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ABSTRACT

Judicious design of BODIPY dyes carrying nitroethenyl substituents in conjugation with the BODIPY core yields dyes that respond to biological
thiols by both absorbance and emission changes. Incorporation of solubilizing ethyleneglycol units ensures water solubility. The result is bright
signaling of biologically relevant thiols in the longer wavelength region of the visible spectrum and in aqueous solutions.

Sensing and signaling of biological thiols is at the focus
of recent flurry of work.1 These reaction-based probes
take advantage of high nucleophilicity of thiol functions
found in biologically relevant species such as Cystein
(Cys), Homocystein (Hcy) and Glutathione (GSH). These
biothiols are vital for the maintenance of cellular redox
status and alterations in their levels is linked to a number of
debilitatingdiseases suchasAIDS, cancer andAlzheimer’s.2

Consequently, probes that respond to these thiols by color
change, emission change, or both are highly valued. If they
are made to function in aqueous solutions, naturally, they
are deemed to be more desirable considering potential
applications.
We now present a nitroethenyl-BODIPY conjugate

1, having both chromogenic and fluorescence turn-on

responses for fast, selective and sensitive detection of bio-
logical thiols in aqueous media. The roles of three separate
modules of the thiol probe 1 are displayed in Scheme 1 and
can be described as follows: (1) Boron dipyrromethene
(BODIPY)3 fluorophore was chosen as the signaling unit
for its widely accepted superiority (e.g., high molar ab-
sorptivity, high photostability, visible wavelength absorp-
tion and its modular nature for facile functionalization,
etc.) over more conventional alternatives. Because of these
unique features, a plethora of fluorescent sensors/labels,4
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light harvesting systems,5 photodynamic therapy agents6

and molecular logic gate systems7 are built around BOD-
IPY cores, and these received considerable attention from
the chemical community. (2) Incorporation of a nitroalk-
ene unit to the parent dye would transform it into a strong
Michael acceptor, which would be highly susceptible to
sulfhydryl nucleophiles.8 Indeed, Michael reaction-based
thiol sensing protocols9 clearly emerge as the favorite
among other strategies.10 Nucleophilic attack of the thiol
to the β-position of nitroethene is expected to disrupt the
π-conjugation and block the intramolecular charge trans-
fer (ICT) process,which is expected to induce a blue shift in
absorbance. (3)Gallic acid derived unit placed at themeso-
position of BODIPY core plays two crucial functions:
(i) photoinduced-electron-transfer (PeT)-based modula-
tion of the emission, as the electron rich trimethoxyphenyl
moiety could quench excited state of the electron deficient
(due to conjugated nitroethenyl group) BODIPY core by

an electron transfer and (ii) ethyleneglycolic entities an-
chored on phenolic hydroxyl functionalities should facil-
itate water solubility, enhancing the chances for practical
applications of the probe 1.

To test the aforementioned hypothesis, we set out to
synthesize a simpler analogue of 1 and studied its 1,4-
addition reactivitywith thiols. Thiol sensor 2was prepared
from the readily available 2-formylBODIPY6e precursor
via tandem Henry/elimination reaction (see Supporting
Information). Once β-mercaptoethanol (ME), chosen as
the simplebiothiolmodel compound, reactedwith the thiol
sensor 2, an apparent color change from red to orange was
noticed. This bright green fluorescing adduct 3 was pre-
sumed to be the 1,4-conjugate addition product (Figure 1).
Because of poor solubility of 2 in common polar organic
solvents, absorption and emission spectra were not re-
corded. Michael reaction of 2 and ME was amenable to
1HNMR spectroscopy analysis. Comparison of 1HNMR
spectra of 2 and 3 clearly shows that the addition of ME

to the sensor 2 leads to the disappearance of the vinylic
protons (Ha and Hb) resonating at 8.07 and 7.44 ppmwith
the concomitant appearance of R-protons of the newly
formed nitroalkane showing at 4.80 ppm. About 0.1 ppm
upfield shift of aromatic hydrogens (meso-H and 6-H)

Scheme 1. Design Elements of the Nitroethenyl-BODIPY
Conjugate Thiol Probe 1

Figure 1. Stacked partial 1H NMR spectra of thiol probe 2 (A)
and conjugate addition product 3 (B) in CDCl3 at 25 �C.
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of BODIPY core is an indication of an increase in the
electron density of the BODIPY core (the signaling unit)
upon conjugate addition.
Once we demonstrated theMichael acceptor reactivity of

thenitroethenyl-BODIPYderivative2 toward the thiolME,
we have turned our attention to thewater-soluble derivative
1. Synthetic route followed is depicted in Scheme 2.

Gallic acid derived aldehyde 4 was prepared according
to our previous report11 and reacted with 2,4-dimethyl-
pyrrole to furnish 5. Fluorescent dye 5 was formylated via
Vilsmeier�Haack reaction in good yield, and subsequent
condensation in nitromethane in the presence of catalytic
amount ofNH4OAc (20mol%) provided the thiol probe 1
in reasonable overall yields (14%).
Figure 2 shows the electronic absorptionand fluorescence

emission response of the thiol probe 1 (2.4 μM) in 50 mM
HEPES:CH3CN (80:20, v/v, pH = 7.20) to increasing
Cysteine (Cys) concentrations (0�400 equiv).

Upon addition of Cys, absorption band of free dye 1

centered at 525 nm gradually decreased, and a new band

appeared with a maximum at 510 nm. A 15 nm blue shift
with a well-defined isosbestic point at 518 nm is apparent
from the absorption spectrum (Figure 2, left). This
Cys-induced hypsochromic shift reveals the suppression
of ICT process that occurs between donor BODIPY core
and acceptor nitroalkene unit, as predicted. Probe 1 is
essentially nonfluorescent (Φf = 0.056) as evidenced by
emission spectrum (Figure 2, right). Fluorescence intensity
increases up to 20-fold (Figure 2) upon increasing Cys
concentrations (0�400 equiv) with an emission band cen-
tered at 515 nm (λex 500 nm). In agreement with our design
expectations, this fluorescence enhancement is at least
partly due to a reduction in the efficiencyof the PeTprocess
upon the attack of the Cys thiol on probe 1 resulting an
increase in the energy level of the BODIPY centered
LUMO.Under identical conditions, otherbiological thiols,
such as Homocysteine (Hcy) and Glutathione (GSH),
afforded similar turn on fluorescence responses as well
(Figures S1 and S2, Supporting Information). However,
the response to Cys is much faster than that to Hcy and
GSH. Thus, by controlling the reaction time, exquisite
selectivity for Cys can be obtained (Figure S9, Supporting
Information, and inset in Figure 3).
Sensing experiments were also carried out in HEPES:

CH3CN (60:40, v/v) and 100% HEPES buffer solutions
(pH7.2 in both).While 40%acetonitrile solution produces
essentially the same responses as that of 20% acetonitrile
solution, fluorescence response of 1 toward biological
thiols was halved in 100% HEPES solution (Figures S3
and S4, Supporting Information), but the signal is still
strong enough for sensitive and selective detection of thiols
(vide infra).
As anatural extension of this study,wehave investigated

the selectivity of probe 1 toward Cys, Hys and GSH over
potentially competing biologically relevant natural amino

Scheme 2. Synthesis of the Water-Soluble Thiol Probe 1

Figure 2. UV�vis absorption spectra (left) and fluorescence
spectra (right) of the thiol probe 1 (2.4 μM) upon increased
Cys concentrations (0�400 equiv) in 50 mM HEPES:CH3CN
(80:20, v/v, pH = 7.20, λex 500 nm at 25 �C).

Figure 3. Fluorescence response of the thiol probe 1 (2.4 μM)
toward biothiols (Cys, Hcy andGSH; 200 equiv each) and other
natural amino acids (400 equiv) in 50 mM HEPES:CH3CN
(80:20, v/v, pH = 7.20, λex 500 nm at 25 �C).(11) Atilgan, S.; Ekmekci, Z.; Dogan, A. L.; Guc, D.; Akkaya, E. U.
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acids in HEPES:CH3CN (80:20, v/v) at physiological pH
(7.20). No significant changewas observed in both absorp-
tion (Supporting Information) and fluorescence emission
(Figure 3) spectra when natural amino acids other than
cysteine were treated with the probe 1.
Extending the sensing range of theprobe into the red and

near IR would be highly advantageous. To that end, we
made use of now established protocols for Knoevenagel
condensation of the methyl substituted BODIPYs and
aldehydes. As probe 1 was derivatized by reacting with a
trialkoxybenzaldehyde, the absorbance and fluorescence
maxima moved into far red (λabs 623 nm and λem 650 nm)
with enhanced water solubility as a bonus (Scheme 3 and
Table 1).
Synthesis of distyryl-BODIPY 7 was achieved in 3 steps

starting from compound 5 (Supporting Information).
Optical properties of 1 and 7 are given below in Table 1.
Compared to 1, dye 7 has an extended π-conjugation that
causes significant bathochromic shift (≈100 nm in absorp-
tion and ≈125 nm in emission peaks). However, this
extension of conjugation diminished the fluorescence
quantum yield of 7 to approximately one-third of probe 1.
Sensor 7 displayed good water solubility due to the

presence of nine triethyleneglycolic arms on the styryl

andmeso substituents. Absorption (Figure S7, Supporting
Information) and fluorescence response (Figure 4) of this
red-emitting chromophore 7were also examined.An equal
magnitude of enhancement response was observed with
the probe 7 and 1 upon incremental Cys additions (0�400
equiv).
In conclusion, two nitroethenyl-BODIPY derivatives (1

and 7) operating at different wavelengths were designed,
synthesized and evaluated for biological thiol (Cys, Hcy
and GSH) sensing in aqueous solutions. Both probes
showed very fast and sensitive responses with color
changes and “turn-on” fluorescence.We are confident that
an understanding of BODIPY photophysics in relation to
PeT efficiency and internal charge transfer would produce
newer and more capable sensors for analytes of interest.
Compounds 1 and 7 are two examples along that promis-
ing road.
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Table 1. Optical Properties of the Probes 1 and 7

compounda λabs (nm) λem (nm) Φf
b εmax

c

1 525 540 0.056d 58 500

7 623 655 0.016e 51 800

aData acquired in 50 mMHEPES:CH3CN (80:20, v/v, pH= 7.20),
in dilute solutions. bRelative quantum yields. cUnit: cm�1 M�1. dRe-
ference dye:Rhodamine 6G inwater (Φf=0.95). eReference dye:Cresyl
violet in methanol (Φf = 0.90).

Figure 4. Fluorescence spectra of the red-emitting thiol probe 7
(2.4 μM) upon increased Cys concentrations (0�1000 equiv)
in 50 mM HEPES:CH3CN (80:20, v/v, pH = 7.20, λex 600 nm
at 25 �C).

Scheme 3. Red-Emitting Nitroolefin-BODIPYConjugate Thiol
Probe 7
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