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a b s t r a c t

We designed a red-emitting turn-on FRET-based molecular probe 1 for selective detection of cysteine
and homocysteine. Probe 1 shows significant fluorescence enhancement after cleavage of the 2, 4-
dinitrobenzensulfonyl (DNBS) unit from the fluorophore upon thiols treatment. The precursor of probe
1, BNM153, is a moderate quantum yield FRET dye which contributes a minimum emission leakage from
its donor part. We synthesized this assembly by connecting a low quantum yield (less than 1%) BODIPY
donor to a high quantum yield BODIPY acceptor via a 1, 3-triazine bridge system. It is noteworthy that the
majority of the non-radiative energy loss of donor (BDN) was converted to the acceptor (BDM)’s fluo-
rescence output with minimum leaks of donor emission. The fluorescence sensing mechanism of probe 1
was illustrated by fluorescence spectroscopy, kinetic measurements, HPLC-MS analysis and DFT calcu-
lations. Probe 1 is pH-independent at the physiological pH range. Finally, live cells imaging demonstrated
the utility of probe 1 as a biosensor for thiols.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Biological thiols such as cysteine (Cys), homo-cysteine (Hcy),
and glutathione (GSH) play important roles in a number of bio-
logical processes in living organisms [1,2]. Cys is precursor to the
antioxidant GSH, and their abnormal levels are closely related to
human ageing and various diseases [3].While Hcy is a risk factor for
Alzheimer’s disease and cardiovascular diseases, total plasma Hcy
concentrations have been proven to link to birth defects and
cognitive impairment at the elderly stage [4]. In view of the
importance of thiols, the design of analytical methodologies for the
detection of biomolecular thiols in biological and environmental
samples has consistently attracted a great deal of attention. Tradi-
tional detection methods such as high performance liquid chro-
matography (HPLC) [5], electrophoresis-based methods [6], as well
as electrospray ionization-mass spectrometry [7] have been used to
detect thiols. However, these methods are not convenient for use,
since they often involve the expensive instrumentation and can be
technically demanding in their handling.
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On the contrary, fluorescent molecular probes are more attrac-
tive, due to their high sensitivity and easy visibility. Also, fluores-
cent molecular probes offer the possibility of quantitative optical
detection of biothiols and broad bioimaging applications, such as
detecting the carcinoma region of liver tissue based on the differ-
ences of glutathione level [8]. Till now, a number of diverse sensing
mechanisms have been employed for thiol detection, including
thiolehalogen nucleophilic substitution [9,10], Michael addition
[11e14],eCHO attached fluorophores [15e18], and de-protection of
2,4-dinitrobenzenesulfonyl (DNBS)-protected fluorophores [19e
24]. Most of these published probes show good selectivity and
sensitivity in detecting certain biothiols by simple spectroscopic
techniques, which monitor optical responses caused by different
concentrations of biothiols. However, most of them were designed
based on a single fluorophore as the fluorescence signalling profile,
whichmay limit their applications. These single fluorophore probes
have small Stokes shifts, which can lead to serious self-quenching
and fluorescence detection error due to excitation backscattering
effects. Some FRET-based probes, constructed with dyes that have
high extinction coefficients and high quantum yields as donors,
have also been explored for thiols detection. Unfortunately, in-
stances of fluorescence leaks from the donor have been inevitable,
as a result of either low energy transfer efficiencies or environ-
mental changes [25,26].
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Hence, newly improved FRET probes with better photophysical
properties, which can efficiently eliminate the interference from
background fluorescence and scattered light, are worthwhile to
design. Several criteria must be satisfied for the FRET probe: 1)
absorbance of light at a high extinction coefficient but no fluores-
cenceemission fromdonorpart to ensure that there is nobackground
influence; 2) large pseudo-Stokes shifts and emission shifts to avoid
serious self-quenching and fluorescence detection errors caused by
excitationbackscatteringeffects [27,28]; 3) high efficient FRETenergy
transfer. Here, we designed and synthesized a turn-on FRET-based
molecular probe 1 containing a 2,4-dinitrobenzenesulfonyl (DNBS)
group on its acceptor, acting as the reaction site for biothiols. In
addition, the application of probe 1 for sensing thiols in live cells and
its sensing mechanismwere also investigated.

2. Experimental section

2.1. Materials

The chemicals and solvents, were purchased from Sigma Aldrich, Acros and Alfa
Aesar. All the chemicals were directly used without further purification. Normal
phase column chromatography purification was carried out using MERCK silica Gel
60 (Particle size: 230e400 mesh, 0.040e0.063 mm).

2.2. Measurements and analysis

HPLC-MS was taken on an Agilent-1200 with a DAD detector and a single
quadrupole mass spectrometer (6130 series). The analytical method, unless indi-
cated, is A: H2O (0.1% HCOOH), B: CH3CN (0.1% HCOOH), gradient from 10 to 90% B in
10 min; C18 (2) Luna column (4.6 � 50 mm2, 3.5 mm particle size).

Spectroscopic and quantum yield data were measured on a SpectraMax M2
spectrophotometer (Molecular Devices). Data analysis was performed using
GraphPrism 5.0.

1H NMR and 13C NMR spectra were recorded on Bruker ACF300 (300 MHz) or
AMX500 (500 MHz) spectrometers, and chemical shifts are expressed in parts per
million (ppm) and coupling constants are reported as a J value in Hertz (Hz).

2.3. Quantum yield measurements

Quantum yields for all the fluorescent compounds were measured by dividing
the integrated emission area of their fluorescent spectrum against the area of
Rhodamine B in EtOH excited at 490 nm (Frho-B ¼ 0.7) [29]. Quantum yields where
then calculated using equation (1), where F represents the integrated emission area
of fluorescent spectrum, h represents the refractive index of the solvent, and Abs
represents absorbance at excitation wavelength selected for standards and samples.
Emission was integrated from 530 nm to 750 nm.

Fsample
flu ¼ Fsample

flu

 
Fsample

Freference

! 
hsample

hreference

! 
Absreference

Abssample

!
(1)

2.4. DFT calculations

All calculations have been performed with the Gaussian 09 code. Full geometry
optimizations and electronic structure calculations were performed with density
functional theory (DFT) at B3LYP/6-31G(d) level. The excited state related calcula-
tions were carried out with the time-dependent DFT (TDDFT), based on the opti-
mized ground state geometry [30].

2.5. Cell culture and imaging experiments

HeLa cells were cultured in clear bottom, 96-well plate and maintained in an
incubator at 37 �C with 5% CO2, 24e36 h prior to imaging experiments. Cells were
grown inDulbecco’sModified EagleMedium (Sigma)with 10%newborn calf serum, as
well as 5 mM L-glutamine and 5 mg/mL gentamicin. Probe stock solution in DMSO
(1mM)was diluted to 100 mMwith PBSbefore being added to cell culturewells to reach
the final concentration of 3 mM. After 30 min incubation at 37 �C, cells were washed
with PBS buffer twice prior to imaging. Cells were also treated with 1 mM N-methyl-
maleimide in PBS at 37 �C for 30min and subsequently washed twicewith PBS buffer,
prior to incubationwithprobeasperdescribed. Separately, as control experiment, cells
were pre-treated with 1 mM L-buthionine sulfoximine (BSO) or 1 mM BSO in the
presence of 0.1mMhydrogenperoxide for 1 h. The latterwas further treatedwith 1mM

L-cysteine for 1 h or left untreated before incubationwith probe. Live cells imagingwas
done with an inverted fluorescence microscope Ti (Nikon), equipped with an Ex
480 nm/40, long-pass 510 nm filter for fluorescence image acquisition.

2.6. Synthesis

The BDN and BDM153 were synthesized following our previous report [31,32].
2.6.1. Synthesis of BDN-Tri
To a solution of BDN (115 mg, 0.37 mmol) in 70 mL of dry tetrahydrofuran (THF)

was added cyanuric chloride (101 mg, 0.55 mmol). The reaction mixture was stirred
for 1 h at 0 �C. After removal of the THF, the residue was purified by silica gel
chromatography (hexaneeEtOAc, 4:1) to give BDN-Tri as a yellow solid (152 mg,
90%).

1H NMR (300MHz, CDCl3): d 7.81 (s, 1H), 7.73 (d, J¼ 8.5 Hz, 2H), 7.70 (s, 1H), 7.40
(d, J ¼ 8.5 Hz, 2H), 6.41 (s, 1H), 6.38 (s, 1H), 6.15 (s, 1H), 2.63 (s, 3H), 1.60 (s, 3H); 13C
NMR (75.5 MHz, CDCl3): 171.47, 170.44, 164.02, 162.37, 146.68, 142.13, 138.89, 137.22,
134.56, 133.51, 130.92, 129.95, 126.91, 123.41, 120.48, 116.20, 29.65, 15.24.

HRMS m/z (C20H15BCl2F2N6) calculated (M � H)�: 457.0718, found (M � H)�:
457.0716.

2.6.2. Synthesis of BDM153
Compound 2 (50 mg, 103 mmol) and 4-hydroxybenzaldehyde (25.2 mg,

206 mmol) were dissolved in acetonitrile (5 mL), with pyrrolidine (5.2 mL, 618 mmol)
and 6 equiv. of AcOH (3.5 mL, 618 mmol). The mixture was heated to 85 �C and keep
for 5 min. After removal of the solvent, the residue was purified by silica gel chro-
matography (eluents: CH2Cl2eMeOH, 98: 2 to 90: 10) to give BDM153 as a purple
solid (21.7 mg, 57%).

1H NMR (500 MHz, CDCl3): d 7.38 (s, 1H), 7.30 (d, J ¼ 8.6 Hz, 2H), 7.24 (dd,
J¼ 34.7, 16.3 Hz, 3H), 7.09 (d, J¼ 3.8 Hz, 1H), 6.66 (s, 1H), 6.68 (d, J¼ 8.5 Hz, 2H), 6.65
(dd, J ¼ 3.9, 2.1 Hz, 1H), 3.22e3.19 (m, 2H), 3.01e2.98 (m, 2H), 2.34 (s, 3H); 13C NMR
(125MHz, CDCl3):159.32, 159.19, 144.21, 141.47, 136.46, 135.46, 135.14, 133.37, 129.74,
127.21, 122.03, 120.12, 115.71, 115.60, 114.69, 44.98, 23.80, 15.70.

HRMS m/z (C20H20BF2N3O) calculated (M þ Na)þ: 390.1565, found (M þ Na)þ:
390.1573.

2.6.3. Synthesis of BNM153
BDN-Tri (20mg, 54 mmol), BDM153 (25mg, 54 mmol) and DIEA (14 mL,108 mmol)

were dissolved in THF (10 mL) and stirred at room temperature for 2 h. After
evaporation of the solvent, the crude product was purified by silica gel chroma-
tography (eluents: CH2Cl2 to CH2Cl2eMeOH (95: 5)) to afford the corresponding
BNM153 as red solid (30.7 mg, 72%).

1H NMR (500MHz, CD3CN): d 8.21 (d, J¼ 11.6 Hz,1H), 7.88 (d, J¼ 8.3 Hz,1H), 7.72
(d, J¼ 8.2 Hz,1H), 7.66 (s, 1H), 7.58 (d, J¼ 10.1 Hz,1H), 7.55 (d, J¼ 8.4 Hz,1H), 7.49 (d,
J ¼ 8.6 Hz, 1H), 7.44e7.40 (m, 2H), 7.32 (d, J ¼ 8.2 Hz, 1H), 7.19 (s, 1H), 6.97e6.89 (m,
3H), 6.51e6.44 (m, 3H), 6.27 (d, J ¼ 47.5 Hz, 1H), 3.83 (dd, J ¼ 13.5, 6.8 Hz, 1H), 3.70
(dd, J ¼ 14.8, 7.1 Hz, 1H), 3.32 (dd, J ¼ 13.7, 6.7 Hz, 2H), 2.63e2.52 (m, 6H), 1.62 (d,
J ¼ 41.6 Hz, 3H); 13C NMR (125 MHz, CD3CN): 166.14, 164.40, 162.58, 159.10, 147.71,
145.81, 143.61, 143.45, 141.08, 140.72, 140.51, 140.42, 140.12, 139.81, 137.85, 137.77,
136.40, 136.17, 133.63, 129.72, 129.64, 129.59, 128.48, 127.91, 126.65, 126.54, 123.67,
123.57, 123.37, 120.26, 119.91, 119.75, 116.05, 116.02, 114.95, 42.16, 29.80, 15.96, 15.80,
14.34.

HRMS m/z (C40H34B2ClF4N9O) calculated (M � H)�: 788.2619, found (M � H)�:
788.2610.

2.6.4. Synthesis of probe 1
BNM153 (30 mg, 38 mmol) and Et3N (16 mL, 114 mmol) was dissolved in 10 mL of

dry CH2Cl2. The mixture was stirred at 0 �C for 15 min under N2 atmosphere. A
solution of 2,4-dinitrobenzenesulfonyl chloride (20.3 mg, 76 mmol) in 5 mL CH2Cl2
was added dropwise. The reactionmixturewas stirred for 2 h at rt. After evaporation
of the solvent, the crude product was purified by silica gel chromatography (eluents:
CH2Cl2 to CH2Cl2eMeOH (95: 5)) to afford the corresponding probe 1 as red solid
(23 mg, 59%).

1H NMR (500MHz, CDCl3): d 8.66 (s, 1H), 8.48 (d, J¼ 8.6 Hz,1H), 8.14 (dd, J¼ 8.6,
4.9 Hz, 1H), 7.72 (d, J ¼ 8.4 Hz, 1H), 7.63e7.48 (m, 7H), 7.33 (d, J ¼ 3.6 Hz, 1H), 7.27e
7.15 (m, 4H), 6.48e6.34 (m, 3H), 6.10 (d, J¼ 21.9 Hz,1H), 3.80 (s,1H), 3.68 (s,1H), 3.26
(dd, J ¼ 15.0, 7.5 Hz, 2H), 2.58e2.43 (m, 6H), 1.55 (d, J ¼ 28.0 Hz, 3H); 13C NMR
(125 MHz, CDCl3): 165.28, 162.12, 161.97, 155.68, 155.58, 150.90, 149.01, 148.82,
146.82, 139.09, 138.93, 138.75, 138.36, 138.25, 136.64, 136.56, 135.91, 135.80, 134.59,
133.91, 133.88, 133.47, 133.10, 129.52, 129.44, 129.20, 126.84, 126.50, 126.45, 124.56,
123.35, 123.23, 122.36, 122.32, 120.29, 120.11, 120.01, 119.90, 119.50, 116.64, 116.56,
115.95, 42.44, 30.72, 16.42, 14.93.

HRMS m/z (C46H36B2ClF4N11O7S) calculated (M � H)�: 1018.2252, found
(M � H)�: 1018.2230.

3. Results and discussion

3.1. Design and synthesis of the probe 1

Here, we designed a reactive FRET probe 1 having long emission
wavelength and large pseudo-Stokes shifts characteristics. BDN
skeleton was chosen as the donor because of its high extinction
coefficient and low quantum efficiency [32]. The red emitting styryl
BDM153 was chosen as acceptor part of the FRET pair of probe 1,



Fig. 1. The absorbance and emission spectra of probe 1 and the relative compounds
(10 mM in MeOHeH2O, 4:1, v/v, lex ¼ 470 nm).
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which is expected to be a good quantum yield BODIPY dye with
emission at 580 nm. This elegant choice of donor and acceptor,
when successfully incorporated into a triazine- moiety results in a
large Stokes-shifts dye, the precursor of probe 1, which has mod-
erate quantum yield with minimum emission leakage from
donor part. This precursor of probe 1, BNM153, consists of
hydroxyl group at the end of BNM acceptor, which is reasoned to be
a high quantum yield dye. Upon obtaining the large Stokes-shifts,
FRET based-precursor, the strong electron-deficient 2,4-
dinitrobenzenesulfonyl group (DNBS), was introduced at the end
of probe 1, hoping that it would give rise to a fluorogenic thiol
reactive probe 1. Here the fluorogenic characteristic or in other
word the reduction of fluorescence intensity is caused by the
intramolecular photoinduced electron transfer (PeT) process from
the excited fluorophore to the strong electron-acceptor DNBS.
Based on previous knowledge, it is evident that after the addition of
Cys or Hcy to probe 1, reaction would occur to cleave DNBS
quencher from the probe 1 and thereby emission would restore.
The major advantage of this current thiol probe over the existing
FRET probes would be the minimum emission leakage from the
donor site. In general, upon binding to the analyte, emission
leakage from the donor site is quite inevitable for the regular FRET
probe and thereby it limits the possibility of usage of probe as
multicolour imaging agent. Therefore, this is the first report of a
turn on red-emitting FRET based biothiol probe where there is no
emission leakage from the donor site of the probe.

Scheme 1 indicates the synthesis of probe 1. At first, BDN was
reacted with the cyanuric chloride linker to obtain an intermediate
BDN-Tri. Then, this key intermediate was reacted with acceptor
BDM153 to give a FRET construct BNM153. A DNBS group was then
incorporated to BNM153 in the presence of Et3N to get the target
probe 1. Since the DNBS unit is known to be a potent electron
acceptor which produces a dark excited state, the incorporation of
this unit into the fluorescent molecule (BNM153) would conse-
quently quench the emission to give probe 1, a non-fluorescent
thiol reactive dye. Subsequent cleavage of the DNBS group will
then restore the emission of the fluorophore BNM153 in the
Reagents and conditions: (a) Cyanuric chloride,DIEA, THF, 0 ºC, 1h; (b) DIEA, THF, 
rt, 2h; (c) 2,4-Dinitrobenzenesulfonyl chloride, Et3N, DCM, rt, 2 h.

Scheme 1. Synthesis of the FRET thiol probe 1.



Table 1
Photophysical data of BDN-Tri, BDM153, precursor BNM153 and probe 1 (MeOHe
H2O, 4:1, v/v).

labs (nm)a Log εmax labs (nm)b Log εmax lem (nm) Fc Dld

BDN-Tri 492 4.65 e e 510 <0.001 18
BDM153 e e 560 4.76 580 0.56 20
BNM153 494 4.66 561 4.76 580 0.16 86
Probe 1 494 4.66 551 4.83 561 0.01 67

a The maximal absorption of donor part.
b The maximal absorption of acceptor part.
c Fluorescence quantum yields were determined using rhodamine B (Ff ¼ 0.7 in

EtOH) as a standard [29].
d Pseudo-Stokes shifts of the BNM153 and probe 1 and the Stokes shifts of the

BDN-Tri and BDM153.
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presence of thiols. The structures were fully characterized by 1H
NMR, 13C NMR and HRMS analysis.

3.2. Spectroscopic properties of compounds

The absorbance and fluorescence spectra of probe 1, the pre-
cursor BNM153, BDN-Tri and BDM153 were investigated. The
absorption spectra of BNM153 displayed the characteristic ab-
sorption signal of BDN-Tri at around 494 nm and the typical
absorption signal of BDM153 at around 561 nm, respectively
(Fig. 1a). Compared with the unconjugated BDN-Tri and BDM153,
the shape of BNM153 absorption spectra did not show obvious
change, which reveals that the electronic interactions between
the donor and the acceptor are very weak. Compared with the
precursor BNM153, absorption of probe 1 shows a blue shift, due
to the protection of the strong electron-acceptor DNBS. The
emission spectra of probe 1 and its precursor BNM153 are shown
in Fig. 1b. Upon excitation of probe 1 at the donor absorption
band (470 nm), only the characteristic emission band of the
acceptor at around 561 nm was observed, while the emission of
BDN-Tri was not observed. This indicates that the energy transfer
is efficient from donor to acceptor. For BNM153, the maximum
emission wavelength was shifted to 580 nm. It is worth noting
that the quantum yield of BNM153 is much larger than probe 1,
which is almost non-fluorescent because of the PeT process. The
maximum wavelengths of absorbance, fluorescence emission,
quantum yield, and Stokes shifts as discussed above are sum-
marized in Table 1.
Fig. 2. Fluorescence emission spectra (lex ¼ 470 nm) of probe 1 (10 mM) before and
after addition of L-cysteine (3 mM, MeOHeH2O, 4:1, v/v). Inset: Pictures of probe 1
(10 mM) before and after adding L-cysteine (3 mM) under irradiation with a hand-held
365 nm lamp.
3.3. Selective detection of Cys and Hcy

The fluorescence response of probe 1 towards Cys was investi-
gated. The pH-independent spectra shows that probe 1 canwork in
a wide physiological pH range (Fig. S1 in the Supporting
Information). All the tests were taken 1 h after the addition of
Cys, to ensure that the reaction reached equilibrium. Probe 1 alone
is almost non-fluorescent, as a result of the quenching effect of the
protecting group DNBS. In the presence of Cys, however, the
electro-withdrawing DNBS moiety is cleaved and the fluorescence
intensity is dramatically enhanced by 12-fold at 580 nm. Also, a
remarkable red shift of the maximum emission (19 nm) between
probe 1 and the corresponding cleavage BNM153 and a large
pseudo-Stokes shift were observed. After cleavage, the precursor
BNM153 displays an intense absorption at 494 nm and emission at
580 nm, giving a pseudo-Stokes shifts of up to 86 nm. In addition,
the emission colour changed from non-fluorescent to bright or-
ange, which corresponds to probe 1 and BNM153 after the addition
of Cys (Fig. 2). Also, emission spectra of probe 1 show that this is no
emission leakage from donor part before and after addition of Cys,
clearly demonstrating its advantage over other FRET dyes in their
applications.

Under optimal conditions, we evaluated the capability of the
proposed method for quantitative detection of Cys. The fluores-
cence responses of probe 1with different concentrations of Cys (0e
4 mM) are shown in Fig. 3. The results show that the fluorescence of
probe 1 increases with gradual addition of Cys (0e4 mM). A linear
Fig. 3. (a) Fluorescence response of probe 1 (10 mM) upon incubation with serial di-
lutions of Cys (0e4 mM) (lex ¼ 490 nm); (b) A linear relationship of the fluorescence
intensity vs. the concentration of Cys (0e300 mM) Values are represented as means
(n ¼ 3). Measurements were taken at rt.



Fig. 4. The sensing kinetics of probe 1 (10 mM) toward Cys, Hcy and GSH (3 mM).
lex ¼ 490 nm, lem ¼ 580 nm. Values are represented as means and error bars as
standard deviations (n ¼ 3). Measurements were taken at rt.

Fig. 5. Fluorescence responses of probe 1 (10 mM) to different analytes (3 mM). Values
are represented as means and error bars as standard deviations (n ¼ 3). Measurements
were taken at rt.

Fig. 6. (a) Proposed sensing mechanism; (b) HPLC-MS spectral changes for pro
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increment, with respect to the concentration of Cys within the 0e
0.3 mM range, is also observed. The calculated Kd value for Cys is
0.37 mM (Fig. S2 in the Supporting Information).

The sensing kinetics of Cys, Hcy and GSH by probe 1 was also
investigated. As shown in Fig. 4, the recognition of Cys and Hcy by
probe 1 almost complete within 60 min, whereas probe 1 does not
show any observed response towards GSH. Reaction rate constants
for the recognition of Cys and Hcy were determined to be
0.027 min�1 and 0.016 min�1, respectively (Fig. S3 in the
Supporting Information). The results obtained in this study are
consistent with the reported Cys probes based on the same
mechanism design [23,25].

In order to examine the selectivity of probe 1, the fluorescence
change of probe 1 in the presence of different amino acids and
biological thiols, such as GSH and Hcy, was examined by moni-
toring the changes in emission spectral intensities at 580 nm. The
results of the fluorescence changes are summarized in Fig. 5. Probe
1 shows good selectivity for Cys and Hcy over other amino acids. At
the same time, probe 1 also displays very weak response towards
GSH, which is probably due to the bulkiness of this analyte in the
solvent system [23,25]. Therefore, the probe 1 is highly selective
towards Cys and Hcy.

3.4. Rationalization of the sensing mechanism of thiol probe

The selectivity of probe 1 is dependent on its sensing mecha-
nism. Although the mechanism of detecting Cys using similarly
designed dyes has been studied by NMR and HRMS, no systematic
study regarding the change of reaction in aqueous media has been
reported to date [24,33]. To obtain more detailed insights into the
mechanism, interaction between probe 1 and Cys was monitored
by HPLC-MS. Results from HPLC-MS monitor test show that the
signal corresponding to probe 1 at 8.3 min became smaller,
whereas a new peak corresponding to BNM153 at 8 min appeared
and got bigger over time (Fig. 6). This result was further confirmed
by mass spectra analysis. The signal at 8.3 min shows characteristic
mass information for probe 1, while the new peak at 8.0 min shows
mass information for BNM153 (Fig. S4 in the Supporting
be 1 upon addition of Cys (from 0 min to 90 min, UV detection: 560 nm).



Fig. 7. The frontier molecular orbitals (MOs) of BNM153 and probe 1. (a) the HOMO of BNM153, (b) the LUMO of BNM153, (c) the HOMO of probe 1 and (d) the LUMO of probe 1. The
energy levels of the MOs are shown (eV). Calculations are based on ground state geometry by DFT at the B3LYP/6-31G(d)/level using Gaussian 09.
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Information). Further characterization shows that another new
peak which appeared at 4.9 min was proven to be a by-product
(Fig. S5 in the Supporting Information). Taken together, the re-
sults have successfully demonstrated that probe 1 when in
response to Cys forms the precursor BNM153.

Meanwhile, density functional theory (DFT) calculations were
carried out to elucidate the mechanism of fluorescence enhance-
ment when BNM153 formation was observed after the addition of
Cys to probe 1. The excited state related calculations were carried
out with the time-dependent DFT (TDDFT), based on the optimized
ground state geometry. From the calculated data, both HOMO and
LUMO of BNM153 are localized on the p-conjugated acceptor part,
and the HOMOe1 and LUMOþ1 are localized on the donor BODIPY
part (Fig. 7 and Fig. S6 in the Supporting Information). Also, from
the calculated energy, two main allowed electronic transition were
observed for BNM153, which are H�1 / L þ 1, 402 nm, f ¼ 0.6936
and H / L, 461 nm, f ¼ 0.6895 (Table 2). These calculation results
indicated two main absorption bands of BNM153. The calculated
oscillator strength (f) for the HOMO to LUMO transition is 1.1342,
which indicates that radioactive decay is possible and eventually
leads to emission of BNM153 [25].

At the same time, the HOMO of probe 1 is localized from the
BODIPY part of the acceptor onto the phenylethylene linker (C]C),
whereas the LUMO of probe 1 is localized on DNBS moiety. The
HOMO to LUMO transition is composed of a full electron-transfer
process from acceptor BODIPY to the electron-withdrawing DNBS
moiety. The calculated oscillator strength (f) for this transition is
Table 2
Selected parameters for the vertical excitation (UV-vis absorptions) of the com-
pounds. Electronic excitation energies (eV) and oscillator strengths (f), configura-
tions of the low-lying excited status of the probe 1 and BNM153. Calculated by
TDDFT//B3LYP/6-31G(d), based on the optimized ground state geometries.

TDDFT//CAM-B3LYP/6-31G(d)

Energya fb Compositionc CId

BNM153 2.6887 eV (461.14 nm) 1.1342 H / L 0.68946
3.0837 eV (402.06 nm) 0.4788 H�1 / L þ 1 0.69358

Probe 1 2.7202 eV (455.79 nm) 1.0094 H / L þ 1 0.69348
3.0783 eV (402.76 nm) 0.4734 H�1 / L þ 2 0.68706
3.5597 eV (348.29 nm) 0.004 H / L 0.60272

a Only selected excited states were considered. The numbers in parentheses are
the excitation energy in wavelength.

b Oscillator strength.
c H stands for HOMO and L stands for LUMO. Only the main configurations are

presented.
d Coefficient of the wavefunction for each excitations. The CI coefficients are in

absolute values.
only 0.004. This means that the direct HOMO to LUMO transition is
forbidden, thus LUMO to HOMO is a non-radioactive transition
[23,34e37]. These predictions are in full agreement with the
experimental results and clearly demonstrate the reasons for the
photoproperties of probe 1 and the precursor BNM153. Further-
more, the calculated red shift from probe 1 to BNM153 (6 nm)
matches well with the experimental data (9 nm). This concordant
calculated data provides strong support for the proposed mecha-
nism for probe 1.
3.5. Application of probe 1 in fluorescent imaging of cellular thiols

Considering the excellent sensingperformanceof probe1 towards
Cys and Hcy, we decided to employ probe 1 for the fluorescence
imaging of cellular thiols (Fig. 8). After incubating HeLa cells with
probe 1 at 37 �C for 30 min, an obvious fluorescence was observed
inside the cells. To validate the finding that this fluorescence turn-on
was specific due to the cellular thiols, a control experiment was
performed, where HeLa cells were first incubated with N-methyl-
maleimide (NMM) at 37 �C for 30min to remove cellular thiols prior
to incubation with probe 1. The results show that when NMM was
used, almost no fluorescence was observed inside the cells, sug-
gesting that fluorescence signal observed in Fig. 8b ismost likely due
to the reaction of probe 1with intracellular thiol species.

To eliminate possible interference by GSH during intracellular
Cys detection, HeLa cells were treated with L-buthionine sulfox-
imine (BSO), prior to imagingwith probe 1. Unlike NMMwhich does
not differentiate between Cys, Hcy or GSH, but lowers concentration
of cellular thiols in general, BSO selectively inhibits gegluta-
mylcysteine synthetase [38]. As such, it is expected that addition of
BSO precludes replenishment of GSH from Cys, hence, lowering the
effective concentration of GSH within the cells under the conditions
of oxidative stress. In fact, the fluorescence intensity of probe 1 was
decreased with BSOeH2O2 pre-treatment and recovered by the
addition of L-Cys (Fig. 9 and Fig. S7 in the Supporting Information).
On this note, we thus believe that the fluorescence signal from the
cells is associated with changes in intracellular Cys concentration
rather than with GSH. Moreover, considering the much lower
intracellular concentration of Hcy, probe 1 can be used for moni-
toring changes of the cellular Cys concentration.
4. Conclusions

By introducing the electron-withdrawing group 2,4-
dinitrobenzenesulfonyl (DNBS) to the end of the FRET-based



Fig. 8. Fluorescent microscopic images of HeLa cells. (aec) Images of cells incubated with probe 1 (3 mM) for 30 min at 37 �C. (def) Images of cells pre-treated with N-methyl-
maleimide (1 mM) for 30 min and then incubated with probe 1 (3 mM) for 30 min at 37 �C; (a) and (d) represent the corresponding phase contrast images of (b) and (e), respectively;
(c) and (f) represent the corresponding merged images of (a, b) and (d, e), respectively. Images were taken with a 40� objective. Scale bar represents 50 mm.
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BODIPY fluorophore, we constructed a turn-on Cys and Hcy sensor.
The unique photophysical properties of precursor of probe 1, such
as high ability for light harvesting, no fluorescence leaks from the
donor, high quantum yield and large pseudo-Stokes shifts, features
attracts us to synthesize probe 1 to be a new candidate for cellular
thiols probe. HPLC-MS study and DFT calculations give strong
support for the mechanism of Cys detection by probe 1. Further-
more, bioimaging results show that probe 1 can easily penetrate
cell membrane for detection of thiol species in living cells. Alto-
gether, these results indicate that probe 1 is a good candidate for
biothiol detection in living cells.
Fig. 9. Fluorescent intensity measurements of HeLa cells. Cells were pre-treated with
1 mM L-buthionine sulfoximine (BSO) or 1 mM BSO and 0.1 mM H2O2 for 1 h. Cells from
latter incubation were further treated with 1 mM L-cysteine (L-cys) for 1 h or left
untreated before incubation with probe (3 mM) for 30 min. As control, cells were
incubated with probe 1 only. Fluorescence intensities were displayed as averages of
measurements from three sites. *p < 0.005.
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