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ABSTRACT: Reactive oxygen species (ROS) and cellular
oxidant stress have long been associated with cancer.
Unfortunately, the role of HClO in tumor biology is much
less clear than for other ROS. Herein, we report a
BODIPY-based HClO probe (BClO) with ultrasensitivity,
fast response (within 1 s), and high selectivity, in which
the pyrrole group at the meso position has an “enhanced
PET” effect on the BODIPY fluorophore. The detection
limit is as low as 0.56 nM, which is the highest sensitivity
achieved to date. BClO can be facilely synthesized by a
Michael addition reaction of acryloyl chloride with 2,4-
dimethylpyrrole and applied to image the basal HClO in
cancer cells for the first time and the time-dependent
HClO generation in MCF-7 cells stimulated by elesclomol,
an effective experimental ROS-generating anticancer agent.

Reactive oxygen species (ROS), such as H2O2, HClO, HO
•,

O2
•−, and 1O2, are constantly generated and eliminated in

biological systems; they play important roles in diverse normal
biochemical functions and abnormal pathological processes.1 In
particular, ROS and cellular oxidant stress have long been
associated with cancer.2 Growing evidence suggests that cancer
cells in general exhibit increased intrinsic ROS stress compared
to normal cells.3−5 The cancer cells depend on a high ROS
level to drive proliferation and other events required for tumor
progression.2 However, further oxidative stress may exhaust the
cellular antioxidant capacity and increase the ROS stress
beyond the threshold level, leading to apoptosis,6,7 which is
considered as a novel anticancer mechanism,1,2,8 such as that of
elesclomol.9 That is, ROS is a double-edged sword for cancer
cells. O2

•− and H2O2 have been shown to be implicated in
oncogenic transformation,5 while actually much of the H2O2
generated by neutrophils is used to produce hypochlorous acid
(HClO) by myeloperoxidase (MPO).10,11 Unfortunately, the
role of HClO in tumor biology is much less clear.12

Under physiological conditions, HClO is highly reactive and
short-lived;13 the average level of HClO generation from
neutrophils is 0.47 nmol/min per 106 cells.14 HClO detection
with fast response and high sensitivity is desirable for real-time
monitoring of the fluctuation of HClO in its cellular site of
action. Although several efforts have been made to develop
HClO-responsive fluorescent probes,15−35 most of them display
a delayed response time, and no example is sensitive enough to
report on the basal HClO level in cancer cells. Herein, we
report a fluorescent BODIPY-based HClO probe, BClO

(Scheme 1), with ultrasensitivity (detection limit of 0.56
nM), high selectivity, and fast response (within 1 s). The

excellent sensing properties of BClO enable its use in the
imaging of basal HClO in cancer cells for the first time and the
real-time monitoring of HClO generation in MCF-7 cells
stimulated by elesclomol.
Probe BClO was constructed by connecting a difluoroboron

dipyrromethene (BODIPY) fluorophore and a 2,4-dimethyl-
pyrrole moiety acting as the recognition group through a two-
carbon linker. It was facilely synthesized by a Michael addition
reaction of one acryloyl chloride molecule with three 2,4-
dimethylpyrrole molecules (Scheme 1). Pyrrole is an aromatic
five-membered heterocycle and the nonbonding electrons on
the pyrrole nitrogen overlay with the π system to form a
continuous ring.36 We envisioned that, compared with the
traditional single-atom electron donor (O, N,37,38 Se,22,35,39,40

Te,34,41 etc.) for photoinduced electron transfer (PET), the
more electron-rich pyrrole ring can “switch off” the
fluorescence of fluorophore more efficiently through an
“enhanced PET” effect which gives lower background
fluorescence and higher signal-to-noise ratio. When the pyrrole
is oxidized by HClO to its corresponding keto form (BOClO),
the fluorescence can be restored because of the suppression of
PET (Scheme 1).
The spectroscopic properties of BClO (1 μM) were

evaluated in an aqueous medium buffered to physiological
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Scheme 1. Synthesis and Proposed HClO Sensing
Mechanism of BClOa

aReagents and conditions: (a) CH2Cl2, rt, overnight; (b) NEt3, BF3·
OEt2, rt, 2 h, 11.3%.
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pH (0.01 M PBS, ethanol/water = 1:9 v/v, pH 7.4). Free BClO
featured a prominent absorption band centered at 500 nm (ε =
7.1 × 104 M−1 cm−1) and a corresponding emission maximum
at 505 nm with weak fluorescence (Φ = 0.006), as expected.
Upon addition of NaClO, almost no change in the absorption
spectrum was observed (Figure S1). However, the emission of
BClO was enhanced by approximately 100-fold in intensity and
56-fold in quantum yield (Φ = 0.347) with 5 μM NaClO added
(Figure S2). The low background fluorescence and large
enhancement, which are ascribed to “enhanced PET” by the
pyrrole ring, make BClO superior to the majority of other PET-
based probes.22,34,37−39 In the selectivity test, other ROS
(H2O2, O2

•−, TBHP, HO•, TBO•, 1O2, NO) at higher
concentrations did not lead to measurable changes in the
fluorescence of BClO (Figure 1d). The high-resolution mass

spectrum (HRMS) of BClO+HClO (Figure S3) showed two
signals at m/z 406.1871 (calcd 406.1873) and 789.3860 (calcd
789.3853), which could be assigned to [BOClO+Na]+ and
[2BOClO+Na]+, respectively. Infrared (IR) spectroscopic
analysis (Figure S4) showed that a distinct IR absorption
peak at 1710 cm−1 corresponding to the CO group appeared
upon the addition of NaClO to BClO. The fluorescence signal
output of BClO with HClO was clarified in terms of the
frontier orbital energy diagrams by the density functional
theory (DFT) method at the B3LYP/6-31G(d,p) level using
the Gaussian 09 program (Figure S5). Furthermore, the redox
potentials of the BODIPY fluorophore and 2,4-dimethylpyrrole
were measured by differential pulse voltammetry (DPV), which
ascertained the PET mechanism in BClO (Figure S6).
To examine the sensitivity of BClO to HClO, titration of

HClO at low concentrations was conducted. As shown in
Figure 1a,b, the fluorescence intensity ratio (F/F0, 505 nm) of
BClO was linearly proportional (R2 = 0.99724) to the HClO
concentration in the range 0−10 nM. Importantly, the
detection limit was calculated to be as low as 0.56 nM (3σ/
k). To the best of our knowledge, this is the highest HClO
sensitivity achieved for fluorescent probes to date.20,35 The

time-dependent fluorescence changes (at 505 nm) of BClO in
the presence of NaClO (Figure 1c and Figure S7) showed that
the reaction can be completed within 1 s. Indeed, the short
response time is essential for the real-time detection of HClO.
The pH titration experiment (Figure S8) revealed that BClO
maintained a constant minimal value at pH 4−9; after the
addition of 5 μM NaClO, the emission intensity at 505 nm was
significantly increased. The pH independence of BClO can be
attributed to the fact that the lone pair of electrons on the
pyrrole nitrogen takes part in the π-bonding system, thus
making the protonation difficult.36

Evidence obtained from recent studies indicates that cancer
cells, compared to normal cells, are under increased oxidative
stress associated with oncogenic transformation, alterations in
metabolic activity, and increased generation of ROS.3−5 Thus,
we tested whether BClO is sensitive enough to determine the
difference in the basal HClO levels between cancer and normal
cells (Figure 2). After incubation of cancer cells (MCF-7 and

HeLa) with BClO for 20 min at 37 °C, BClO penetrated the
cell membranes and stained the cells with a clear fluorescence
from the emission channel in the range 490−550 nm (Figure
2c,d). As shown in Figure S9, the emission maximum of BClO
(505 nm) in the cells was the same as that measured in PBS
buffer solution. The fluorescence of BClO was significantly
reduced (Figure S10) by pretreating with glutathione (GSH, an
important antioxidant within cells42) or 4-aminobenzoic acid
hydrazide (ABAH, a potent inhibitor of MPO43). According to
the linearity (F/F0 versus HClO concentration) established in
Figure 1b and the quantification data (Figure 2e, where F0 is

Figure 1. Spectroscopic properties of BClO (1 μM) in PBS (0.01 M)
solution (ethanol/water = 1:9 v/v, pH 7.4). (a) Fluorescence spectra
and (b) intensity ratios (F/F0, 505 nm) of BClO change as a function
of NaClO (at 0−10 nM). (c) Time course of fluorescence intensity of
BClO at 505 nm after addition of 5 μM NaClO, time range 0−10 s.
(d) Fluorescence responses (F/F0, 505 nm) of BClO toward NaClO
(5 μM) and other ROS (10 μM). The excitation wavelength is 480
nm.

Figure 2. Fluorescence images of normal and cancer cells after
incubation with 1 μM BClO for 20 min: (a) COS-7 cells, (b) raw
264.7 macrophages, (c) MCF-7 cells, and (d) HeLa cells. Images were
acquired by using excitation and emission windows of λex = 488 nm
and λem = 490−550 nm, respectively. (e) Statistical analyses were
performed with two-sample t-test (n = 10 fields of cells). ***P <
0.001, error bars are ± sem.
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the fluorescence intensity of BClO+GSH/ABAH), the average
basal HClO levels in MCF-7 and HeLa cells were estimated as
ca. 9.45 and 8.23 nM, respectively. In the case of normal cell
lines (COS-7 and Raw 264.7), almost no fluorescence (Figure
2a,b) was observed under the same conditions. Figure 2e
showed that the fluorescence of BClO in MCF-7 and HeLa
cells was much stronger than that in COS-7 cells and Raw
264.7 macrophages (***P < 0.001), demonstrating that BClO
could potentially be applied to differentiate between normal
and cancer cells on the basis of their different basal HClO
levels. Furthermore, the fluorescence intensity of BClO
significantly increased upon addition of NaClO in MCF-7
cells (Figure S11) or stimulation with lipopolysaccharide (LPS)
and phorbol 12-myristate 13-acetate (PMA)44 in Raw 264.7
macrophages (Figure S12), indicating that BClO was capable of
detecting changes in the HClO level in the presence of
exogenous or endogenous HClO in live cells.
Elesclomol is an effective experimental ROS-generating

anticancer agent9 that displays selective sensitivity to breast
cancer MCF-7 cells,45 but the underlying molecular mechanism
of action of elesclomol has not been elucidated in detail.46 In
this study, we employed BClO to investigate whether HClO is
generated during the elesclomol stimulation in MCF-7 cells.
BClO-prestained MCF-7 cells were treated with elesclomol,
then the fluorescence images were recorded at different time
points for 3 h (Figure 3a−f) and Figure 3g showed the plot of
relative fluorescence intensity of BClO against time. The

fluorescence signal of BClO significantly increased from 726 ±
244 at 0 min to 2217 ± 677 at 180 min, indicating that the
addition of elesclomol caused time-dependent fluorescence
enhancement. However, the fluorescence intensity of BClO
remained almost constant in the control sample without
elesclomol (Figure S13), demonstrating that the observed
changes in BClO fluorescence could be attributed to the HClO
generation induced by elesclomol in cancer cells. For any
cancer therapeutics, the ability to selectively target tumors by
exploiting the fundamental differences between normal and
cancer cells represents a promising approach.46 In another
comparative experiment using COS-7 cells, much lower and
almost unchanged emission intensities were observed during
the elesclomol stimulation (Figure S14), indicating that the
cellular oxidative stress induction did not occur in the
nontransformed cells.
The MTT (3-(4,5-dimethylthiahiazol-2-y1)-2,5-diphenytetra-

zolium bromide) tests showed that, after 24 h of cellular
internalization of 1 μM probe, more than 98% of the cells
remained viable (Figure S15), indicating the low cytotoxicity of
BClO.
In conclusion, we synthesized BClO by a Michael addition

reaction of acryloyl chloride with 2, 4-dimethylpyrrole. BClO
functions as a HClO-specific fluorescent indicator that features
a fast (within 1 s) and ultrasensitive response. The detection
limit is as low as 0.56 nM, which is the highest sensitivity
achieved to date. The pyrrole group at the meso position has an
“enhanced PET” effect on the BODIPY fluorophore, so as to
obtain the low background fluorescence and high signal-to-
noise ratio. Significantly, BClO can be applied to image basal
HClO in cancer cells for the first time and monitor the time-
dependent elevation of HClO caused by elesclomol in MCF-7
cells. It is therefore believed that BClO provides a promising
chemical tool for the study of HClO in tumor biology and the
molecular understanding of the mechanism of action of
elesclomol. Such work on developing ratiometric, NIR, and
organelle/protein-targeted fluorescent probes based on BClO
is ongoing.
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