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We developed a merocyanine-based fluorescent probe, NEPB, for tracing hydrazine (N2H4) in a
ratiometric manner with large Stokes shifts and long emission wavelength. The fluorescence color of
probe NEPB changed from green to yellow upon addition of hydrazine. Probe NEPB displayed high
selectivity and sensitivity to hydrazine in solution, and could ratiometrically monitor N2H4 in living cells
and zebrafish with low cytotoxicity.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Hydrazine (N2H4) is a significant industrial material and play
important roles in chemical, pharmaceutical and agricultural areas
[1,2], such as catalysts, corrosion inhibitor and pharmaceutical
intermediates because of its basic and reductive properties [3,4]. In
addition, it is widely used as high energy fuel in aerospace and
military industry for its explosive characteristics [5–11]. Despite
being very useful, it is a highly toxic and carcinogenic compound,
which could cause serious damages to human lungs, liver, kidneys,
and the central nervous system [12–15]. Therefore, it is necessary
to provide reliable analytical methods to monitor N2H4 with high
sensitivity and selectivity.

Various different analytical methods for determining hydrazine
have been reported, including chromatography [16,17], titrimetry
[7], electrochemistry [18,19], and so forth. However, thesemethods
are limited by many factors, such as time consuming, complicated
sample handling processes and poor compatibility in biological
systems, which extremely restrict the application in living cells
[15,20]. Recently, fluorescent probes had been paid close attention
due to their satisfactory selectivity, low cost, and non-invasive
detection in organism systems [8,21]. Over the past several years, a
number of probes for hydrazine have been reported [2,9,22–24],
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but most of them are turn-on types with small Stokes shifts. It is
known to us that the fluorescence intensity-based probes can be
easily influenced by auto-fluorescence and unpredictable instru-
mental factors [25–27]. To circumvent this problem, ratiometric
fluorescent probes that functioned through two signal outputs
were developed to eliminate the interfering factors [15,28–32]. To
avoid two emission bands overlapping and make the probe more
suitable in bioassays, large Stokes shifts (>60 nm) and long
emission wavelength are desired.

In view of these above factors, we used merocyanine derivative
(HNEP+) as the fluorophore and 4-bromobutyric acid as the
reaction site [15] and constructed a novel probe NEPB for
hydrazine. As shown in Scheme 1, intramolecular charge transfer
(ICT) process played important part in the construction of
ratiometric probes. Here, 4-bromobutyric acid also acted as an
electron-withdrawing group and blocked the ICT process of the
fluorophore. When probe NEPB reacted with N2H4, a substitution-
cyclisation-elimination reaction happened at the recognizing site
and released fluorophore HNEP+, which exhibited the ICT
properties with large Stokes shifts and long emission wavelength.
Probe NEPB was easily prepared within three steps as shown in
Scheme S1 (Supporting information) and characterized by
standard 1H NMR, 13C NMR and HRMS spectra (Supporting
information).

At the first step, we investigated the absorption and fluores-
cence properties of probe NEPB in DMSO/PBS buffer (9:1, v/v,
10.0mmol/L, pH 7.4). As shown in Fig. S1 (Supporting information),
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. The recognition mechanism of probe NEPB towards N2H4.
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Fig. 2. Fluorescence spectra of probe NEPB (5.0mmol/L) in the presence of various
biological species (1.0mmol/L): (1) Na+; (2) Zn2+; (3) Al3+; (4) Co2+; (5) Ca2+; (6)
Ba2+; (7) K+; (8) NO�; (9) HSO3�; (10) SO3

2�; (11) Br�; (12) HCO3
�; (13) SO4

2�; (14)
S2O5

2�; (15) S2O3
2�; (16) NH3; (17) N2H4.
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the free probe NEPB displayed an absorption band at 360 nm. Upon
reaction with excessive N2H4, the absorption band red-shifted to
413 nm, with the solution changed from pale-green to yellow,
which was attributed to the ICT process. Probe NEPB exhibited
strong green fluorescence with a maximum emission at 501 nm.
When treated with N2H4, an intramolecular cyclization reaction
happened at the ester site, which would release the yellow
fluorophore of HNEP+ with an emission at 575 nm. These results
demonstrated that probe NEPB could serve as a ratiometric
fluorescent sensor to detect N2H4.

To evaluate the sensitivity of probe NEPB to N2H4, different
amounts of N2H4 (0.0–1000.0mmol/L) were added into the
solution of NEPB. It was seen in Fig. 1A that the fluorescence
intensity of probe NEPB at 501 nm reduced, and the intensity at
575 nm increased with the addition of incremental doses of N2H4,
and it was finally saturated with 200.0 equiv. of N2H4. In addition,
the fluorescence intensitywas linearly related to the concentration
of N2H4 in the range of 0–700.0mmol/L (Fig. 1B). The detection
limit for N2H4 was estimated to be 2.6mmol/L (S/N = 3), which
indicates that NEPB could quantitatively detect N2H4 with good
sensitivity.

Then the time-dependent fluorescence properties of probe
NEPB in the absence/presence of N2H4 were carried out. As shown
in Fig. S3 (Supporting information), a gradual increase at 575 nm
and a simultaneous decline at 501 nm were observed as the time
went on. The reaction could be detectedwithin 10min and reached
a plateau around 120min when probe NEPB was reacted with
1000.0mmol/L of N2H4.

In order to determine whether probe NEPB can operate well
under physiological condition, the fluorescence behavior was
investigated under different pH values in the absence/presence of
N2H4. As shown in Fig. S4 (Supporting information), the fluores-
cence intensity ratio (I575/I501) of probe NEPB was almost no
change in awide pH range of 2�10, demonstrating that free probe
NEPB was quite stable. However, the ratio dramatically increased
within pH 6�11 in the presence of N2H4, suggesting that it is
suitable for probe NEPB to detect N2H4 in physiological condition.
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Fig.1. (A) Normalized absorption and (B) fluorescence emission spectra of probe NEPB (5
PBS buffer (9:1, v/v, 10mmol/L, pH 7.4). lex = 380 nm.
Next, we checked the specificity of probe NEPB for N2H4 over
other competitive analytes. The fluorescence changes of probe
NEPB were evaluated in the presence of various relevant species,
including Na+, Zn2+, Al3+, Co2+, Ca2+, Ba2+, K+, NO�, HSO3

�, SO3
2�,

Br�, HCO3
�, SO4

2�, S2O5
2�, S2O3

2�, NH3 and N2H4. As depicted in
Fig. 2, only N2H4 could result a significant increase in the
fluorescence intensity at 575 nm and dramatic decrease at
501 nm, whereas other species did cause little spectral changes.
What is more, the competitive experiments also demonstrated
that the above interfering species did not affect the fluorescence
performance of probe NEPB toward N2H4 (Fig. S2 in Supporting
information). These results confirmed that probe NEPB could be
used to detect N2H4 selectively.

Afterwards, to confirm the sensing mechanism, the reaction
products of probe NEPB with N2H4 was analyzed by high resolution
mass spectrometry (Fig. S6 in Supporting information). It was found
that two new peaks appeared atm/z 123.0930 and 262.1244, which
were exactly identical to the dye HNEP+ ([M]+ = 262.1226) and by-
product tetrahydro-pyridazin-3-one ([M +Na]+ = 123.0915). This
.0mmol/L) in the absence (black) and presence (red) of N2H4 (200.0 equiv.) in DMSO/
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Fig. 3. Fluorescence and bright field images of cells. (A1-D1): Cells incubated with
probe NEPB (5.0mmol/L) for 30min. (A2-D2): Cells treated with probe NEPB
(5.0mmol/L) and then incubated with N2H4 (1000.0mmol/L) for 2 h. Green channel
was collected from 500 nm to 550 nm and yellow channel was collected from
570 nm to 620 nm. lex = 390–420nm. Scale bar = 20mm.
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Fig. 4. Images of NEPB in 3-day-old zebra fish. (A1-D1): Zebra fish incubated with
probe NEPB (5.0mmol/L) for 30min. (A2-D2): Zebra fish treated with probe NEPB
(5.0mmol/L) and then incubated with N2H4 (1000.0mmol/L) for 2 h. Green channel
was collected from 500 nm to 550 nm and yellow channel was collected from
570 nm to 620 nm. lex = 390–420nm. Scale bar = 500mm.
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result was in good agreementwith the proposed sensing process in
Scheme 1.

Encouraged by the above results, the capacity of probe NEPB to
detect N2H4 in living cells was then assessed. We first used the
conventionalMTTassaywithHeLa cells to evaluate the cytotoxicity
of probe NEPB. As shown in Fig. S5 (Supporting information), the
cell viability exceeded 86% when the cells were treated with
20.0mmol/L of probe NEPB for 24h, indicating that probe NEPB
was almost non-toxicity and suitable for biological applications.

In the following steps, practical applications of probe NEPB in
living HeLa cells and zebra fish were investigated. As shown in
Fig. 3, we observed a strong fluorescence in green channel and an
ignorable fluorescence in yellow channel when cells only treated
with probe NEPB (5.0mmol/L). With the addition of N2H4, a strong
fluorescence appeared in yellow channel, and accompanied by the
reduction of fluorescence in green channel. These results indicated
that probe NEPB had the ability to monitor N2H4 in living cells.
Inspired by the good performance in living cells, the imaging
experiments in zebra fish were further carried out. To our delight,
the phenomena in NEPB-treated zebra fish were consistent with
the above cell imaging experiments (Fig. 4). These findings clearly
demonstrated the ability of probe NEPB to detect N2H4 via dual
distinct emission bands in living systems.
In conclusion, we have designed and synthesized a novel
ratiometric fluorescent probe NEPB with large Stokes shift and
long emission wavelength for the detection of N2H4. Probe NEPB
displayed high sensitivity and selectivity as well as low detection
limit towards N2H4. Additionally, probe NEPB was successfully
applied for detecting N2H4 in living cells and zebra fish.
Considering these, we believed that the probe would have a good
potential to act as a valuable tool to detect N2H4 in environmental
pollution and living systems.
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