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An Ultrasensitive Cyclization-Based Fluorescent Probe for Imaging
Native HOBr in Live Cells and Zebrafish

Kehua Xu, Dongrui Luan, Xiaoting Wang, Bo Hu, Xiaojun Liu, Fanpeng Kong, and Bo Tang*

Abstract: Bromine has been reported recently as being the 28"
essential element for human health. HOBr, which is generated
in vivo from bromide, is a required factor in the formation of
sulfilimine crosslinks in collagen IV. However, to date, no
method for the specific detection of native HOBr in vivo has
been reported. Herein, we develop a simple small molecular
probe for imaging HOBr based on a specific cyclization
catalyzed by HOBr. The probe can be easily synthesized in
high yield through a Suzuki cross-coupling reaction. The probe
exhibits ultrahigh sensitivity at the picomole level, in addition
to specificity for HOBr and real-time response. Importantly,
without Br~ stimulation, this probe reports native HOBr levels
in HepG2 cells. Thus, the probe is a promising new tool for
imaging endogenous HOBr and may provide a means for
finding new physiological functions of HOBr in living
organisms.

Hypobromous acid (HOBr) has received a great deal of
attention owing to its strong oxidizing power and antibacterial
action.!! The excessive generation and accumulation of HOBr
in vivo is harmful to organisms and its damaging effects are
connected to a wide range of diseases, including rheumatoid
arthritis,>* inflammatory tissue damage,[**! cardiovascular
disease,®™ neurodegenerative conditions,® kidney dis-
ease,”” and cancers.'"'” Recently, B.G. Hudson et al.
found that HOBr plays key roles in the formation of
sulfilimine crosslinks in collagen IV.'®! Collagen IV scaffolds
are critical for the formation and function of basement
membranes (BMs) in animals.'*% In vivo, HOBr is gener-
ated from the peroxidation of the bromide anion (Br~) with
hydrogen peroxide, a reaction catalyzed by a heme perox-
idase,l'” such as myeloperoxidase (MPO) or eosinophil
peroxidase (EPO)."*! To better elucidate the physiological
and pathological functions of HOBr, it is necessary to develop
suitable probes for endogenous HOBr.

The blood and plasma levels of Br™ are far lower than that
of chloride anion (CI7) by approximately 1000-fold,* which
leads to a relatively lower concentration of HOBr than HOCI.
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Recently, a number of practical fluorescent probes for HOCI
have been reported, such as two-photon fluorescent probes
that target mitochondria and lysosomes®! and an enhanced-
PET-based ultrasensitive fluorescent probe.[zz] However, to
the best of our knowledge, no fluorescent probe suitable for
the specific detection of HOBr in vivo has been reported,
although the reversible detection of HOBr/Vc (ascorbic acid)
and HOBI/H,S were discussed.’>?! Therefore, it would be
a challenge to establish a suitable approach for quantifying
endogenous HOBT, because of its low concentration and high
activity. Furthermore, it is notable that previous studies have
not considered the strict distinction between HOBr and
OBr .

Inspired by the latest research by B.G. Hudson et al. on
the effect of HOBr on crosslink formation in collagen TV,
we have designed a sulfilimine-based fluorescent probe for
the specific detection of HOBr. The simple synthetic strategy
is shown in Scheme 1. The biphenyl probe (BPP) can be
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Scheme 1. Synthesis of the probe (BPP) and its response to HOBr.

directly synthesized using commercially available o-bromoa-
niline and o-(methylthio)-phenylboronic acid in high yield. In
the presence of HOBr, a rapid cyclization reaction occurs
between the amino group and S-methyl group of the probe
molecule, thus generating a product with a red-shifted
emission. This red-shift is extremely important for the
method because it ensures that the fluorescence of the
unreacted probe will not interfere with the measurement. Our
probe was easily synthesized in 85 % yield, and the maximum
excitation and emission wavelengths of the probe are 375 and
435 nm, respectively, whereas those of the reaction product
are 480 and 525 nm. A rapid response to HOBr was observed
for the probe with high selectivity and ultrasensitivity, and the
proposed reaction mechanism is shown in Scheme 2. Impor-
tantly, neither Br~ nor H,O, could affect the fluorescence
intensity of the probe in simulated physiological conditions,
but HepG2 cells and zebrafish treated with Br~, Br /H,0,, or
HOBr showed different intensities of fluorescence emission,
which revealed a relationship between HOBr and Br /H,0,
in vivo. Thus, this probe should be a promising tool for
quantifying endogenous HOBr and could provide a means of
finding new functions of HOBr and aid in studying the
interconversion of Br~, Br/H,0O,, and HOBr in living
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Scheme 2. The proposed mechanism for the response of BPP to
HOBr.

organisms. We expect that BPP will be widely used as
a commercial reagent.

The probe was synthesized as shown in Scheme 1, and the
structures of BPP and the reaction product of BPP with
HOBr were fully characterized by HRMS, 'H NMR, and
BCNMR, and a titration experiment of BPP with HOBr
based on '"H NMR was performed (see Supporting Informa-
tion, Section S2, S3 and S14). The fluorescence properties of
the probe and reaction product were also investigated, as
shown in Figure 1a. A large red shift in the maximum
emission wavelength (ca. 100 nm) was observed under
simulated physiological conditions, which improves the
detection sensitivity.
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Figure 1. a) Excitation and emission spectra of the probe (black) and
the product of the probe with HOBr (red). b) The fluorescence
response of the probe (5 pm) toward HOBr (20 um) or NaOBr

(500 pum) in ultrapure water. Slit widths: 10/10 nm. A, /A, =480/
525 nm.

Previous reports have suggested that the molecular
mechanism during the HOCI oxidation of sulfide-type
amino acids is an electrophilic addition reaction triggered
by chloronium ions (CI") rather than ~OCL®*! Additionally,
B.G. Hudson et al. proposed that Br* from HOBr catalyzes
the coupling reaction of an amino group with an S-methyl
group to form a S=N bond in collagen I'V.l"*! Herein, we first
tested the responses of the probe to HOBr and NaOBr in
ultrapure water. As shown in Figure 1b, our probe is able to
recognize HOBr but not ~OBr, which suggests that the
proposed HOBr detection mechanism given in Scheme 2 for
our probe is reasonable. Next, the response of BPP to HOBr
was tested under different conditions, including pH values
ranging from 2.0 to 12.0 (Supporting Information, Figure S1)
and BPP concentrations ranging from 1 nm to 20 pm (Sup-
porting Information, Figure S2). The fluorescence resulting
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a wide pH range, and the changes are especially negligible
between pH values of 6.0 and 8.0. The responses of the probe
(5 uMm) to various concentrations of HOBr were measured at
pH 7.4 (Figure 2a,b), and a linear relationship was observed
between the fluorescence intensity and HOBr concentrations
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Figure 2. a) Fluorescence spectra of the probe (5 um) toward various
concentrations of HOBr (0-20 pm) in PBS (10 mwm, pH 7.4, 0.5%
CH,CN as a cosolvent). Slit widths: 10/ 10 nm. b) Fluorescence
spectra of the probe (5 um) with various concentrations of HOBr (0—
100 nm) in PBS (10 mm, pH 7.4). Slit widths: 20/ 20 nm. c) The linear
relationship between fluorescence intensity and HOBr concentrations
in the range from 0 to 100 nM. d) Time course of the fluorescence
intensities of 5 um BPP with 20 um HOBr in PBS (10 mm, pH 7.4).
Voltage: 600 V. Slit widths: 10/10 nm. A, /A, =480/525 nm.

from 0 to 100 nm (Figure 2¢). The regression equation was
F=0.48+2.64[HOBr] nm, with a linear coefficient of 0.9960.
The detection limit (3S/m) was determined to be 17 pM,
which is sufficient to image endogenous HOBr (20-100 um in
plasma®). Obviously, the ultrasensitivity of the probe is due
to the fast cyclization of the amino group and S-methyl group
of BPP catalyzed by HOBr to generate a high-quantum-yield
product (@ =0.31, see Supporting Information, Section S10)
with a large red-shift in emission. The large red-shift in
emission wavelength greatly improves the signal-to-noise
ratio of the detection signal. Finally, the reaction kinetics of
BPP with HOBr in phosphate-buffered saline (PBS, 10 mmM,
pH 7.4) was analyzed. As shown in Figure 2d, the method
allows the real-time determination of HOBr, which is
important for accurately quantifying highly active species.
Next, we studied the selectivity of the probe to HOBr. The
potential interfering species were classified into two groups:
highly active oxidizing species and active reducing species.
Figure 3a shows that the probe did not display a significant
fluorescence increase in the presence of other reactive oxygen
species (ROS), including H,0,, -BuOOH, ONOO~, O, ,
'0,, "OH, NO, or even HOCIL. It was interesting for us to see
this difference between HOBr and HOCI in the coupled
reaction of the amino group and S-methyl group (Supporting
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Figure 3. a) Fluorescence intensity of the probe after adding active
oxidizing species. Black bars show the addition of one of these
interferents to a solution of 5 um BPP. The red bars represent the
addition of both HOBr and one interferent to the probe solution.
500 um each for H,0,, t-BUOOH, ONOO™, O,, '0,, ‘OH, and NO;
200 um for HOCI; and 20 pum for HOBYr. b) Fluorescence intensity of
the reaction product of the probe with HOBr after adding active
reducing species. 500 pum for GSH; 300 um each for Cys and Hcy;
150 um for Vc; 200 pm for DTT; and 80 pm for H,S. Slit widths: 10/
10 nm. Agyf/Aer =480/525 nm.

Information, Scheme S1 and Figure S3). Figure 3b shows that
the fluorescence responses of the probe to HOBr were hardly
affected by the presence of H,S, vitamin C (Vc), dithiothreitol
(DTT), GSH, Cys, or Hcy, which confirmed that the reaction
product of BPP and HOBErr is stable in complex environments.
Additionally, the responses of BPP toward metal ions and
amino acids were examined under the same conditions
(Supporting Information, Figures S4 and S5). In short, the
probe possesses excellent selectivity for HOBr over possible
interfering species derived from living cells, which suggests
that it would be useful for imaging HOBr in vitro and in vivo.

To test the ability of the probe to image HOBr in
biological systems, we first studied the cytotoxicity of the
probe and the photostability of the reaction product. The
MTT assays were performed in HepG2 cells (Supporting
Information, Figure S6). The ICs, value was 711.20 uM,
suggesting that the probe has low toxicity towards living
cells. Photostability tests showed that the reaction product of
BPP with HOBr in HepG2 cells is highly resistant to
photobleaching (Supporting Information, Figure S7). After
confirming the sensitivity, selectivity, cytotoxicity, and photo-
stability of the probe or product, we explored the potential of
BPP for imaging HOBr in vitro. Probe-treated HepG2 cells
were divided into four groups and incubated in Dulbecco’s
modified Eagle’s medium (DMEM) containing PBS, NaBr,
NaBr and NAC (N-acetyl-L-cysteine, a scavenger of HOBr),
or HOBr. After 30 min, fluorescence images were obtained
(Figure 4). The results show that the Br~-stimulated cells and
the HOBr-treated cells displayed strong fluorescence and the
fluorescence enhancement can be largely inhibited by NAC.
This demonstrates that BPP is capable of monitoring the
generation of endogenous HOBr in HepG?2 cells. Moreover,
a weak fluorescence signal was observed in HepG2 cells
treated with PBS only (Figure 4a,i), which suggests that
native HOBr could also be monitored. Subsequently, imaging
of native HOBr was carried out by pretreating cells with NAC
and comparing them to untreated cells (Figure 5). The results
show that a brighter fluorescence signal was detected from
HepG2 cells than from HL-7702 cells, and a similar fluores-
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Figure 4. Confocal fluorescence imaging of intracellular HOBr in
HepG2 cells. a) HepG2 cells incubated with BPP (50 pm) for 30 min;
b) HepG2 cells first incubated with BPP (50 um) for 30 min and then
incubated with NaBr (100 pum) for 30 min; c) same as (a) and then
incubated with NaBr (100 um) and NAC (10 pm) for 30 min; d) same
as (a) and then incubated with HOBr (100 um) for 30 min. e)—h)
Brightfield images of (a)—(d). i) Normalized fluorescence intensity of
cells in panels (a)—(d). The cell images shown are representative
(n=10 fields of cells). Fluorescence images were acquired using

a confocal microscope with 488 nm excitation and 500-600 nm
collection. Data are presented as the mean = SEM; ***p <0.001
versus control group cells. The results are representative of three
independent experiments. Scale bar=25 um.
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Figure 5. Fluorescence imaging of native HOBr. a) HL-7702 cells
incubated with NAC (10 um) for 30 min and then with BPP (50 pm) for
30 min; b) HL-7702 cells incubated with probe (50 um) for 30 min; c)-
d) bright-field images of HL-7702 cells; e) HepG2 cells incubated with
NAC (10 pm) for 30 min and then with BPP (50 um) for 30 min;

f) HepG2 cells incubated with probe (50 um) for 30 min; g)—h) bright-
field images of HepG2 cells. i) Normalized fluorescence intensity of
cells in panels (a), (b), (), and (f). The provided images of cells are
representative (n=10 fields of cells). Fluorescence images were
acquired at 488 nm excitation and 500-600 nm emission wavelengths.
Data are presented as the mean = SEM; ***p < 0.001 versus group
(b) cells. Results are representative of three independent experiments.
Scale bar=25 um.

cence-inhibiting effect by NAC was observed in HepG2 and
HL-7702 cells, further supporting the idea that the fluores-
cence of untreated cells incubated with BPP arises from the
action of native HOBr. Additionally, a close relationship
between Br~, H,0O, and HOBr was verified when probe-
treated cells were incubated with Br~, Br~ and H,0,, or
HOBr, as shown in the Supporting Information, Figure S8.
The result shows that HOBr can be generated by the
peroxidation of bromide anion (Br~) with hydrogen peroxide
in living cells.

Finally, we explored the potential of the probe as an
in vivo imaging tool. In these experiments, different devel-
opmental stages of zebrafish embryos were used. Briefly, 48,
72, and 120 hpf (hours postfertilization) zebrafish embryos
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were each divided into two groups, each having 10 embryos.
The embryos in a control group were only fed the probe for
30 min, and the embryos in the other group were pretreated
with NaBr or NAC for 30 min, and then fed with the probe for
30 min. NAC was used to eliminate endogenous HOBr.
Fluorescence images were collected using scanning confocal
microscopy, as shown in Figure 6. The zebrafish embryos that
were fed Br~ emitted brighter fluorescence than those that

a 48 hpf

b 72 hpf c 120 hpf d 120 hpf
Control Br- Control Br- Control NAC

]
YN EST N

Figure 6. In vivo fluorescence imaging of HOBr in zebrafish at three
different developmental stages. a) 48 hpf (hours past fertilization),

b) 72 hpf, c) 120 hpf and d) elimination of endogenous HOBr with
NAC. In all cases, the embryos in the control group were only fed the
probe for 30 min, whereas the embryos in the other group were
pretreated with Br~ (100 um) or NAC (10 um) for 30 min and then fed
with the probe for 30 min. The embryo images shown are representa-
tive (n=10 fields of embryos). The results are representative of three
independent experiments. Scale bar=250 um.

Control Br

were not fed Br™, while those embryos pretreated with NAC
displayed the lowest fluorescence. These results further
confirmed that HOBr can be generated from Br~ in living
organisms'™® and the native HOBr can be measured by BPP.
Therefore, we believe that the probe is a promising tool for
monitoring changes in HOBTr levels in vivo.

In conclusion, we have developed an ultrasensitive
fluorescence probe for detecting hypobromous acid in vitro
and in vivo. The probe is easily synthesized in high yield and
exhibits a real-time response to HOBr with specificity and
ultrasensitivity (picomole level). The imaging of endogenous
HOBr in HepG?2 cells and zebrafish can be performed using
the probe. Moreover, the probe reports native HOBTr levels in
HepG?2 cells without bromine anion stimulation. Therefore,
this probe is a promising tool for monitoring changes in HOBr
levels in vivo and paves the way for acquiring new insight into
the physiological action of HOBr.
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probe can be easily synthesized in high
yield through a Suzuki cross-coupling
reaction and exhibits ultrahigh sensitivity
and specificity for HOBr in real-time. It
was used to measure native HOBr levels
in HepG2 cells and may provide a means
for finding new physiological functions of
HOBr.
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