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An unusual arylboronate based fluorescent probe R1 was syn-
thesized for the selective and sensitive detection of ClO™. A
detailed mechanistic study revealed that R1 reacted with ClO™
through an oxidation to chlorination mechanism, and the aryl-
boronate moiety in R1 acted as a “lock” to eliminate the effects of
pH fluctuations. With this design strategy, R1 was successfully used
to detect as low as 6.4 nM of ClO™ over other ROS species in a
wide pH range from 4.5 to 9.0.

Introduction

Reactive oxygen species (ROS) (such as hydrogen peroxide,
superoxide radical, singlet oxygen, hydroxyl radical, and hypo-
chlorite anion) play critical roles in biological functions like
cell signaling and homeostasis. A high level of ROS would lead
to oxidative stress conditions, the damaging effects of which
are the contributing factors of many diseases." Among them,
the hypochlorite anion (ClO™) has attracted particular atten-
tion due to its importance in immune systems against micro-
organisms and inflammation.” The dysregulated production of
ClO™ in living systems may cause severe adverse effects and
even diseases (such as cardiovascular diseases,> nephropathy,*
neurodegenerative diseases,” and cancers®). Thus, the develop-
ment of effective detection methods for monitoring ClO™
levels in living systems is of great importance.
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An arylboronate locked fluorescent probe for
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Organic molecule based fluorescent probes have been
demonstrated to be ideal tools for detecting various kinds of
analytes such as metal ions, anions, small molecules, and bio-
macromolecules.” Recently, numerous fluorescent probes have
been successfully developed for ClIO™ detection. Compared to
other methods using chemiluminescent,® colourimetric,® or
electrochemical'® probes, these fluorescent probe based
methods have advantages including low cost, easy fabrication,
and high sensitivity. However, the selective recognition of
ClO™ from the other coexisting ROS species with a fluorescent
probe is still a challenging task.'* Particularly, it is important
to differentiate CIO™ from H,0, because ClO™ is endogenously
produced by the myeloperoxidase (MPO) catalyzed reaction of
H,O0, and CI™.

Conventionally, arylboronate based fluorescent probes have
been designed for the selective detection of H,0,."> However,
one recent report showed that arylboronate could react faster
with ClO™ than with H,0,."* Yoon et al. have exploited this
phenomenon to develop a specific fluorescent probe contain-
ing both arylboronate and thiolactone moieties for CIO™ detec-
tion."™® They showed that among the ROS tested only ClO~
reacted with the arylboronate and then hydrolyzed the thiolac-
tone moieties to generate detectable fluorescence signals. This
example indicated that the arylboronate group may be develo-
ped as a powerful recognition unit to distinguish ClO™ from
H,0,, as it may react with both CIO™ and H,0, but give
different final products. However, selective and sensitive aryl-
boronate based fluorescent probes for ClIO™ are still very rare.

Moreover, an ideal fluorescent probe for living systems
should also be robust to environmental fluctuations such as
pH changes, because the pH values of the extracellular matrix,
intracellular environment, and subcellular organelles are all
different. We envisioned that one strategy to address this
problem is to introduce a “locked” moiety in the detection
system, which would only be removed at the site of interest.
With these thoughts in mind, we herein report a fluorescent
probe R1, in the structure of which the arylboronate group
functions as both the ClO™ recognition unit and the “lock” to
eliminate the effects of pH fluctuations (Scheme 1). The reac-
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Scheme 1 Synthesis of fluorescent probe R1. (i) Bis(pinacolato)diboron,
CH3COOK, Pd(dppf)Cl,, 1,4-dioxane, reflux.

tion mechanisms between R1 and CIO™ and H,O, were investi-
gated in detail. We found that compared with the unlocked
molecule R1-OH, R1 worked well in a much wider pH range
from 4.5 to 9.0. Besides, probe R1 was determined to be quite
stable, and it was successfully used to selectively detect as low
as 6.4 nM of ClO™ over other ROS species in a ratiometric way.

Results and discussion

Probe R1 was synthesized by the Miyaura borylation of the
bromide precursor R2 in a yield of 87% and characterized by
NMR and mass spectrometry (MS) (Scheme 1 and Fig. S1-S37).
R1 was stable and can be stored at room temperature for
several weeks without obvious decomposition. When excited at
370 nm, R1 emitted a strong blue/cyan fluorescence with a
peak centered at ~481 nm.

The reactivity and selectivity of R1 toward ClO™ detection
was then accessed in comparison to other ROS species. To our
surprise, the addition of excess H,0, into R1 solution did not
induce significant fluorescence changes. Instead, among
various tested ROS (such as '0,, 0,"”, NO", ROO’, HO', H,0,,
ONOO™, and ClO7), only the addition of ClIO™ to R1 solution
resulted in a vivid emission colour change from blue/cyan to
yellow under UV irradiation (Fig. 1a, inset). More surprisingly,
we found that the reaction between R1 and H,0O, in EtOH
resulted in a clear new product point as revealed by thin-layer
chromatography (TLC) analysis, and the 'H NMR signals of
the new product’s aromatic protons were shifted upfield
(Fig. S4t). Further NMR and MS analyses confirmed the new
product as R1-OH (Scheme 2, Fig. S5 and S67). Then, the emis-
sion spectrum of purified R1-OH was compared with probe
R1, R1 + H,0, and R1 + CIO™ in EtOH/H,0O (4:1, v:v). As
shown in Fig. 1b, the emission peaks of R1-OH, R1 and R1 +
H,0, were mainly in the blue-cyan colour region, while that of
R1 + ClO™ was in the green-yellow region."* In addition, the
titration of R1 solution with H,0, only resulted in a ~4 nm
blue shift of the fluorescence emission at ~481 nm (Fig. S77),
which was not large enough to induce significant emission
colour changes. That is to say, despite the fact that H,O, was
able to oxidize R1 into R1-OH, the emission spectrum of the
oxidized product remained in the same blue-cyan region as
R1, while the addition of ClO™ resulted in different reaction
products with vivid emission colour changes. Fluorescence
spectroscopic measurements revealed that the addition of
ClO™ to R1 solution resulted in almost complete fluorescence
quenching at ~481 nm and the development of a new emis-
sion peak at ~532 nm (Fig. 1b). Therefore, the ratio of fluo-
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Fig. 1 Selectivity of R1 toward ClIO™ in EtOH/H,O (4:1, v:v). (a)
Fluorescence intensity ratio of R1 (1 pM) at Fs3,/F4g; after the addition of
60 equiv. of various ROS species. Inset: a photograph showing the fluor-
escence change of R1 (10 pM) upon the addition of 60 equiv. of various
ROS species in EtOH/H,O (4:1, v:v) under a portable UV lamp
irradiation; (b) normalized emission spectra of purified R1-OH, R1 +
H,0, (60 equiv.), R1 and R1 + CIO™ (60 equiv.) in EtOH/H,0 (4:1, v:v).
The colour boxes indicate the spectral range of the corresponding
colour.
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Scheme 2 Proposed reaction mechanisms of R1 upon the addition of
H,O, and ClO™. Note, chlorination reaction could also occur at the
naphthalene ring.

rescence intensities at 532 and 481 nm can be used as a ratio-
metric reporting signal for the quantitative assessment of the
specificity of R1. As shown in Fig. 1a, the Fs3,/F,5, value was
more than ten times higher for CIO™ than that for all the other
ROS including H,0,. These results demonstrated the high
selectivity of R1 for CIO™ detection.

The unexpected selectivity of R1 toward ClO™ urged us to
investigate the reaction mechanisms between R1 and CIO™.
Therefore, the titration of R1 solution with ClO~ was per-
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Fig. 2 Fluorescence titration profile of R1 (1 pM) with an increasing
amount of ClO™ (0-60 equiv.) in EtOH/H,0 (4:1, v:v). (@) 0-24 equiv.
of ClO~; (b) 24-60 equiv. of ClO™. dex = 370 nm.

formed using a fluorescence spectrophotometer. Interestingly,
two sets of reaction processes were observed. As shown in
Fig. 2, the addition of 0-24 equiv. of ClO™ to R1 solution
resulted in a ~10 nm blue shift and then quenching of the
fluorescence emission at ~481 nm, whereas further addition
of 24-60 equiv. of ClIO™ led to the development of a new emis-
sion peak at ~532 nm. For the second interaction process, the
distinctive isoemissive point at ~489 nm indicated the for-
mation of new species during the second reaction process.
Based on the fluorescence titration data, the detection limit of
probe R1 for ClIO™ was then determined to be 6.4 nM based on
30/s, where o is the standard deviation of 10 blank measure-
ments and s is the slope of Fs3,/F,5;1 as a function of CIO™ con-
centration (Fig. S8 and S97). Similarly, multi-step reactions
were also observed during the titration of R1 with CIO™ using a
UV-visible spectrophotometer (Fig. S107). We noticed that the
reaction of R1 with 6 equiv. of ClIO™ or 60 equiv. of H,0,
resulted in almost identical blue shifts (~6 nm for ClIO™ and
~4 nm for H,0,) in the fluorescence emission spectra, indicat-
ing the generation of the same product, that is R1-OH.
Moreover, the addition of ClO™ to the purified R1-OH gener-
ated a similar emission peak to R1 + ClO™ (Fig. S117). These
results suggested that R1-OH should be the final product of
the reaction between R1 and H,O,, but an intermediate for the
reaction between R1 and ClO™ (the first reaction step). This
conclusion was further supported by the NMR titration data
(vide infra).

To elucidate the final reaction products of R1 + CIO™, the
reaction was carefully investigated by NMR and MS. As dis-
cussed above, since we have determined R1-OH to be an inter-
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mediate for the reaction between R1 and CIO~, we envisioned
that the initial addition of ClO™ to the solution of R1 might
cause boronate oxidation similar to that by H,0,. Indeed, the
boronate oxidation reaction was observed during the initial
titration of R1 in DMSO-d¢ with CIO™, as the boronate protons
at ~1.32 ppm fully disappeared and the peak at ~3.07 ppm
assigned to the -N-(CH3), protons of R1 was shifted upfield to
~3.06 ppm upon the addition of 1 equiv. of ClO™ (Fig. 3).
Upon the successive addition of 2-4 equiv. of ClIO™, two new
peaks assigned to -N-(CHj;), were then developed at ~3.05 and
~3.02 ppm, accompanied by the disappearance of the peak at
3.06 ppm (Fig. 3), indicating that two new products (R1-OHCl,
and R1-OHCl;, vide infra) were generated after the boronate
oxidation reaction. Complicated proton signals in the low-field
region of the "H NMR spectra were observed upon the addition
of ClO™ (Fig. S127), indicating a mixture of new products.
Further addition of more than 4 equiv. of ClIO™ resulted in pre-
cipitation in the NMR tube and no further NMR data could be
obtained. Luckily, we successfully isolated the final main reac-
tion product of R1 + ClO™, and discovered only 6 aromatic
protons from its "H NMR data (Fig. S13%). It was possible that
the addition of CIO™ to the solution of R1 resulted in chlori-
nation reaction at the aromatic rings. This conclusion was
further supported by the MS data. The MS data of R1 after the
reaction with different equiv. of CIO™ showed that two main
products were formed (ie., R1-OHCl, (m/z: 370.9, [M—H]")
and R1-OHCl; (m/z: 404.9, [M—H]")). Moreover, the percentage
of R1-OHCl; increased along with the addition of more equiv.
of ClO™ (Scheme 2, Fig. S141). The above results suggested
that the addition of CIO™ first played the same role as H,O,
to oxidize R1 into R1-OH, and then chlorinated R1-OH to
R1-OHCI, and eventually R1-OHCI; (Scheme 2).

To test if the arylboronate of R1 could function as a “lock”
to eliminate pH induced signal fluctuations, a comparison
study between R1 and R1-OH was carried out. Interestingly,
though R1-OH does not have the arylboronate group, it can be
selectively chlorinated by CIO™ to produce the yellow emissive
product. Therefore, R1-OH could also be used as a highly
specific fluorescent probe for ClO™ detection (Fig. S15%).
However, the fluorescence of R1-OH was greatly influenced by
pH, which was possibly due to the protonation/deprotonation
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Fig. 3 High-field region of the 'H NMR spectra of R1 (20 mM) in
DMSO-dg upon successive addition of ClO™ solution.
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reaction at the phenol group of R1-OH (Fig. S167). In contrast,
R1 was able to detect CIO™ robustly in a wide pH range from
4.5 to 9.0 (Fig. S171). Thus, the arylboronate unit in R1 func-
tioned as a “lock” for effectively preventing the pH induced
fluorescence fluctuation of R1.

The proposed multistep reaction mechanism drew our
attention into an important issue in designing fluorescent
probes, which is the response speed. It is well known that
reaction based fluorescent probes usually suffer from the slow
response speed, which limits their sensing performance. For
probe R1, only about 2 min were required to complete the
reaction at room temperature, which fully met the sensing
requirements (Fig. S187). In addition to its merits, such as fast
response speed, high sensitivity, selectivity and pH tolerance for
ClO™ detection, R1 was highly photostable. The photostable test
showed that the fluorescence intensity of R1 at 481 nm did not
show obvious decay upon continuous irradiation under 365 nm
UV light for 4 h (Fig. S19t). These results indicated that R1 was
a promising fluorescent probe for CIO™ detection.

Conclusions

In conclusion, a ratiometric fluorescent probe R1 was devel-
oped for specific ClO~ detection. Detailed mechanistic
studies revealed that R1 reacted with ClO~ through an
oxidation to chlorination mechanism. Moreover, the arylboro-
nate moiety in R1 acted as a “lock” to prevent the pH influence
on its ClO™ sensing behavior. R1 was not only highly stable
and robust but also exhibited high sensitivity and selectivity
for ClO™. This work unravelled the mechanism of the specific
response of an arylboronate contained fluorophore to ClO™
over other ROS including H,0,, and demonstrated an effective
strategy for designing highly robust probes by introducing a
“lock” moiety.
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