642 mg (2.6 mmol) Z4,
and 360 mg (15 mmol, 5 equiv) LiOH were mixed in 100 mL DMF,
and the thus-formed solution was refluxed for 10 h. The solvent was
removed under reduced pressure and the resultant residue was
purified by column chromatography over silica gel with dichloro-
methane and methanol (v:v=3:1) as eluent to afford a pale yellow
liquid (0.38 g, 30%). '"H NMR (CDCl3): 6=2.75 (m, 10H), 6=3.40 (m,
6H), 6=3.68 (t, 2H), 6=3.85 (t, 2H), 6=6.92 (s, 2H), 6=7.74 (s, 1H),
0=9.90 (s, TH). C17H25N0S4 calcd for 387.08 found 387.084.

4.2.3. Synthesis of 3-{[13-(4-formylphenyl)-1,4,7,10-tetrathia-13-az
acyclopentadecane]ethenyl}-4,4-difluoro-8-(4'-hydroxyphenyl )-
1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene (Z1). 387 mg Z3
(1 mmol), 340 mg Z2 (1 mmol), and one drop of piperidine were
refluxed in toluene under nitrogen for 10 h. Then the solvent was
removed under reduced pressure.!® The residue was purified by
column chromatography over silica gel with dichloromethane and
ethyl acetate (v:v=2:1) to afford a green solid (70 mg, 10%). '"H NMR
(CDCl3): 6=1.54 (m, 6H), $=1.57 (m, 3H), 6=2.64 (m, 1H), 6=2.74 (s,
3H), 6=2.77 (s, 3H), 6=7.58 (m, 6H), 6=2.93 (d, 3H), 6=3.26 (m, 6H),
6=3.28 (m, 6H), 6=3.36 (m, 8H), 6=6.89 (t, 3H), 6=7.76 (m, 6H),
6=7.99 (d, 2H), 6=9.79 (s, 1H), 3C NMR (CDCl3): 6 (ppm) 24.8, 25.1,
26.6, 31.5, 36.5, 40.7, 46.9, 48.6, 114.7, 117.0, 128.5, 131.8, 154.5,
160.9, 162.6, 190.4. C3gH42BF;N30S4 caled for 709.23 found
709.346.
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4.3. Computational methods

Orbital energies were calculated by using Gaussian 03 at B3LYP
density functional theory (DFT). The calculation was carried out
with the Gaussian 03 program package.*°

4.4. General procedures for metal ion detection

Z1 (1 mM) was prepared by dissolving Z1 in CH3CN—HEPES
solution (v/v=4/1, pH=6.86), which was then diluted with
CH3CN—HEPES solution (v/v=4/1, pH=6.86) to prepare the solution
of Z1 (10~® mol L~1). Solutions of other various ions were prepared
by dissolving their perchloride salts in water. All measurements
were operated according to the following procedure: 2 mL Z1
(10~% mol L) solution was filled in fluorescent cell, and then the
ions were titrated with transferpette.

4.5. General procedures for cell incubate

HelLa cells (gifted from the center of cells, Peking Union Medical
College) were cultured in confocal dishes in culture media (DMEM
supplemented with 10% PBS, 50 unit/mL penicillin, and 50 mg/mL of
streptomycin) and under 5% carbon dioxide/air at 37 °C in a humid-
ified incubator. After 24 h, the cells were incubated with Z1 for
15 min. The cells were washed with PBS five times, and their fluo-
rescence images were recorded by confocal fluorescence microscopy.
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