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Hydrogen peroxide (H,03) plays a significant role in regulating a variety of biological processes. Dys-
regulation of H,05 can lead to various diseases. Although numerous fluorescent imaging probes for H,0,
have been reported, the development of H,0, ratiometric fluorescent probe with large Stokes shift re-
mains rather limited. Such probes have shown distinct advantages, such as minimized interference from
environment and improved signal-to noise ratio. In this work, we reported a new pyrene-based com-
pound Py-VPB as H,0, fluorescent probe in vitro. The probe demonstrated ratiometric detection
behavior, large Stokes shift and large emission shift. In addition, the probe showed high sensitivity and
selectivity towards H,0; in vitro. Based on these excellent properties, we successfully applied Py-VPB to
the visualization of exogenous and endogenous H,0; in living cells. Cell imaging study also showed that
our probe was localized in the mitochondria. We envision that the probe can provide a useful tool for
unmasking the biological roles of mitochondrial H,0; in living systems.

© 2020 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Hydrogen peroxide (H,0,), one of the major reactive oxygen
species (ROS), plays a crucial role in regulating various biological
processes, including cell growth [1], proliferation, apoptosis [2],
and signaling pathways [3]. Aberrant generation and accumulation
of H,0,, on the other hand, can lead to damages of DNA [4], RNA [5]
and protein [6], potentially causing various diseases such as car-
diovascular diseases [7], Alzheimer’s disease [8], and cancer [9,10].
Therefore, a methodology that can detect H,O- level in living bio-
logical system is of great importance. To date, various analytical
methods have been established to detect H,O,, such as electro-
chemical methods, colorimetry, chromatography and spectroscopy.
Most of these methods, however, suffer from tedious sample
preparation and manipulation procedures, as well as disruption of
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cells and tissue structures [11—14]. As a result, these methods are
not suitable for detecting H,0 in living systems. It therefore, calls
for the development of new chemical tools to unmask the biological
roles of H,0, in vitro and in vivo.

Fluorescent imaging has become an attractive method for
detecting various biomolecules due to its advantages of non-
invasiveness, high sensitivity, real-time monitoring ability as well
as high spatiotemporal resolution [15—21]. Due to the prominent
properties of fluorescence-based methods, increasing varieties of
fluorescent probes have been developed for detecting and imaging
H,0, [22—34]. Unfortunately, most of these probes suffer from
problems such as single channel output or small Stokes shift, which
considerably hinders their applications in biological imaging. For
example, it is well known that single channel fluorescent probes,
which only rely on the change of fluorescence intensity in a single
channel, are susceptible to various interferences from instruments
or environments, such as changes in probe concentration, pH, local
environment polarity and laser excitation power [35]. In contrast,
ratiometric fluorescent probes, which have two emission bands,
can effectively alleviate the aforementioned interferences owing to
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their self-calibration function [36—41]. The existing ratiometric
fluorescent probes for H,0,, however, are limited by low aqueous
solubility and small Stokes shift. Fluorescent probes with small
Stokes shift have several disadvantages, such as self-quenching
effect and interference from excited light and scattered light, etc.
In contrast, fluorescent probes with large Stokes shift are capable of
minimizing the crosstalk between excitation and emission light,
thereby greatly increasing the signal-to-noise ratio. Consequently,
the development of new ratiometric fluorescent probes with large
Stokes shift for detecting H,0, will be highly desired to increase the
sensitivity and precision of the probe.

Pyrene-based fluorescent probes have received sustained
attention in recent years due to their ratiometric flourescence
behavior and high quantum yield. The desirable photophysical
properties of pyrene-type dyes prompted us to develop pyrene-
based H;0, probe. In this work, we introduced a well-known
H,0, responsive unit (aryl boric acid ester) into a pyrene-based
fluorophore to serve as a ratiometric fluorescent probe for detect-
ing H,0,. The designed probe was shown to be capable of sensi-
tively and selectively detecting H,0, in aqueous solution with large
Stokes shift. Furthermore, the probe was demonstrated to be a
mitochondria-targeted probe and successfully applied to visualize
exogenous and endogenous H,0; in living cells (Scheme 1).

2. Experimental
2.1. Materials and methods

Pyrene-1-carbaldehyde was purchased from J&K (Beijing,
China). All the other reagents were of analytical reagent grade and
used as received without further purification. Cell culture related
items, including fetal bovine serum (FBS), Dulbecco’s modified
Eagle’s medium (DMEM), trypsin-EDTA, PBS, and penicillin/strep-
tomycin, were purchased from Invitrogen. Water used in all ex-
periments was distilled twice and refined by a Milli-Q system
(Millipore, USA). 8-well of ibidi® culture plates were purchased
from ibidi GmbH for imaging purpose.

NMR spectra were recorded on a Bruker 300 MHz NMR spec-
trometer. UV absorption spectra of Py-VPB and Py-VP were
measured on Shimadzu 1700 UV/Vis Spectrometer. Fluorescence
emission spectra of Py-VPB and Py-VP were taken on a FluoroMax-
4 fluorescence photometer. Mass spectra of compounds were ac-
quired using a PC Sciex API 150 EX ESI-MS system. Fluorescence
images of HeLa cells were recorded with a Leica TCS SPE confocal
scanning microscope. pH values of different buffers were measured
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with a FiveEasy TM Fe20 pH meter.

2.2. Synthesis of Probe Py-VPB

Probe Py-VPB was synthesized as shown in Scheme 2.

2.2.1. Synthesis of Py-VP

Pyrene-1-carbaldehyde (230 mg, 1.0 mmol) and 4-
methylpyridine (466 mg, 5.0 mmol) were dissolved in Ac,0
(10 mL) and purged with N;. The mixture was then stirred over-
night under reflux. After reaction, the mixture was cooled to room
temperature and 5% NaOH aqueous solution was added. After being
stirred for 10 min, the solution was extracted twice with ethyl ac-
etate. The organic phase was combined and dried with anhydrous
Na,SO4. The solvent was then evaporated, and the crude product
was purified by column chromatography (n-hexane/ethyl acetate
10:1 to 2:1) to provide a yellowish powder (206 mg, 67.5%). '"H NMR
(300 MHz, dg-DMSO0) & 8.82 (d, ] = 9.4 Hz, 1H), 8.71 (d, ] = 16.1 Hz,
1H), 8.63 (d, ] = 5.9 Hz, 2H), 8.56 (d, J = 8.2 Hz, 1H), 8.32 (dd,
J =12.9, 8.5 Hz, 4H), 8.21 (s, 2H), 8.09 (t, ] = 7.6 Hz, 1H), 7.87 (d,
J=6.1Hz,2H),7.57 (d,] = 16.1 Hz, 1H). '*C NMR (75 MHz, dg-DMSO)
3 150.48, 144.98, 131.47, 131.45, 130.90, 130.88, 129.91, 129.50,
128.81,128.36,128.20, 127.87,126.93,126.12, 125.86, 125.80, 124.69,
124.45, 124.24,123.73, 121.78. ESI-MS m/z calcd for [M+H]" 306.1,
found 306.2.

2.2.2. Synthesis of Py-VPB

Py-VP (46 mg, 0.15 mmol) and 1-(4-(bromomethyl) phenyl)-
3,3,4,4-tetramethylborolane (60 mg, 0.20 mmol) were dissolved in
acetonitrile. The mixture was stirred under reflux overnight. After
being cooled to room temperature, the precipitate was obtained
and centrifuged. The precipitate was washed three times with ethyl
ether and dried under vacuum to obtain a tangerine powder
(65 mg, 72.4%). "TH NMR (300 MHz, dg-DMSO) 5 9.20—9.07 (m, 3H),
8.96 (d,J = 9.4 Hz, 1H), 8.67 (d, ] = 8.3 Hz, 1H), 8.57 (d, ] = 6.7 Hz,
2H), 8.46—8.35 (m, 4H), 8.29 (q, ] = 8.9 Hz, 2H), 8.16 (t,] = 7.6 Hz,
1H), 7.88 (d, J = 16.0 Hz, 1H), 7.77 (d, | = 7.9 Hz, 2H), 7.56 (d,
J = 8.0 Hz, 2H), 5.84 (s, 2H), 1.30 (s, 12H). 13C NMR (75 MHz, de-
DMSO) 3§ 153.77, 144.79, 138.27, 137.81, 135.66, 132.84, 131.33,
130.74,130.02, 129.41, 129.29, 129.07, 128.49, 127.86, 127.19, 127.12,
126.76,126.51,126.05, 125.92,125.08, 124.74,124.62,124.20, 123.61,
84.37, 62.56, 25.11. ESI-MS m/z calcd for C3gH33BNO, [M]T 522.3,
found 522.4.

Scheme 1. Schematic diagram of the detection mechanism of the probe Py-VPB.
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Scheme 2. Synthetic route of probe Py-VPB for H,0, detection.

2.3. Spectroscopic measurements

10 mM stock solution of probe Py-VPB was prepared in DMSO.
H,0, and other biological analytes were prepared in sodium borate
buffer (10 mM, pH = 8.5) as 10 mM stock solutions according to the
reported literature [42]. All the measurements were taken in so-
dium borate buffer (10 mM, pH = 8.5) containing 20% DMSO (V/V)
under 37 °C. The excitation wavelength was set to 380 nm. The
emission wavelength was set in the range from 395 nm to 745 nm.
The slit widths were set to 5/5 nm.

2.4. CCK8 assay

HelLa cells were seeded into 96-well plates in 100 puL of DMEM
supplemented with 10 L of FBS and 1 pL of penicillin/streptomycin.
The cell density was 5 x 10° cells per well. The cells were allowed to
grow overnight under an atmosphere of 5% CO, at 37 °C. Each well
was washed with 100 pL of PBS, and then the cells were treated
with various concentrations of Py-VPB (0, 5, 10, 20, 50 and 100 uM).
The cells were then incubated in the incubator for another 24 h.
Subsequently 10 pL of CCK-8 reagent was added. The cells were
further cultured for another 2 h. Finally, the absorbance was
measured at 450 nm. Cell viability was expressed as a percentage of
the control cells.

2.5. Cell culture

HeLa cells were cultured in DMEM supplemented with 1%
penicillin/streptomycin and 10% FBS at 37 °C under 5% CO-.
Approximately 10° cells were seeded in a confocal dish (35 mm).

2.6. Fluorescence microscope imaging

For exogenous H,0; detection, HeLa cells were incubated with
probe Py-VPB (10 uM) at 37 °C for 20 min. Subsequently, the cells
were washed with DMEM twice to remove excess Py-VPB. H,0,
(100 pM or 200 puM) was added to the cells and incubated for
another 60 min. Cells treated with Py-VPB (10 uM) only were used
as a negative control.

For endogenous H,0; imaging, RAW 264.7 cells were pretreated
with 5 pg/mL phorbol 12-myristate 13-acetate (PMA) for 8 h while
cells incubated with DMEM only were used as a negative control.
Py-VPB (10 pM) was then incubated with both cells for one more
hour. For the colocalization experiment, Py-VPB (10 uM) and Mito
Tracker™ Red (100 nM) were co-incubated with HeLa cells for
20 min.

Cell imaging study was conducted using a Leica TCS SPE confocal
scanning microscope. Two fluorescence channels were used: Ex:
405 nm, Em: 450—500 nm for channel 1, and 580—630 nm for
channel 2.
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3. Results and discussion
3.1. Design principle and synthesis of the probe Py-VPB

Pyrene-based dyes are widely used as fluorescent probes based
on the - interactions. Through these interactions, their monomer
and excimer states can be regulated by addition of analytes,
resulting in fluorescence signal changes [43,44]. This type of signal
change generally displays large Stokes shift and ratiometric mode.
However, fluorophore pyrene itself is a highly hydrophobic mole-
cule. It has very low aqueous solubility, limiting further biological
applications. We herein introduced a quaternary ammonium unit
that is linked with H,0; responsive unit into pyrene moiety. By
doing so, the positive charge of the probe Py-VPB increases its
water solubility and prefers the formation of monomer. After re-
action with H,0,, the probe turned into a neutral molecule Py-VP.
This increased the reaction product’s hydrophobicity and promoted
its aggregation to form excimer. During this reaction process, the
fluorescence emission peak changed from 600 nm of monomer
state to 480 nm of excimer state, thereby achieving ratiometric
detection of Hy0,.

The probe Py-VPB was prepared in two steps. Compound Py-VP
was first synthesized through Knoevenagel condensation between
pyrene-1-carbaldehyde and 4-methylpyridine, followed by qua-
ternization reaction to afford the desirable probe Py-VPB (Scheme
2). All chemical structures of the synthetic compounds were fully
characterized by 'H, 3C NMR, and ESI-MS spectra (Fig. S1—S6).
Subsequently we performed absorption and emission study on Py-
VPB and Py-VP. Py-VPB showed two main absorption peaks at
320 nm and 440 nm while Py-VP displayed a single absorption
peak at 370 nm (Fig. S7A). Meanwhile, the former demonstrated an
emission peak at 600 nm while the latter displayed a large blue
shift at 480 nm (Fig. S8A). These experimental data demonstrated
that Py-VPB is a potential ratiometric fluorescent probe with large
Stokes shift and emission shift as we expected.

3.2. Fluorescence response of Py-VPB towards H,0,

With the probe Py-VPB in hand, we first examined its fluores-
cence response towards H,O;. As shown in Fig. 1A, when excited at
380 nm, the probe exhibited a main fluorescence peak at 600 nm
with a quantum yield (¢) of 0.27 (coumarin 120 as a reference) in
the absence of H;0,. After incubation with 100 uM of H,0, for
30 min, the fluorescence intensity at 600 nm decreased rapidly
while an intense emission peak at 480 nm emerged (Fig. S8B—C). It
is the characteristic peak of pyrene excimer (quantum yield of 0.52),
indicating the formation of pyrene excimer [45]. A maximum of 27-
fold fluorescence increase could be observed at the emission
wavelength of 480 nm (Fig. S8B). Moreover, the ratio of the fluo-
rescence intensities at 480 and 600 nm (Iss0/lsop) displayed a
maximum of 66.5-fold change after the addition of H,0, (Fig. 1B).
The fluorescence signal of the probe showed a good linear rela-
tionship with H,0, concentration in the range of 0—45 pM. The
detection limit (LOD) was determined to be 117 nM according to 3¢g/
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Fig. 1. Quantitative measurements of Py-VPB (10 uM) fluorescence changes after addition of different concentrations of H,0,. (A) Fluorescence emission spectra of Py-VPB after
addition of different concentrations of H,0, (0—100 pM). (B) Plot of fluorescence intensity ratio changes (I4g0/lg00) after incubation with increasing amounts of H0,. Inset: Linear
regression plot of fluorescence intensity ratio change (l4s0/ls00) as a function of the concentration of H,0, (0—45 uM). Ex = 380 nm.
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Fig. 2. Time-dependent response of Py-VPB to H,0,. (A) Fluorescence emission spectra of Py-VPB after incubation with 100 uM H,0, for different time intervals (0—45 min). (B)
Plot of I4g0/lg0o ratio changes after incubation with 100 uM H,0, for different time intervals (0—45 min). Ex = 380 nm.

k, where ¢ is the standard deviation of blank measurements and « is
the slope (Fig. 1B). The value is relatively lower than most of the
reported H,O, probes [24,27,29,31,46,47] (Table S1).

We further carried out time-dependent experiments of Py-VPB
with Hy0;, Kinetic study showed that Py-VPB exhibited moderate
reaction rate with H,0,. As shown in Fig. 2 and Fig. S9, the fluo-
rescence at 480 nm plateaued within 45 min along with the
disappearance of the peak at 600 nm in the presence of
100 uM H,0,. The effect of pH was also investigated. Results
showed that the probe Py-VPB responded well to H,0; in alkaline
conditions (Fig. S10). Thus Py-VPB is suitable for application in
biological systems.

To rule out interference from other biological species coexisting
in living systems, high selectivity towards H»O, is an essential
parameter to ensure the biological applications of the fluorescent
probes. Gratifyingly, we observed that Py-VPB possessed excellent
selectivity toward H,0, over the other common biological inter-
fering species (Fig. 3 and Fig. S11). It is worth noting that the ratio of
I480/1600 to H202 was much higher than that of many ROSs including
ClO~, HO- and Oy". Although ONOO~ showed moderate fluores-
cence response towards Py-VPB, the signal was relatively small

6.0
5.5+
5.0
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3.5
3.0
2.5
2.0
1.5
1.0
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|480/ IBOO
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Fig. 3. Relative fluorescence responses of Py-VPB (10 uM) to various analytes
(100 uM): (1) Blank, (2) Mg?*, (3) Ca?*, (4) Cu?*, (5) Fe?*, (6) Cr3*, (7) Co?*, (8) Zn?™,
(9)F~, (10) CI-, (11) I, (12) PO43, (13) NO5~, (14) NO,~, (15) SO52-, (16) GSH, (17) Hey,
(18) Cys, (19) ‘NO, (20) TBO,, (21) t-BuOOH, (22) ClO~, (23) HO-, (24) 05, (25) ONOO",
(26) H,0,.
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Fig. 5. (A-C) Confocal imaging of exogenous H,0, in HeLa cells (A: 0 uM; B: 100 puM; C: 200 uM). (D) The ratio of channel 2/channel 1 fluorescence intensity when incubated with

different concentrations of H,0,. The relative fluorescence intensity was analyzed by the Image] software. Every data point represents the mean of five fields of cells. Ex = 405 nm,
channel 1: 580—630 nm (Py-VPB), channel 2: 450—500 nm (Py-VP). Scale bar = 20.0 pm.
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Fig. 6. (A-B) Confocal imaging of endogenous H,0, in RAW264.7 cells (A: blank; B: pretreated with PMA). (C) The ratio of channel 2/channel 1 fluorescence intensity. The relative
fluorescence intensity was analyzed by the Image] software. Every data point represents the mean of five fields of cells. Ex = 405 nm, channel 1: 580—630 nm (Py-VPB), channel 2:

450—500 nm (Py-VP). Scale bar = 20.0 um.

compared with that of H,0,, signifying our probe displayed good
selectivity in detecting H,0,. The results were consistent with
those in the recently reported literature [48—50]. This further
demonstrated the potential use of our probe in a complex cellular
environment.

3.3. Studies of reaction mechanism

Encouraged by the results above, we further verified the reac-
tion mechanism of the probe reacting with H0,. As illustrated in
Fig. 1A and Fig. S7, the absorption and fluorescence spectra of Py-
VPB after incubation with HyO, were identical to those of Py-VP,
confirming the chemical transformation from Py-VPB to Py-VP.
This result was further supported by the mass spectrometry anal-
ysis. In the mass spectrometry results, a peak at m/z 306.2 corre-
sponding to Py-VP was observed when Py-VPB was treated with
H,0, (Fig. S12). We next used dynamic light scattering (DLS) to
investigate the size of Py-VP and Py-VPB in aqueous solution. Py-
VP was expected to exist in an aggregation state in aqueous solu-
tion while Py-VPB should stay in a relatively dispersed state. As
shown in Fig. 4, the particle size of Py-VPB solution containing 80%
water fraction was estimated to be 131.4 nm (Fig. 4A). The particle
size of Py-VP, on the other hand, showed considerable aggregation
with an average diameter of 201.9 nm (Fig. 4B). These results
indicate that when the positive charge of Py-VPB was removed by
H,0,, the solubility of the resulting Py-VP dramatically decreased,
thereby inducing the formation of excimer.
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3.4. Fluorescence imaging in cells

Prior to applying the probe to cell imaging, the cytotoxicity of
Py-VPB with Hela cells was assessed by the CCK8 method [51]
(Fig. S13). Results revealed that cell viability was higher than 90%
even when the concentration of Py-VPB was up to 20 uM,
demonstrating that the probe had a low cytotoxicity. Its low cyto-
toxicity prompted us to detect exogenous HyO; in Hela cells. As
shown in Fig. 5, when the cells were incubated with Py-VPB
(10 pM), they only showed obvious fluorescence in channel 1
(Fig. 5A) but negligible fluorescence in channel 2 (Fig. 5A). In
contrast, with the treatment of H,0,, the fluorescence in channel 1
decreased dramatically while the fluorescence in channel 2 was
significantly enhanced (Fig. 5B—C), indicating Py-VPB could pene-
trate cell membrane and was capable of visualizing H,0,. More-
over, the ratio of channel 2/channel 1 fluorescence intensity
increased with the increasing concentration of H;O, in cells
(Fig. 5D), suggesting the potential of Py-VPB to quantify H,O, in
living cells.

To explore the sub-cellular localization of Py-VPB, colocalization
experiment was carried out with Py-VPB and a commercial mito-
chondrial probe Mito Tracker™ Red. As shown in Fig. S14, the
signal of Py-VPB overlapped well with that of Mito Tracker™ Red
and the Pearson'’s correlation coefficient was determined to be 0.92
(Fig. S15), indicating that probe Py-VPB was localized in the
mitochondria of cells.

Subsequently, Py-VPB was employed to visualize endogenous
H,0, in RAW264.7 cells. As shown in Fig. 6, RAW264.7 cells stim-
ulated by PMA displayed drastic fluorescence decrease in channel 1.
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Meanwhile, fluorescence in channel 2 was considerably enhanced.
Through Image] analysis, the ratio of channel 2/channel 1 fluores-
cence intensity was found to increase from 0.04 to 1.44 (Fig. 6C).
These results together prove that Py-VPB is biocompatible and
capable of detecting exogenous and endogenous H;O, in living
cells.

4. Conclusions

In summary, we developed a new pyrene-based ratiometric
fluorescent probe with a large Stokes shift (100 nm and 220 nm) as
well as high sensitivity and selectivity for HO5. In the presence of
H,0,, the fluorescence of Py-VPB underwent a large blue-shift
(120 nm), whereby the emission peak at 480 nm emerged while
the peak at 600 nm decreased. The ratiometric mode effectively
decreased the signal interference from local environment and in-
strument variation. Moreover, this probe showed a 66.5-fold I4g0/
Isoo change with a LOD of 117 nM. The probe also displayed low
cytotoxicity, mitochondria-targeting ability and it was capable of
detecting exogenous and endogenous H0; in living cells. Taken
together, this probe displays several advantageous properties
compared with the existing probes, providing a promising tool to
explore the roles of H0> in living systems.
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