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Hydrogen peroxide (H202), one of reactive oxygen species, is implicated in the biological process of oxidative
metabolism and signal transduction. However, the detection of HyO in vivo is restricted by background inter-
ference in the context of fluorescence probes. In this work, by regulating the intramolecular charge transfer (ICT)
process, a novel “turn-on” fluorescent probe BC-OB is constructed based on a n-extended coumarin and a p-
dihydroxyborylbenzyloxycarbonyl moiety as an optimized hydrogen peroxide reactive site. The mechanism was

identified by HPLC and HRMS: after the HyO,-mediated oxidation of aryl boronate moiety on BC-OB, the hy-
drolysis resulted in a release of the m-extended coumarin with specific fluorescence response. The sensitive
response of probe BC-OB to HyO, was revealed by high fluorescence quantum yields (® up to 0.68) and low
detection limit (0.47 pM) due to the enhancement of the ICT process. Further, probe BC-OB could successfully
trap endogenous Hy05 in RAW 264.7 cells, promising it would be used as an efficient indicator for imaging HyO5.

1. Introduction

Involved in many physiological and pathological micro-
environmental variation, reactive oxygen species (ROS) consist of
plentiful reactive oxygen-containing molecules or ions [1-4]. Hydrogen
peroxide (H205) is one of the reactive oxygen species derived from
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. HoO2
can be generated from dismutation of O3, either spontaneously or via
the action of superoxide dismutase (SOD) [5] and get involved in many
biological process of oxidative metabolism and signal transduction
[6-10]. As a signaling molecule, H»O, can readily permeate biological
membranes and its level in cell is closely related to cell proliferation,
differentiation, migration, and apoptosis [6]. Abnormal level of HyO4
concentration in biological system can significantly impact ones’ health
and underlie several common diseases further, such as obesity, diabetes,
Alzheimer’s disease, cardiovascular, neurodegenerative disorders, even
cancer [11-15]. Hence, for exploring the impact of HoO3 on related
diseases, it is crucial to design new kinds of effective, specific, and
simple tools to monitor HyO5 concentration.

In recent decades, many methods have been proposed for the visu-
alization of intracellular Hp0,, including electrochemical methods,
spectrophotometry, chemi-luminescence and fluorescent probes [16,
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17]. From the present understanding, the analytical methods for visu-
alization of HzOj is increasingly dominated by fluorescence imaging
with advantages of high specificity, non-invasive examination, organelle
localization, and reversible detection for clinic medicine research, and
various detection strategies on HyO,-mediated reaction emerged, such
as sulfonic ester hydrolysis, benzyl oxidation and boronate oxidation
[18-28]. Since Chang et al. pioneered the use of aromatic boronic ester
oxidation as a trigger to detect HyO, [29,30], strategies based on bor-
onate deprotection have been extensively adopted, offering probes for
H0,, detection at different locations [31-36]. Yet, in terms of biological
applications, some of fluorescent probes could not meet the ideal re-
quirements on detection of HoO5 due to their reaction activity, detection
sensitivity, and interference of auto-fluorescence in complex biological
environment. [37,38]. Thus, developing a simple fluorescent probe with
good sensitivity to quantitative detection of HyOo, as well as weakening
self-quenching, is of considerable significance.

Herein, a new colorimetric and “turn-on” fluorescent probe BC-OB
was designed, which takes advantages of high selectivity and high
fluorescence quantum yields to detect HyO3 at the cellular level (Scheme
1). In our strategy, an arylboronate handle as a HyO5 transponder was
introduced due to the efficient reactivity and good biocompatibility. To
regulate the intramolecular charge transfer (ICT) effect, a n-extended
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benzothiazolyl moiety was assembled with the coumarin fluorophore.
Moreover, carbonate group was optimized as an electron-withdrawing
linker to quench the fluorescence of coumarin signally before the
response of HpO,. After the addition of HyO4, the fluorescence of probe
BC-OB exhibited a significant 10-hold enhancement. With the auxiliary
means of bio-imaging microscope, probe BC-OB was allowed to monitor
H,0; in cells.

2. Experimental section
2.1. General information

All solvents and chemical reagents were observed from commercial
providers in analytical grade and could be utilized without purification.
The information about synthetic compounds, instruments, spectral
measurement, cells culture and cells imaging were assessed in sup-
porting information.

2.2. Synthesis of probe BC-OB

The synthetic route to probe BC-OB is demonstrated in Scheme 2.
The compounds of 3-benzothiazolyl-7-hydroxycoumarin (BC-OH) and
4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) benzyl carbon-
ochloridate (BP-OCl) could be easily synthesized by condensation re-
action and Suzuki reaction respectively according to previous literature
[39,40]. The structure of synthetic compounds was characterized by g
NMR, '3C NMR, and HRMS (See ESI, Figs. $1-S7). The probe was then
obtained by substitution reaction of BC-OH and BP-OCL. After dissolving
BC-OH (300 mg, 1.02 mmol) in super dry dichloromethane (15 mL),
EtsN (0.3 mL, 4.03 mmol) was dropped in ice bath as acid-binding agent.
The diluted BP-OCl (602 mg, 2.03 mmol) was gently added into the
reaction system to make sure the reaction proceed smoothly. Then the
mixture solution was concentrated under vacuum after 8 h, further
purified by column chromatography separation (DCM:PE 2:1) to observe
final product as a yellow-green solid (285 mg, 78 %). 1H NMR (400 MHz,
CDCl3) & (ppm): 9.07 (s, 1 H), 8.12 (d, J =8.0 Hz, 1 H), 8.02 (d, J =8.0
Hz, 1 H), 7.86 (d, J =8.0 Hz, 2 H), 7.75 (d, J =8.8 Hz, 1 H), 7.56 (t, J
=16.4 Hz, 1 H), 7.46 (d, J =8.0 Hz, 3 H), 7.36 (d, J =2.4 Hz, 1 H), 7.24
(d, J =2.4 Hz, 1 H), 5.33 (s, 2 H), 1.35 (s, 12 H); '*C NMR (150 MHz,
DMSO-g6) 8 (ppm): 159.62, 159.51, 154.40, 152.54, 152.44, 144.04,
140.71, 137.11, 136.84, 135.22, 135.08, 130.24, 127.67, 127.47,
126.58, 126.09, 125.50, 122.94, 1121.80, 119.86, 118.62, 116.89,
109.73, 84.00, 70.83, 65.32, 24.87. HRMS (ESI) m/z: [M+H] " calcd for
[C3oH26BNO,S+H] ™, 556.1601; found, 556.1592.

3. Results and discussion
3.1. Design of probe BC-OB

In general, coumarin-derived fluorescent probes combining with
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other functional groups were always designed by modification at the 7-
position and 3-position [41-44]. The present strategy to construct a new
colorimetric and “turn-on” fluorescent probe relies on regulating ICT in
virtue of an asymmetric-modified coumarin-derived platform, to opti-
mize the spectra behavior of probe BC-OB in absorption and fluores-
cence (Scheme 1). Meanwhile, due to the efficient reactivity and good
biocompatibility, boronate, as a HyO, transponder, was introduced at
the 7-position of coumarin, which could be easily attacked by hydrogen
peroxide and transform to generate phenol under neutral and alkaline
conditions. In addition, an assumption was made that introducing ben-
zothiazolyl moiety at the 3-position of coumarin, which could enhance
the ICT process by constructing a more planar structure to elevate the
charge-separated resonance of excited geometries. The carbonate group
was also selected to link the arylboronate handle with fluorophore
rather than ether group, as the negative charge on the phenolate could
more easily transfer to an electron-withdrawing carbonyl of carbonate
group than an ether group, and form unprotected alcohol [41,45-47].
Notably, at the 7-position of coumarin, carbonate group possessed a
stronger electron-donor effect than that of ether group, and obviously
blocked ICT process [48]. Therefore, to establish a “turn-on” fluorescent
response platform, p-dihydroxyborylbenzyloxycarbonyl moiety was
selected as an optimized reactive site.

3.2. Spectral properties

Initially, the solvent effect to fluorophore BC-OH was investigated
with common solvents including toluene, DCM, THF, MeCN, DMF,
DMSO and PBS buffer (20 mM, pH, 7.4). The results were shown in
Fig. S8a-b and the corresponding data were collected in Table S2.
Moreover, the fluorescent intensity and response time in different con-
tents of DMSO in PBS buffer (20 mM, pH, 7.4) was also presented in
Fig. S8c-d. Took the fluorescence behavior and solubility into account,
PBS with 20 % DMSO was selected to detect HyO, for further
measurements.

Then, probe BC-OB incubated with different concentrations of HyO4
(0-100 pM) was measured in PBS buffer (20 mM, pH, 7.4) with 20 %
DMSO (Fig. 1). As can be observed in Fig. 1a, a free probe without the
addition of HyO3 had a featured absorption peak around 365 nm and it
displayed no shark absorption peak at around 475 nm. The reason may
contribute to the 7-hydroxyl group of the coumarin was esterified by
phenylboronic, thus blocked ICT process. Upon increasing the concen-
tration of HpO5 (0-100 pM), probe BC-OB exhibited a significant red-
shift, the absorption peak at 475 nm gradually rose up, and the ab-
sorption peak at 365 nm declined. The solution color changed from
initially colorless to yellow-green (Fig. 1a). Furthermore, the fluores-
cence emission at 495 nm emerged with the increase of HyO, concen-
tration (0-100 pM) at the excitation of 475 nm, the phenomenon maybe
caused by the oxidation-induced cleavage of p-dihydroxybor-
ylbenzyloxycarbonyl, and its fluorescence was recoverd (Fig. 1b).
Simultaneously, as shown in Fig. 1c, the fluorescence intensity at 495
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Scheme 1. Illustration of designing a “turn-on” fluorescent probe BC-OB based on a n-extended coumarin fluorophore for H,O, detection.



Y.-B. Wang et al.

Journal of Photochemistry & Photobiology, A: Chemistry 414 (2021) 113270

a) piperidine, EtOH; N,@

NH2 C3H2Nz, S
o iy, e K
SH AcOH, EtOH N CN b) 10% HCI, 100°C
HO [0 2 0]
BC-OH
N
)
BP-OCI j’\ T8
- " 0" 0 0" 0
EtsN, DCM, 0°C o
B
]
>§(°
BC-OB
Br o._ .0 0.0
B(pin);, PdCl(dppf); B C3Cls0; B
—_— —_—
AcOK, dioxane, 80°C (? Na;CO3, toluene
(o}
OH
OH OJJ\Cl
BP-OCI

Scheme 2. The synthetic route of probe BC-OB.
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nm was significantly correlated in a linear manner with HyO2 concen-
tration from O pM to 100 pM (R? = 0.9921). Owing to the planarity of the
probe structure preventing a nonfluorescent twisted ICT state [49,50],
the fluorescence quantum yields significantly raised to 0.68 (Table S1).
The evident emission response towards HoO could be explained by the
distinct electron redistribution before and after reacting with HyO4, for

p-dihydroxyborylbenzyloxycarbonyl was utilized to efficiently regu-
lating the ICT process of coumarin fluorophore.

Subsequently, the response time of probe BC-OB towards H2O, and
the photostability of probe BC-OB was also investigated. In the presence
of 100 pM of H50,, the emission peak at 495 nm exhibited a 10-fold
fluorescence enhancement, and the response time was shortened from
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80 min to 30 min when temperature was changed from 15 °C to 37 °C
(Fig. 1d). When excited at 475 nm for 3 h, its fluorescence intensity did
not change before and after reacting with HyO, (Fig. S9), thereby con-
firming probe BC-OB is photostable. According to the equation in ESI,
the detection limit was measured as 0.47 pM, which was much lower in
contrast to the physiological HyO5 concentration level in inflamed cell
and organization (10-100 pM) [51]. These data indicated that probe
BC-OB was sensitive to HyO,, and possessed potential application for
detecting HyOo.

3.3. Selectivity and pH effect

To evaluate the specificity of probe BC-OB towards Hy0-, it was
incubated with different potential representative species, including
typical reactive oxygen species (ClIO~, ‘OH, ROO", 03"), reactive nitrogen
species (NO, ONOO ™), reactive sulfur species (SO%’, SZ', Cys, Hey, GSH)
and common ions (Na*t Mg2+ Caz+, SO%’, NO3, AcO"). In consideration
of DMSO being a scavenger of hydroxyl radicals [52], measurements
were conducted in PBS buffer (20 mM, pH 7.4), and the results were
collected in Fig. 2. As shown in Fig. 2a-b, only the addition of HyOo, the
absorption of probe BC-OB exhibited obvious red-shift (from 365 nm to
475 nm), and its fluorescence obviously enhanced (495 nm), while other
biologically relevant species exhibited slight or no variation in both the
absorption and fluorescence behavior. Compared with other analytes,
the probe displayed outstanding selectivity toward HoO» (Fig. 2¢). These
data demonstrated that probe BC-OB possessed high selectivity towards
H505.

In order to research the stability of probe BC-OB under physiological
conditions, the pH impacts on probe BC-OB were also investigated, and
the results were collected in Fig. 2d. As shown in Fig. 2d, the fluorescent
behavior of probe BC-OB was stable in physiological pH and increased
slightly at the pH value from 8.5 to 10.5. It demonstrated that probe BC-
OB would not be affected by pH variations in physiological conditions.
The fluorescent behavior of BC-OB + Hy0, at different pH values
(3.5-10.5) exhibited a similar trend with that of BC-OH (see Fig. S10),
indicating that the fluorescence variation of BC-OB + H»O, at different
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pH was predominantly dependent on the property of the product BC-OH.
As presented in Fig. 2b, the intensity of fluorescence at 495 nm showed a
strong uptrend in pH value from 5.5 to 7.5 and became stable at pH
value from 8.0 to 10.5. The effective response of probe BC-OB displayed
in neutral and alkaline environments could be ascribed to the BC-O-
deprotonated from product BC-OH [53]. These results suggested that
probe BC-OB could perform with high reactivity and stability under
physiological conditions, and with possible applications in the visuali-
zation of exogenous and endogenous HyO» in complex living organisms.

3.4. Proposed sensing mechanism

To identify the sensing mechanism of probe BC-OB responding to
H50s, high-performance liquid chromatography (HPLC) was utilized on
the samples with probe BC-OB, reaction mixtures of probe BC-OB with
H30, and pure BC-OH. As depicted in Fig. 3, BC-OB and BC-OH
exhibited a single peak with retention times of 4.90 and 2.52 min,
respectively. After adding H,0O, into BC-OB solution for 30 min, the
peak of BC-OB fell, while a new peak belonging to BC-OH rose, which
proofed that the product of BC-OB reacting with HyO, is BC-OH. In
addition, the mass spectral analysis in Fig. S11 also verified the same
proposed mechanism as HPLC chromatograms. A mass peak at 294.0224
was found in the mixture of BC-OB and Hy05, which was almost the
same as the exact mass fragment of BC-OH (m/z for [M—H] :
294.0225). As presented in Scheme 3, the generation of BC-OH could be
divided into two steps according to the prior research [32,48]: i) HyO4
attacked arylboronate moiety of BC-OB and broke the B—C bond; and ii)
the rearrangement of self-immolative linker was activated, upon which a
fast hydrolysis occurred on the carbonate group to release the free
BC-OH, thereby effectuating fluorescence recovery for the coumarin.

3.5. Fluorescence imaging of exogenous and endogenous H203 in living
cells

For the assessment of the cellular toxicity of probe BC-OB as an
imaging tools in living cells, probe BC-OB was firstly employed to

Fig. 2. a) Absorption and b) Fluorescent
spectra of probe BC-OB (10 pM) in PBS buffer
(20 mM, pH, 7.4) to potential representative
species; ¢) Probe BC-OB (10 puM) fluorescence
response to potential representative species: 1.
blank, 2. Na*(500 uM), 3. Mg (500 pM), 4.
Ca%* (500 pM), 5. SO3~ (500 pM), 6. NOs- (500
uM), 7. AcO- (500 pM), 8. SO3 (500 pM), 9. >~
(500 pM), 10. "OH (100 pM), 11. ONOO- (100
pM), 12. NO (100 pM), 13. ROO-(100 pM), 14.
CIO- (100 pM), 15. O5-" (100 pM), 16. Cys (500
uM), 17. Hey (500 pM), 18. GSH (500 pM), 19.
Hy02 (10 pM) in PBS buffer (20 mM, pH 7.4)

H;0,

blank, 0,", $0,%, NOy, AcO",
032-, s%, Na*, Mgz‘, ca®,

T T 1 T T
350 400 450 500 550 600 650 700 450 500
Wavelength (nm)

Q.
—r
~
(=3
o

1

500

—s=—BC-0OB

500

400 4

300 A

200

Fluorescence Intensity (a.u.) ~~

Fluorescence Intensity (a.u.)

100

Wavelength (nm)

600 ] —*— BC-OB+H,0,

5;0 B(Im séo 7(I)0 during a 75 min incubation at room tempera-
ture. d) Fluorescence intensity of probe BC-OB
(10 pM) at different pH values (3.5-10.5) in
absence (black) and presence (red) of HO»
(100 pM) in a PBS buffer solution with 20 %

DMSO (Aex =475 nm, Ay, =495 nm).

12345678 910111213141516171819 3 4 5



Y.-B. Wang et al.

a) 4.9 min
BC-OB
b)
2.5 min 4.9 min
BC-OB+H,0,
c) 2.5 min
BC-OH
r-rr—m .~~~ 1+~~~ 1. 1T 1
0 2 4 6 8 10

Retention time (min)

Fig. 3. HPLC chromatogram. a) represented the sample of probe BC-OB; b)
represented the sample of probe BC-OB (10 pM) reacting with HyO5 (50 pM)
after 30 min and c) represented the sample of BC-OH. Condition of HPLC:
eluent: HoO/MeOH (5:95, v/v); detection wavelength: a) 475 nm, b-c) 365 nm;
injection volume: 50 pL.

incubate with murine RAW 264.7 macrophages by MTS [3-(4,5-
dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- sulfophenyl)-2H-
tetrazolium] cell proliferation assay. The probe was incubated at
different concentrations ranging from 2.5 pM to 20 pM (Fig. S12), and
the results suggested that probe BC-OB possesses prominent biocom-
patibility. Inspired by the low cytotoxicity of probe BC-OB, probe BC-OB
was then applied for fluorescence imaging of exogenous HyO» in the
model of RAW 264.7 cells. After incubating cells with probe BC-OB (10
pM) for half an hour, there was a slight fluorescence in the cells without
the addition of stimulants, which could be ascribed to the existence of
endogenous Hy0, in RAW 264.7 cells (Fig. 4a). Further treating probe-
loaded cells with exogenous Hy0O, for another 30 min, exogenous
stimulants led to effectuating a noble bright-green fluorescence
enhancement at 475 nm excitation (Fig. 4b), which verified the mech-
anism of HyOy-mediated boronate cleavage and the release of BC-OH
fluorescence. Simultaneously, fluorescence imaging of probe BC-OB (10
pM) with different HoO5 concentration (0 pM, 50 pM, 100 pM) in RAW
264.7 macrophages was also studied (Fig. S13), the results indicated that

Journal of Photochemistry & Photobiology, A: Chemistry 414 (2021) 113270

the higher the concentration of exogenous Hy0,, the stronger the fluo-
rescence intensity.

Based on the good fluorescent performance and biocompatibility in
living cells, the feasibility of probe BC-OB responding to endogenous
Hy0, was further explored. As shown in Fig. 4c, phorbol 12-myristate
13-acetate (PMA, 1 pg mL'l) was added to RAW 264.7 cells to induce
more intracellular ROS, and its fluorescence signal significantly
enhanced. Moreover, TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl,
100 pM) was adopted for pretreatment with RAW 264.7 cells to scav-
enge intracellular ROS, and then incubate with BC-OB. Compared with
the fluorescence signal from RAW 264.7 cells incubated with probe BC-
OB only, the fluorescence signal from RAW 264.7 cells incubated with
scavenger TEMPO and probe BC-OB was obviously declined (Fig. 4d),
which demonstrated the existence of endogenous HoO3 in RAW 264.7
cells. These images clearly illustrated that probe BC-OB is an invaluable
tool for imaging endogenous HoO5 in RAW 264.7 cells.

4. Conclusions

In summary, a colorimetric and “turn-on” fluorescent probe BC-OB
was designed, which equipped a n-extended coumarin as fluorophore
and a p-dihydroxyborylbenzyloxycarbonyl moiety as an optimized
hydrogen peroxide reactive site. Probe BC-OB exhibited distinct ab-
sorption and fluorescence performance with low detection limit (0.47
pM) and high fluorescence quantum yields (@ = 0.68) both in the so-
lution and in the living cells, benefiting from the ICT process. The
fluorescent behavior of probe BC-OB was stable in physiological pH and
exhibited good response in neutral and alkaline environments due to the
deprotonation. The sensing mechanism of 2-steps generation of BC-OH
was clearly identified by HPLC and high-resolution mass spectroscopy.
Further, the imaging results demonstrated that probe BC-OB could be
employed in the detection of endogenous HyO» in RAW 264.7 cells.
Hence, fluorescent probe BC-OB possessed the potential application as
an efficient indicator for imaging Hy05.
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