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ypochlorous  acid  turn-on  boron  dipyrromethene  probe  based  on
xidation  of  methyl  phenyl  sulfide
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 i  g  h  l  i  g  h  t  s

A  BODIPY-based  green  fluorescent
probe for sensing  HOCl  was  devel-
oped.
The  probe  utilizes  HOCl-promoted
oxidation  of  methyl  phenyl  sulfide
to produce  a proportional  fluores-
cence response  to the  concentration
of HOCl.
Confocal  fluorescence  microscopy
imaging of RAW264.7  cells demon-
strated  that  the  HCS  probe  might
have  application  in  the  investigation
of HOCl  roles  in  biological  systems.
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a  b  s  t  r  a  c  t

A  boron  dipyrromethene  (BODIPY)-based  fluorometric  probe,  HCS,  has  been  successfully  developed  for
the  highly  sensitive  and  selective  detection  of  hypochlorous  acid  (HOCl).  The  probe  is  based  on the specific
HOCl-promoted  oxidation  of methyl  phenyl  sulfide.  The  reaction  is  accompanied  by  a  160-fold  increase  in
the fluorescent  quantum  yield  (from 0.003  to 0.480).  The  fluorescent  turn-on  mechanism  is  accomplished
vailable online 12 September 2013

eywords:
ypochlorous acid
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oron dipyrromethene
ioimaging

by  suppression  of photoinduced  electron  transfer  (PET)  from  the  methyl  phenyl  sulfide  group  to BODIPY.
The  fluorescence  intensity  of  the  reaction  between  HOCl  and  HCS  shows  a good  linearity  in the  HOCl
concentration  range  1–10  �M. The  detection  limit  is  23.7  nM  (S/N  =  3).  In addition,  confocal  fluorescence
microscopy  imaging  using  RAW264.7  macrophages  demonstrates  that  the  HCS  probe  could  be  an  efficient
fluorescent  detector  for HOCl  in  living  cells.

© 2013 Published by Elsevier B.V.
. Introduction

Hypochlorous acid (HOCl), one of the reactive oxygen species
ROS), is a highly effective antimicrobial agent used by mammalian

mmune systems [1]. Endogenous HOCl is produced from the
eaction between hydrogen peroxide and chloride ion, which is
atalyzed by myeloperoxidase (MPO) [2] in leukocytes, including

∗ Corresponding author. Tel.: +886 3 5712121x56506; fax: +886 3 5723764.
E-mail addresses: spwu@mail.nctu.edu.tw, spwu@faculty.nctu.edu.tw

S.-P. Wu).

003-2670/$ – see front matter ©  2013 Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.aca.2013.09.018
macrophages, monocytes and neutrophils [3]. When pathogens
invade human tissue, leukocytes engulf the invading pathogens by
phagocytosis. Endogenous HOCl can damage various biomolecules,
including DNA, lipids, and proteins, and then kill the invading
pathogens [4]. However, uncontrolled HOCl production can result
in the emergence of diseases, including atherosclerosis [5], atrial
fibrillation [6], and liver cirrhosis [7]. Because of the biological
importance of HOCl, the development of highly sensitive and

selective probes for HOCl is an important issue. Fluorescent probes
that can respond to changes in the concentration of HOCl would
be helpful in studying the dynamic distribution of HOCl in living
cells [8–25].

dx.doi.org/10.1016/j.aca.2013.09.018
http://www.sciencedirect.com/science/journal/00032670
http://www.elsevier.com/locate/aca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aca.2013.09.018&domain=pdf
mailto:spwu@mail.nctu.edu.tw
mailto:spwu@faculty.nctu.edu.tw
dx.doi.org/10.1016/j.aca.2013.09.018


7 himic

t
H
t
e
fl
h
fl
p
d
r
t
s

(
g
m
[
s
p
r
H
s
i
s
m
c

2

2

r
o
m
s
3
i
M

2

N
t
b
b
p
t
t
o
H
S
a
a
g
o
c
t
p
A

2 S.-R. Liu et al. / Analytica C

A common strategy for the design of HOCl fluorescent probes is
o connect a HOCl-reactive moiety to an organic fluorophore. The
OCl-reactive component functions as a controller that modulates

he fluorescence intensity of the fluorophore by a photoinduced
lectron transfer (PET) mechanism. In the absence of HOCl, the
uorescence of the fluorophore is quenched by the PET process;
owever, in the presence of HOCl, PET quenching is restricted and
uorescence of the fluorophore is reestablished. To facilitate the
ractical application of HOCl probes in cell imaging, HOCl probe
evelopment has focused on selectivity and sensitivity. Herein, we
eport a highly sensitive and selective fluorescent probe for HOCl
hat is based on the HOCl-promoted oxidation of methyl phenyl
ulfide.

In this study, we designed a new boron dipyrromethene
BODIPY)-based fluorescent probe, HCS, containing an organosulfur
roup for HOCl detection. BODIPY is a fluorescent dye with a large
olar absorption coefficient and high fluorescence quantum yield

26]. We  used BODIPY as the signal transducer and methyl phenyl
ulfide as the modulator that responds to the amount of HOCl. HCS
roduces weak fluorescence with a quantum yield of  ̊ = 0.003 in
esponse to PET from the methyl phenyl sulfide group to BODIPY.
owever, BODIPY produces strong fluorescence upon oxidation of

ulfur by HOCl. The probe exhibits greater selectivity and sensitiv-
ty toward HOCl than it does for other ROS and reactive nitrogen
pecies (RNS) in aqueous solution. Importantly, HCS has good cell-
embrane permeability and can successfully image HOCl in living

ells.

. Experimental

.1. Materials and instrumentation

All reagents were obtained from commercial sources and used as
eceived without further purification. UV/vis spectra were recorded
n an Agilent 8453 UV/vis spectrometer. Fluorescence spectra
easurements were performed on a Hitachi F-7000 fluorescence

pectrophotometer. NMR  spectra were obtained on a Bruker DRX-
00 and Agilent Unity INOVA-500 NMR  spectrometer. Fluorescent

mages were taken on a Leica TCS SP5 X AOBS Confocal Fluorescence
icroscope.

.2. Preparation of ROS and RNS

Various ROS and RNS including HOCl, •OH, H2O2, 1O2, NO2
−,

O3
−, NO, ONOO−, O2

− and t-BuOOH were prepared according
o the following methods. HOCl was prepared from commercial
leach; the concentration of hypochlorite (OCl−) was determined
y using an extinction coefficient of 350 M−1 cm−1 (292 nm)  at
H 9.0. Hydroxyl radical (•OH) was generated by Fenton reac-
ion on mixing Fe(NH4)2(SO4)2·6H2O with 10 equivalents of H2O2;
he concentration of •OH was estimated from the concentration
f Fe2+. The concentration of the commercially available stock
2O2 solution was estimated by optical absorbance at 240 nm.
inglet oxygen (1O2) was generated by the addition of NaOCl
nd H2O2 according to the literature [27]. The source of NO2
nd NO3 was from NaNO2 and NaNO3. Nitric oxide (NO) was
enerated from SNP (Sodium Nitroferricyanide (III) Dihydrate). Per-
xynitrite (ONOO) was prepared as the reported method2; the

oncentration of peroxynitrite was estimated by using an extinc-
ion coefficient of 1670 M−1 cm−1 (302 nm). Superoxide (O2) is
repared from KO2. t-BuOOH was obtained commercially from Alfa
esar.
a Acta 800 (2013) 71– 76

2.3. Synthesis of HCS

TFA (0.1 mL)  was added to the solution of 2-methylthioben-
zaldehyde (516 �L, 4 mmol) and ethyl 2,4-dimethyl-1H-pyrrole-
3-carboxylate (762 mg,  8.00 mmol) in 150 mL  of CH2Cl2 under
N2 atmosphere. After the solution was  stirred for three hours,
TLC analysis revealed complete conversion of starting materials
to the dipyrromethane. To the reaction mixture, DDQ (953.4 mg,
4.20 mmol) dissolved in CH2Cl2 was added. Then, the solution
was stirred for further 45 min; TLC analysis revealed the com-
plete disappearance of dipyrromethane and formation of the
desired dipyrromethene. Triethylamine (4.0 mL)  and boron tri-
fluoride dietherate (4.0 mL) were added to the reaction mixture
and stirring was continued for further 2 h. Reaction mixture was
washed with water (50 mL)  by three times and the organic phase
was dried over anhydrous MgSO4. The solvent was  removed under
reduced pressure and the crude product was purified by col-
umn  chromatography (hexane: dichloromethane = 8:1) to give the
compound HCS as an orange solid. Yield: 493.6 mg  (24%); m.p.
241–242 ◦C. 1H NMR  (300 MHz, CDCl3) ı = 7.51 (t, J = 8.1 Hz, 1H),
7.26–7.34 (m,  2H), 7.12 (d, J = 7.2 Hz, 1H), 4.27 (q, J = 7.2 Hz, 4H),
2.84 (s, 6H), 2.44 (s, 3H), 1.78 (s, 6H), 1.32 (t, J = 7.2 Hz, 6H). 13C NMR
(75 MHz, CDCl3) ı = 164.2, 159.6, 147.2, 143.5, 137.9, 132.1, 130.9,
130.3, 128.0, 125.8, 125.1, 122.2, 60.1, 15.0, 14.9, 14.2, 12.7. MS  (EI):
m/z (%) = 514 (100), 469 (17), 468 (19), 467 (14), 447 (31), 440 (10),
421 (10), 420 (9), 394 (8), 393 (12), 392 (9), 375 (10), 374 (16),
373 (13). HRMS (EI): calcd. for C26H29BF2N2O4S 514.1909, found
514.1916. FTIR (cm−1) 1703, 1518, 1434, 1313, 1253, 1180, 1113,
1029.

2.4. The oxidized product (HCSO) from the reaction of HCS and
NaOCl

NaOCl (530 �L, 12% dissolved in H2O) was added to the solu-
tion of HCS (257.1 mg,  0.5 mmol) in CH3CN (50 mL). The reaction
mixture was stirred at room temperature for 30 min. The solvent
was evaporated under reduced pressure, and the crude product was
purified by column chromatography using ethyl acetate and hexane
as eluents (1:6, v/v) to give the compound HCSO as dark red solid.
Yield: 137.8 mg  (52%); m.p. 232–233 ◦C. 1H NMR  (300 MHz, CDCl3)
8.27 (dd, J = 8.1 Hz, J = 0.9 Hz, 1H), 7.85 (td, J = 7.7, J = 1.2 Hz, 1H), 7.70
(td, J = 7.5 Hz, J = 1.2 Hz, 1H), 7.32 (dd, J = 7.5 Hz, J = 0.9 Hz, 1H), 4.27
(m,  4H), 2.86 (s, 3H), 2.84 (s, 3H), 2.59 (s, 3H), 1.71 (s, 3H), 1.60 (s,
3H), 1.33 (m,  6H). 13C NMR  (150 MHz, CDCl3) ı 163.9, 163.8, 161.8,
159.8, 148.0, 145.4, 144.5, 139.9, 132.2, 131.8, 131.6, 130.8, 128.7,
125.3, 123.5, 122.7, 60.43, 60.37, 42.3, 15.2, 15.0, 14.21, 14.18, 13.7,
13.4. MS  (ESI): m/z 531.0. HRMS (ESI): calcd. for C26H29BF2N2O5S
530.1858, found 530.1856. FTIR (cm−1) 1710, 1547, 1443, 1320,
1247, 1188, 1109, 1073, 1031.

2.5. Cell culture for RAW264.7 macrophages

The cell line RAW264.7 was provided by the Food Industry
Research and Development Institute (Taiwan). RAW264.7 cells
were cultured in Dulbecco’s Modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) at 37 ◦C under an
atmosphere of 5% CO2. Cells were plated on 18 mm glass coverslips
and allowed to adhere for 24 h.

2.6. Fluorescence imaging of exogenous HOCl in living cells

Experiments to assess the sensing ability of HCS for exoge-

nous HOCl were performed in 0.1 M phosphate-buffered saline
(PBS) with NaOCl (10 �M).  Treat the cells with 2 �L of 10 mM HCS
(final concentration: 10 �M)  dissolved in DMSO and incubated for
30 min  at 37 ◦C. The treated cells were washed with 0.1 M PBS
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fluorescence intensity was observed only when NaOCl was mixed
with H2O2. NaOCl can react with H2O2 to furnish 1O2 [27], which
shows no response toward probe HCS. Due to the consumption of
NaOCl by H2O2, smaller fluorescence intensity was observed in the
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2 mL  × 3) to remove remaining HCS. DMEM (2 mL)  was  added
o the cell culture, which was then treated with 10 mM solution
f NaOCl (2 �L; final concentration: 10 �M)  dissolved in steril-
zed 0.1 M PBS (pH 7.4). The samples were incubated at 37 ◦C for
0 min. The culture medium was removed, and the treated cells
ere washed with 0.1 M PBS (2 mL  × 3) before observation. Confo-

al fluorescence imaging of cells was performed with a Leica TCS
P5 X AOBS Confocal Fluorescence Microscope (Germany), and a
3× oil-immersion objective lens was used. The cells were excited
ith a white light laser at 488 nm,  and emission was collected at

30 ± 10 nm.

.7. Fluorescence imaging of PMA-induced HOCl production in
iving cells

RAW264.7 cells were treated with PMA  (25 ng mL−1) and HCS in
ulture medium for 2 h. The culture medium was removed, and the
reated cells were washed with 0.1 M PBS (2 mL  × 3) before obser-
ation. Fluorescence imaging was performed with a Leica TCS SP5

 AOBS Confocal Fluorescence Microscope. The cells were excited
ith a white light laser at 488 nm,  and emission was collected at

30 ± 10 nm.

.8. Quantum chemical calculation

Quantum chemical calculations based on density functional the-
ry (DFT) were carried out using a Gaussian 09 program. The
ptimized geometries and energy levels of frontier molecular
rbitals were performed using the B3LYP functional and the 6-31G
asis set.

. Results and discussion

.1. Synthesis of the probe HCS

The synthetic procedure for the probe HCS is outlined
n Scheme 1. Treatment of 2-(methylthio)benzaldehyde

ith ethyl 2,4-dimethyl-1H-pyrrole-3-carboxylate in the
resence of trifluoroacetic acid (TFA) under N2 produces
he corresponding dipyrromethane. In the following step,
-(methylthio)phenyldipyrromethane is oxidized with 2,3-
ichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to produce the
orresponding dipyrromethene, which is then transformed into
he BODIPY skeleton in the presence of BF3. The structures of HCS
nd of HCSO,  the product of the reaction of HCS with HOCl, were
onfirmed using 1H and 13C NMR  spectroscopy and mass spec-
rometry. HCS has an absorbance maximum at 546 nm,  assigned
o the S0 → S1 transition of the BODIPY chromophore [26], and a

olar extinction coefficient of 2.42 × 104 m−1cm−1. HCS displays

eak fluorescence with a quantum yield of  ̊ = 0.003, because
hotoinduced electron transfer from the aromatic sulfur group to
he BODIPY moiety takes place.

(ii) DDQ

(iii) E t3N, B F3
.OEt2

N
B

F F

COOEt

S

N
EtOOC

(i) TF A, CH2Cl2

S

CHO NH

EtOOC

HCS

Scheme 1. Synthesis of the probe HCS.
Fig. 1. Fluorescence changes in HCS (10 �M)  in response to treatment with NaOCl
(20  �M)  and various ROS/RNS (100 �M)  in a water–CH3CN solution.

3.2. Fluorescent response of HCS with HOCl

We tested the sensing performance of the HCS probe toward var-
ious ROS and RNS species, including HOCl, •OH, H2O2, 1O2, NO2

−,
NO3

−, NO, ONOO−, O2
−, and t-BuOOH, in phosphate-buffered

saline (PBS) solution. We  found that strong green fluorescence
only occurred upon addition of HOCl to a solution containing HCS;
other ROS and RNS produced no change in fluorescence (Fig. 1).
Quantitative HCS fluorescence was observed in the presence of
several ROS and RNS that we  tested, but HOCl was the only reactive
species that caused significant fluorescence enhancement.

To study the influence of other ROS/RNS on the reaction of
HCS with HOCl, competitive experiments were performed with
other ROS/RNS (100 �M)  in the presence of NaOCl (20 �M).  In
Fig. 2, the fluorescence enhancement caused by mixing NaOCl with
most ROS/RNS was similar to that caused by NaOCl alone. Smaller
0

1000

2000

In
te

n
s
it
y
 (

5
1

6
 n
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Fig. 2. Fluorescence response (516 nm) of probe HCS (10 �M)  to NaOCl (20 �M)
or  100 �M of other ROS/RNS (the black bar portion) and to the mixture of other
ROS/RNS (100 �M) with 20 �M of NaOCl (the gray bar portion) in a water–CH3CN
solution (v/v = 99/1, 0.1 M PBS, pH 7.4). The excitation wavelength was  505 nm.



74 S.-R. Liu et al. / Analytica Chimica Acta 800 (2013) 71– 76

550 60 0 65 0 70 0
0

1000

2000

3000

0.0 0.5 1.0 1.5 2.0
0

1000

2000

3000

In
te

n
si

ty
 (
5
1
6
 n

m
)

[NaOCl]/[HCS]

516 nm
In

te
n

s
it

y

Wave leng th  (nm)

Fig. 3. Fluorescence changes in HCS (10 �M)  in the presence of various equivalents
o

p
o
C
P
H
a
S
s

a
i
D
5
t
o
t
N
c
t
l
i
s

d
t
p
fl
(
o
i

4 5 6 7 8 9 10

0

1000

2000

3000

HCS + Na OCl

HCS

In
te

n
s
it

y
 (

5
1
6
 n

m
)

pH

Fig. 4. Fluorescence response (516 nm)  of free probe HCS (10 �M),  and fluorescence

f  NaOCl in a water–CH3CN solution. The excitation wavelength was 505 nm.

resence of NaOCl and H2O2. To further evaluate the selectivity
f the probe HCS toward HOCl, 15 different metal ions (Ag+, Al3+,
a2+, Cd2+, Co2+, Cr3+, Cu2+, Fe2+, Fe3+, Hg2+, Mg2+, Mn2+, Ni2+,
b2+, Zn2+) and 10 different anions (Br−, CH3COO−, ClO4

−, CN−, F−,
SO4

−, HPO4
2−, H2PO4

−, I−, SCN−) were tested. No ion showed
ny noticeable change in fluorescence intensity (Fig. S7 and Fig.
8), indicating no response toward the probe HCS. This result
uggested that HCS can respond to HOCl with low interference.

The reaction of HCS with HOCl is fast; addition of NaOCl(aq) to
 solution containing HCS results in an immediate strong increase
n fluorescence intensity (Fig. S5 in the Supporting Information).
uring HOCl titration with HCS, a new emission band appeared at
16 nm (Fig. 3). The emission intensity reached its maximum after
he addition of one equivalent of HOCl. The quantum yield of the
xidized form, HCSO,  was  ̊ = 0.480, which is 160-fold greater than
hat of HCS (0.003). The structure of HCSO was confirmed by 1H
MR, 13C NMR, and MS  spectrometry. We  observed a good linear
orrelation between fluorescence intensity and HOCl concentra-
ion over the range 0–10 �M,  and found that HCS has a detection
imit of 23.7 nM (Fig. S6 in the Supporting Information), indicat-
ng that it is sufficiently sensitive for detection of HOCl in living
ystems.

Density functional theory (DFT) calculation was applied to
etermine the HOCl-detection mechanism. As shown in Scheme 2,
he highest occupied molecular orbital (HOMO) of the methyl
henyl sulfide moiety (electron donor) is close to that of the
uorophore BODIPY (electron acceptor); the HOMO energy level

−5.57 eV) of the methyl phenyl sulfide moiety is higher than that
f BODIPY (−5.81 eV). Consequently, when the BODIPY moiety
s excited by light, the electron transfer from the methyl phenyl

- 5.81  eV

- 5.57  eV

HOMO

LUMO

HOMO

N
B

F F

N

- 2.80  eV

- 5.95  eV

PET

EtOO C COOEt

S

S

O

Scheme 2. Energy diagram for the reaction of HCS with HOCl.
response after addition of NaOCl (20 �M) to a H2O–CH3CN solution (v/v = 99/1, 0.1 M
PBS  buffer) as functions of pH value. The excitation wavelength was 505 nm.

sulfide moiety to the BODIPY moiety is energetically allowed.
Hence, the BODIPY fluorescence is quenched by the PET pro-
cess (  ̊ < 0.01). In contrast, upon the oxidation of HCS by HOCl,
the HOMO energy level of the methyl phenyl sulfoxide moiety
(−5.95 eV) is below that of BODIPY; thus, the PET process is
forbidden and BODIPY fluorescence reemerges [26].

A pH-dependence experiment of HCS was  conducted to deter-
mine a suitable pH range for HOCl sensing. Fig. 4 shows that the
HCS emission intensity is very low over the range pH 4–10. After
addition of one equivalent of HOCl, the emission intensity at 516 nm
significantly increases over the pH range 5.5–8.0, indicating that the
probe is suitable for use under physiological conditions. At pH val-
ues greater than 8.5, the emission intensity decreases sharply. This
occurs because the pKa of HOCl is 7.6 [8,11]; hypochlorite (ClO−) is
dominant at pH > 8, and has low reactivity with HCS.

3.3. Bioimaging of HCS

The potential of the probe HCS for imaging HOCl in living
cells was next investigated. RAW264.7 macrophages were used
as a model cell line because macrophages are known to gener-
ate ROS and RNS in the immune system. Images of cells were
obtained using confocal fluorescence microscopy. No fluorescence
was observed for RAW264.7 cells that were incubated with 10 �M
HCS (Fig. 5a). After treatment with NaOCl, bright green fluores-
cence was  observed in the RAW264.7 cells (Fig. 5b). The overlay
of fluorescence and bright-field images reveal that the fluores-
cence signals are localized in the intracellular area, indicating a
subcellular distribution of HOCl and good HCS cell-membrane per-
meability.

Furthermore, HCS was used to detect PMA-induced endoge-
nous HOCl production in RAW264.7 cells. Phorbol myristate acetate
(PMA) activates the generation of ROS and RNS, including HOCl, in
macrophage cells [28,29]. After stimulation with PMA  (25 ng mL−1)
for 2 h in the presence of HCS, strong green fluorescence was
observed in the RAW264.7 cells (Fig. 5c). These results demonstrate
that HCS can visualize PMA-induced endogenous HOCl produc-
tion in macrophages. When the MPO  inhibitor 4-aminobenzoic
acid hydrazide (ABAH, 100 �M)  was added together with PMA

(25 ng mL−1) to macrophage cells, no fluorescence enhancement
was observed. These results demonstrate that only the presence
of HOCl results in significant fluorescence enhancement in cells,
whereas other ROS and RNS produce insignificant fluorescence
enhancement.
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ig. 5. Fluorescence images of RAW264.7 cells. (Left) Bright-field image; (Middle) fl
or  30 min  at 37 ◦C. (b) The cells loaded with HCS (10 �M),  incubated with NaOCl (1
resence of HCS (10 �M).  (d) ABAH (100 �M) was  co-incubated with HCS (10 �M) f

. Conclusion

In summary, we developed a BODIPY-based green fluorescent
robe, HCS, which produces a rapid, highly selective, and sensi-
ive response to HOCl, but not to other reactive species. The probe
tilizes HOCl-promoted oxidation of methyl phenyl sulfide to pro-
uce a proportional fluorescence response to the concentration of
OCl. Confocal fluorescence microscopy imaging of RAW264.7 cells
emonstrated that the HCS probe might have application in the

nvestigation of HOCl roles in biological systems.
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