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Parkinson's disease (PD) is closely related to the oxidative stress induced by excess hydrogen
peroxide (H2O2) in organisms. Developing an e±cient method for noninvasive and real-time H2O2

detection is bene¯cial to investigate the role played by H2O2 in PD. In this work, a novel
°uorogenic probe (CBH) for living organisms H2O2 detection has been designed, synthesized and
characterized. The emission of CBH in PBS solution is very weak. However, when H2O2 was
added, the °uorescence of CBH solution was sharply increased for 12-fold, accompanied by the
emission peak blue-shifted from 600 to 530 nm. Moreover, the response of CBH to H2O2 is highly
sensitive and selective and is not a®ected by various ROS/RNS, anions, cations, and amino acids.
Based on the good performance of CBH for H2O2 detection, it has been successfully applied to
visualizing the H2O2 concentration in living cells, Zebra¯sh and C. elegans PD models.
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1. Introduction

As a well-known term for chemical species produced
upon incomplete reduction of oxygen, reactive ox-
ygen species (ROS) plays a key role in regulating
various physiological functions of living organ-
isms.1,2 The intrinsic biochemical properties of ROS
underlie the mechanisms necessary for the devel-
opment of living organisms. While, overproduction
of ROS could give rise to oxidative stress that is
implicated in plenty of diseases such as cancer,
neurodegenerative diseases and in°ammation,3–6

due to its paramount signi¯cance to ROS, hydrogen
peroxide (H2O2) has been veri¯ed to a®ect cell
growth, host defense, immune response, and sig-
naling pathways.7 Parkinson's disease (PD) as a
common neurodegenerative disorder in the elderly
population mainly a®ects the motor system, and
thus results in bradykinesia, rigidity, resting trem-
or, and postural instability.8,9 Although the etiology
of PD is largely unknown, emerging studies have
shown that the excess of ROS such as H2O2 causing
oxidative stress inside cells is closely connected to
PD.10,11 To reveal the fundamental roles of ROS,
particularly H2O2 in PD living organisms, the real-
time, noninvasive and high selective monitoring of
H2O2 in vivo is highly desired.

Compared to other analytical methods, °uores-
cent probes meet the requirements of high sensi-
tivity, selectivity, noninvasive and real-time
detection analysis, and therefore they are regarded
as a suitable method to monitor biomolecules and
biological parameters in living systems.12–17 Re-
cently, many °uorescence probes with outstanding
performance for imaging H2O2 in vivo have been
developed.18–21 For instance, Lin et al. presented a
ratiometric probe for near-infrared (NIR) imaging
of H2O2 in mitochondria based on the Baeyer–
Villiger oxidative rearrangement reaction and
reported a dual-response °uorescent probe for H2O2

and viscosity detection with di®erent imaging
channels.22,23 Peng et al. developed a two-photon
NIR °uorescent turn-on probe for H2O2 based on
dicyanomethylene-4H-pyran °uorophore, which can
be used for endogenous and exogenous H2O2 two-
photon NIR imaging.24 However, challenges on high
selective and fast response of imaging agents and
desired photophysical properties lead to little re-
search been done on the real-time imaging of H2O2

in living PD models.25 Our group aims at develop-
ing high performance °uorescent dyes/probes for

imaging the PD related markers for the early diag-
nosis and therapy of the disease.26–31 We have
reported some high-e±ciency °uorescence probes
for imaging H2O2 in PD models. For example,
a mitochondria-targeted two-photon °uorogenic
probe for the dual-imaging of viscosity and H2O2

levels in PD models were reported.32 A ratiometric
NIR °uorogenic probe for visualizing H2O2 was
developed, utilizing an excited-state intramolecular
proton transfer strategy in PD models.33 Never-
theless, all these probes were used in PD cell or
Drosophila models. Caenorhabditiselegans (C. ele-
gans) is the ¯rst model organism to have its entire
genome sequenced. About 42% of C. elegans genes
are related to human diseases and a few homologous
chromosomes could be found in C. elegans for
human diseases caused by genetic factors.34 More-
over, hermaphrodite C. elegans have a simple but
complete dopamine nervous system that exhibits
the same characteristics as those of humans.35

These features make elegans a suitable PD model.
Although C. elegans are transparent, °uorogenic
probes for detecting H2O2 in PD C. elegans model
are rarely reported.

Herein, a novel °uorogenic probe (CBH) for liv-
ing organisms H2O2 detection have been designed
and synthesized. As shown in Scheme 1, the probe
was synthesized in a simple way and benzene-
boronic to be used for reaction site. The structure of
the probe was characterized by 1H and 13C NMR. It
could sensitively and selectively respond to H2O2.
The emission of CBH was very weak. However, a
strong °uorescence signal appeared after the probe
reacting with H2O2 in solution. Since CBH dis-
played good performance in H2O2 detection, it was
successfully applied to monitor the H2O2 concen-
tration in living cells, Zebra¯sh and C. elegans PD
models.

2. Experimental

2.1. Materials and instrumentation

All chemical reactions were carried out under dry
nitrogen protection atmosphere. All reagents and
solvents were purchased from commercial suppliers
directly, and they were used with no further puri-
¯cation unless otherwise noted. Reaction progress
was monitored by thin-layer chromatography
(TLC) on pre-coated silica plates (250�m thick-
ness) and spots were visualized by UV light. Silica
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gel 60 (200–300mesh, Silicycle) was for the column
chromatography usage. 1H and 13C NMR spectra
were collected in CDCl3 or DMSO-d6 at 25�C
by using a Bruker 400Hz spectrometer. Chemical
shifts were reported in parts per million relative to
internal standard tetramethylsilane (Si(CH3Þ4 ¼
0:00 ppm) or residual solvent peaks (CDCl3 ¼
7:26 ppm, DMSO-d6 ¼ 2:50 ppm). 1H NMR cou-
pling constants (J) were reported in Hertz (Hz) and
multiplicity was indicated as follows: s (singlet), d
(doublet), t (triplet), q (quartet), and m (multi-
plet). Absorption spectra were collected by Syner-
gyHTX microplate reader or a Shimadzu UV-3600
UV-Vis-NIR spectrophotometer. Photoluminescent
spectra were captured by a HITACHI F4600 °uo-
rescence spectrophotometer (excitation slit width
was 5 nm and emission slit width was 10 nm). The
operating environment of all the measurements
was at room temperature. The image acquisition
equipment was Zeiss LSM880 NLO (2þ 1 with
BIG) Confocal Microscope System, which was
equipped with objective LD C-Apochromat 63�
1:15W Corr M27, cell incubator with temperature
control resolution �0:1�C, 405 nm Diode laser,
Argon ion laser (458, 488 and 514 nm), HeNe laser
(543 and 594 nm), and a Rack LSM 880 incl. 633 nm
laser, with eight channels AOTF for simultaneous
control of eight laser lines. Images processing
was equipped with Zeiss User PC Advanced for
LSM system (BLUE). A PMT detector was used for
steady-state °uorescence, ranging from 420 to
700 nm. To collect the signals in 8-bit unsigned
1024� 1024 pixels at a scan speed of 200Hz, in-
ternal photomultiplier tubes were adopted.

2.2. Synthesis and characterization

2.2.1. Synthesis of compound CB

4-(diethylamino)salicylaldehyde (1.93 g, 10mmol),
4-(bromomethyl)benzeneboronic (2.97 g, 10mmol)
and K2CO3 (1.39 g, 10mmol) were added in 20mL
tetrahydrofuran solution in a 100mL three-neck
°ask. The mixture was re°uxed for 12 h under N2.
Then, the solution was extracted into ethyl acetate
(3� 75mL). Then the solvent was evaporated in
vacuo and the organic layer was combined. The
residue was puri¯ed by silica column (petroleum
ether/ethyl acetate = 5/1) to a®ord CB as white
powders (4.13 g, yield: 73%). 1H NMR (400MHz,
CDCl3): � 10.23 (s, 1H), 7.81 (d, J ¼ 8:1Hz, 2H),

7.71 (d, J ¼ 8:0Hz, 1H), 7.43 (d, J ¼ 8:1Hz, 2H),
6.27 (d, J ¼ 8:0Hz, 1H), 6.04 (s, 1H), 5.17 (s, 2H),
3.34 (q, 4H), 1.33 (s, 12H), 1.13 (t, 6H). 13C NMR
(100MHz, CDCl3): � 187.2, 163.2, 153.7, 139.8,
135.3, 130.5, 126.3, 114.6, 104.7, 94.2, 83.9, 70.1,
44.9, 24.9 and 12.6.

2.2.2. Synthesis of probe CBH

Compounds CB (200mg, 0.5mmol), benzothiazole-
2-acetonitrile (100mg, 0.6mmol) and 3 drop pi-
peridine were added to 50mL °ask with 10mL
EtOH. Then, the mixture was re°uxed for 3 h under
N2. The reaction mixture was cooled to room tem-
perature and ¯ltrated. The residue was washed
three times by cold EtOH and dried in vacuo to give
compound CBH as yellow powders (146mg, yield:
86 %). 1H NMR (400MHz, DMSO-d6): � 8.60 (s,
1H), 8.43 (d, J ¼ 8:8Hz, 1H), 8.01 (d, J ¼ 8:2Hz,
1H), 7.86–7.83 (m, 3H), 7.48–7.43 (m, 3H), 7.33 (t,
1H), 7.34 (dd, J1 ¼ 9:2Hz J2 ¼ 2:3Hz 1H), 6.05 (d,
J ¼ 2:3Hz, 1H), 5.22 (s, 2H), 3.35 (q, 4H), 1.35 (s,
12H), 1.14 (t, 6H). 13C NMR (100MHz, DMSO-d6):
� 166.0, 160.4, 154.0, 152.6, 141.2, 139.9, 135.3,
134.4, 130.6, 126.4, 126.1, 124.9, 123.0, 121.4, 118.7,
110.1, 105.4, 96.6, 94.9, 84.0, 70.5, 44.9, 29.8,
24.9, 12.7.

2.3. Preparation of the test solutions

Stock solutions of CBH (5mM) were produced from
dimethylsulfoxide (DMSO). Stock solutions of ROS,
anions, cations, and amino acids were prepared
using deionized water at a concentration of 100mM.
PBS bu®er with 10% DMSO (pH ¼ 7:4) solution
were used to prepare test solutions. Absorption
and °uorescence spectra were recorded when the
test solutions were incubated for 30min at room
temperature.

2.4. Cytotoxicity determined by MTT

method

HeLa cells were cultured in Dulbecco's modi¯ed
Eagle medium (DMEM) containing 10% fetal
bovine serum (FBS), 100mg/L streptomycin, and
100 IU/mL penicillin, at 37�C in 5% CO2/95%
air incubator. The cytotoxicity of the probe was
determined by using the MTT colorimetric cell
proliferation kit (Roche), according to the manu-
facturer's guidelines. Firstly, HeLa cells were
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cultured to 70–80% con°uence in 96-well plates.
The medium was aspirated and then replaced with
100�L various concentrations of probe (10, 20, 30,
40 and 50�M). Probes were employed from DMSO
stocks while DMSO should not exceed 0.1% in the
¯nal solution. The same quantity of DMSO was also
used as a negative control. After a total treatment
for 24 h, the probe-containing medium was replaced
with fresh DMEM medium without probes, and
then MTT (50�L, 1mg/mL) was added to each
well at 37�C in a 5% CO2/95% air incubator,
reacting for 4 h. Optical densities measurements
were followed by the manufacturer reference.

2.5. Cell imaging

Employing the probe monitoring exogenous H2O2 of
HeLa cells, cells were controlled to grow to 60–70%
con°uence through seeded in glass-bottomed dishes.
After incubating with 5�M H2O2 and 10�M H2O2

for 2 h, respectively, the old medium was replaced
with fresh medium containing probe (2�M) then
cultured for 1 h. The cells were analyzed by imaging
measurement after being washed with PBS bu®er
three times.

We employed the probe to monitor endogenous
H2O2 of HeLa cells, which was further veri¯ed by
the anti-oxidative e®ect of N-acetyl-cysteine
(NAC). Cells grew to 60–70% con°uence through
seeded in glass-bottomed dishes. For two Rotenone-
treated groups, cells were incubated with 5�M
Rotenone and 10�M Rotenone for 1 h, respectively.
Then, the old medium was replaced by the fresh
medium containing probe (2�M) then cultured for
1 h. For the NAC group, after incubating with
10�M Rotenone for 1 h, HeLa cells were cultured
with 5 and 10�M NAC for 2 h, respectively. Then,
the old medium was removed and a fresh medium
containing probe (2�M) were added to continue
incubating for 1 h. All these cells were subjected to
imaging analysis after being washed with PBS
bu®er three times.

The values of background signals of all images
were nearly zero by imaging the same cells treated
with the negative control (DMSO). All images were
acquired on Zeiss LSM880 NLO (2þ 1 with BIG)
Confocal Microscope System and the images pro-
cessing were equipped with Zeiss User PC Advanced
for LSM system (BLUE). Cell confocal images of
probe employed an excitation ¯lter of 488 nm and

the range of collective wavelength was between 510
and 650 nm.

2.6. Zebra¯sh imaging

5-day-old zebra¯shes were used to detect exogenous
and endogenous H2O2. The ¯sh was ¯rstly anes-
thetized before imaging, which was imprisoned by
using 0.01–0.02% tricaine in egg water. The zebra-
¯shes were incubated with CBH (10�M) for 2 h.
Then, 100�M H2O2 were added to the medium.
After being washed by PBS, the zebra¯shes were
used for imaging. Endogenous H2O2 of zebra¯sh was
induced by the anti-oxidative e®ect of NAC. By
exciting the probe with 488 nm laser in optical
windows between 510–650 nm, we could obtain the
°uorescence images of zebra¯shes.

2.7. C.elegans imaging

N2 (wild type strain) and VC1024 (pdr-1 strain)
worms were used and purchased from Cae-
norhabditis Genetics Center (University of Minne-
sota, USA), cultured at 15�C on nematode growth
medium (NGM), and seeded with the uracil auxo-
troph strain, OP.50 of E. coli.

To detect H2O2 in di®erent categories of C. ele-
gans, we collected all the C. elegans that grew to
young adults together at ¯rst and then divided
them into four groups. Control group employed
VC1024 worms to be immersed in PBS bu®er
(pH ¼ 7:4) which contained only 1% DMSO for
5 min. For the N2 group, worms were treated with
PBS bu®er (pH ¼ 7:4) included 10�M probe for the
same time. Both VC1024 group and NAC group
utilized VC1024 worms that incubated with 10�M
probe for 5min. C. elegans in NAC group were
cultured in NGM including 10�M NAC from the
period L1 to young adults.

After worms were immersed in PBS bu®ers, re-
spectively, they were transferred into NGM without
E. coli and continued to be cultured at 15�C for 2 h,
¯xed into 2% agar padded slides before imaging.

The values of background signals of all images
were close to zero by imaging the same worms
treated with a negative control (DMSO). All images
were acquired on Zeiss LSM880 NLO (2þ 1 with
BIG) Confocal Microscope System and processed
with Zeiss User PC Advanced for LSM system
(BLUE). C. elegans images came from confocal
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microscope with an excitation ¯lter of 488 nm and
the collection wavelengths were from 510 to 650 nm.

3. Results and Discussion

3.1. Design and synthesis

As shown in Scheme 1, CBH was obtained by a
simple and e±cient way. Firstly, 4-(diethylamino)
salicylaldehyde reacted with 4-(bromomethyl)ben-
zeneboronic in the presence of K2CO3 to give the
intermediate CB. Then, CB was coupled with
benzothiazole-2-acetonitrile by knoevenagel con-
densation reaction to achieve the target probe CBH
in a good yield. The benzeneboronic group could be
oxidized to phenol after reacting with H2O2. The
benzylphenol was eliminated and the cyclization

reaction was occurred to give dye with high conju-
gation that induced the enhanced emission. The
structures of all the compounds were characterize
by 1H and 13C NMR.

3.2. Response to hydrogen peroxide

The photophysical properties of CBH for H2O2 in
PBS solution (containing 10% DMSO, pH ¼ 7:4)
was ¯rstly evaluated. CBH showed a broad ab-
sorption band, ranging from 400 to 550 nm. A dis-
tinct increase in the absorption was observed when
H2O2 was added and the concentration was in-
creased from 0 to 600�M (60 equiv.) (Fig. S1). This
result suggested that the borate group could be
oxidized by H2O2, accompanied by C–O bond
cleavage and releasing to give larger conjugated

(a) (b)

Fig. 1. (a) Fluorescence spectra of CBH in PBS bu®er solution in the presence of H2O2 at di®erent concentrations. (b) Time-
dependent °uorescence intensity of CBH upon addition of 10 equiv. H2O2 in PBS bu®er solution.

Scheme 1. (a) The design and synthesis route of the probe CBH; (b) Overall detection strategy by using probe CBH. The probe
was used for bioimaging of H2O2 in vitro, in living HeLa cells, zebra¯sh and C.elegans.

A Fluorogenic probe for visualizing the hydrogen peroxide in PD models
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°uorophore. Meanwhile, it should be noted that the
°uorescence intensity of CBH was quite weak at
600 nm in PBS solution (containing 10% DMSO,
pH ¼ 7:4). However, after the addition of H2O2, the
°uorescence peak was blue-shifted from 600 to
530 nm and accompanied by dramatically enhanced
intensity (Fig. 1). The °uorescence intensity at
530 nm increased about 12-fold by adding H2O2

from 0 to 60 equiv. The emission intensity at 530 nm
increased linearly according to the concentration
increase of H2O2, implying the great potential of
CBH to quantify H2O2 (Fig. S2). The calculation
value of the detection limit of CBH was as low as
0.72�M. Moreover, the dynamics of the reaction of
CBH with H2O2 were further investigated. As
shown in Fig. 1(b), the time-dependent intensity at
530 nm increased rapidly and linearly upon the ad-
dition of H2O2 (10 equiv.) within 30min. This
result indicated the high sensitivity response of
CBH to H2O2.

The °uorescence may be in°uenced by anions,
cations as well as amino acids in living cells, as soon
as the probes were applied in a complex biochemical
environment. The selectivity of the probes should
be investigated regardless of the in°uence of the
various interferents. The e®ects on the °uorescence
of the probes by more than 45 relevant biological
species were also explored, including various normal
anions, cations, amino acids and so on. As shown in
Fig. 2(a), there are obvious °uorescence enhance-
ment of CBH solution after the addition of 10 equiv.
H2O2. Adding other ROS/RNS, anions, cations as
well as amino acids to the solution of CBH, the
°uorescence intensity of the probes showed negligi-
ble changes. Meanwhile, the e®ect of various ana-
lytes on the °uorescence response of CBH was also

investigated. As shown in Fig. 2(b), the addition of
various analytes to the CBH solution with H2O2 did
not induce any obvious changes in the emission in-
tensity. The reponse of the probes to H2O2 was not
a®ected by the various corresponding biological
species. These results further con¯rmed that the
probe had great potential for applying to the de-
tection of H2O2 change in complex physiological
environments.

3.3. Imaging

To evaluate whether CBH was useful for bioimaging
application to detect H2O2 in living systems, the

(a) (b)

Fig. 2. (a) The °uorescence response of CBH in PBS bu®er solution to various analytes. (b) The e®ect of various analytes on the
°uorescence response of CBH in PBS bu®er solution.

Fig. 3. Confocal °uorescence microscopy imaging of live HeLa
cells pre-treated with CBH and di®erent concentrations of
H2O2 for 30min at 37�C. Scale bar represents 20�m.

G. Zhang et al.
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standard MTT assay was performed before imaging.
The result showed that the cytotoxicity of CBH was
negligible, even at the high concentration of 50�M
(Fig. S3). Based on the data above, we concluded
that CBH could be applied for real-time monitoring
of H2O2 in living systems, and act as a promising
molecular imaging agent at the same time, to ex-
plore the biological activity of H2O2 under patho-
logical conditions.

Fluorescence imaging was further used to evalu-

ate the ability of the probe CBH on dectecting the

change of intracellular H2O2. The HeLa cells were

incubated with CBH at 37�C for 30min ¯rstly.

As shown in Fig. 3, a weak °uorescence appeared.

When the probe-loaded cells were treated with

H2O2, relatively strong °uorescence signals were

detected from CBH channel in the cell images with

the increase of H2O2 concentrations from 5 to

10�M. Therefore, this result also demonstrated

that CBH could detect the original and exogenous

H2O2 in living cells.
Furthermore, we used the Rotenone (Rot), a high-

a±nity inhibitor of complex I of the mitochondrial
electron-transfer chain that was known to induce the
generation of ROS in vitro, as the inductive agent to
regulate the H2O2 concentrations in cells.36,37 Thus,
Rot could enhance the intracellular H2O2 con-
centrations. As shown in Fig. 4, the HeLa cells
showed weak °uorescence, as a result of only being
incubated with the probe CBH. Surprisingly, if the
cells were treated with Rot for 30 min in advance, an
obvious boost in °uorescence intensity could be ob-
served. Meanwhile, to con¯rm the CBH could detect
additional H2O2 induced by Rot, N-acetylcysteine
(NAC), a widely used antioxidant for H2O2 elimi-
nation, was employed. After the cells treated with
NAC further incubated with CBH and Rot, the
°uorescence signal was largely decreased comparing
to the group incubated with CBH and Rot. This

Fig. 4. Confocal images of HeLa cells incubated with CBH for
30 min with pretreatment of Rot and NAC. Scale bar repre-
sents 20�m.

(a) (b)

Fig. 5. (a) Confocal images of zebra¯sh (5-day-old) with CBH for 30min and incubated with H2O2 or pretreated with NAC.
(b) Relative °uorescence intensities of imaging.
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result further proved that CBH was able to detect
the endogenous H2O2 induced by Rot.

The probe of CBH has been demonstrated to be
capable for visualizing exogenous/endogenous H2O2

in mammalian cells. We provided a convenient
means for rapid and sensitive detection of elevating
levels of H2O2 to further assess whether CBH could
be used in relevant tissue samples. The experiment
of CBH on live zebra¯sh was performed. As shown
in Fig. 5, there was very weak green °uorescence
signal in zebra¯sh emitted from green °uorescent
protein (GFP). After the zebra¯sh incubated with
CBH up to 30min, the °uorescence signal was slight
increased due to the reaction of the probe and
the endogenous H2O2. When the zebra¯sh was
pretreated by H2O2 and then incubated with CBH,
an obvious °uorescence enhancement signal was
detected. As for the zebra¯sh treated by NAC and
further incubated with H2O2, the °uorescence in-
tensity using CBH imaging was decreased. It sug-
gested that CBH had outstanding performance in
relevant tissue samples imaging.

We next investigated the potential applications
of the newly discovered H2O2-speci¯c imaging probe
(CBH) for evaluating the relationship between
H2O2 level and dopaminergic neuronal homo-
eostasis in PD models. To realize this, we employed
wild type strain N2 and VC1024 C. elegans, which
had been established to exhibit PD-associated

phenotypesand excessive ROS production. As dis-
played in Fig. 6, there was no °uorescence signal of
C. elegans. After the normal N2 worms treated by
CBH, a weak °uorescence signal was observed.
When the PD VC1024 worms were incubated with
CBH for 30min, a strong green °uorescence was
detected. Furthermore, when the NAC pretreated
VC1024 worms were incubated with CBH, there
was an obvious decrease in °uorescence signal
recorded comparing to the sample that was not
treated by NAC. These results suggested that CBH
had the capacity to precisely distinguish high levels
of H2O2 in PD elegans model.

4. Conclusion

In conclusion, we had successfully developed a novel
°uorogenic probe CBH for H2O2 detection in living
organisms. The probes exhibited high sensitivity
and selectivity to H2O2. The °uorescence signals of
the probe were weak in the PBS solution, but ob-
viously enhanced in the presence of H2O2 and ac-
companied by the emission peak blue-shifted from
600 to 530 nm. Moreover, more than 45 various
ROS/RNS, anions, cations and amino acids were
involved and showed no e®ect on the response of
CBH to H2O2. The MTT essay showed CBH was
low in toxicity. CBH was preferably adopted to
detect the exogenous and endogenous H2O2 in cells
and zebra¯shes by °uorescence imaging due to its
excellent sensing properties. More importantly,
CBH had the capacity to precisely distinguish dif-
ferent levels of endogenous H2O2 in normal and PD
C. elegans models. Thus, we expected the probe
CBH might be developed to be a good boronate-
based hydrogen peroxide probe for the early diag-
nosis of H2O2 related disease.
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