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Abstract

A near-infrared ICT-based fluorescent probe LX was successfully obtained. LX which detection limit is low as 22.2 nm shows
excellent selectivity and high sensitivity to diazane. LX can selectively detected diazane from other species over a wide pH (3—
10) range. A obvious color change of solution from yellow to orange can be found, allowing the naked eye to detect. The sensing
mechanism was reasonably detected by ESI-MS and DFT calculations. In addition, LX succeed in the visualization of diazane in

living cells and the detection of diazane in water samples.
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Introduction

Diazane, also named as hydrazine (N,H,) is an important
active base and reducing agent, and has a wide range of
applications in the chemical industry, medicine and farm
chemical [1]. It plays an important role in ruducer, anti-
corrosive, pharmaceutical intermediates, textile dyes, and
so on [2]. Diazane is often used in missiles and rocket
propulsion systems as propellants due to their durability
and explosiveness [3]. It is also used for the synthesis of
herbicides and plant growth regulators [4]. Although
diazane is useful, diazane and its aqueous solutions are
harmful to the health of people and animals, and can
cause serious environmental problems [5]. What’s more,
it is easily absorbed by the mouth, skin and inhalation
during production, use, transportation and disposal,
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causing serious harm to the lungs, cerebrospinal axis, kid-
ney and liver. Therefore, it is important to establish reli-
able methods for diazane detection with good sensitivity
and selectivity.

Commonly used detection methods for diazane include
flow detection [6, 7], electrochemistry [8], chemilumines-
cence [9, 10], fluorescence spectroscopy [11, 12], chromatog-
raphy [13], gas chromatography [14], high-efficiency liquid
phase chromatography [15] and capillary electrophoresis [16].
However, most of above means are effective for extracellular
diazane detection and require a sample preparing steps. Only a
few of these means can be used to detect intracellular diazane.
Differ from them, fluorescent probes become a powerful
method for monitoring the extracellular and intracellular
levels of various biologically related species and understand-
ing their function due to their fast, non-destructive, selective
and sensitive emission signal advantages. Various diazane
fluorescent probes have been reported so far [17-27]. In these
reports, most probes show emission and absorption in the
ultraviolet or visible range and are not suitable for bioimaging.
Near-infrared (NIR) fluorescent probes are highly desirable
because light in the NIR region exhibits lower background
fluorescence, deeper penetration, and lower phototoxicity
[28, 29]. Few probe for diazane based on NIR dyes were
designed. The cyanine probe developed by Peng and col-
leagues showed good selectivity and a low detection limit
[30]. In addition, Zhang’s team designed a near-infrared fluo-
rescent sensor for monitoring diazane [31]. The excellent
properties of these sensors include obvious “turn on”
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response, good selectivity and high sensitivity. However,
these sensors also have some other shortcomings, e.g. com-
plex synthesis, low efficiency, and so forth.

On the other hand, ratio chemical sensors can give built-in
correction of environmental factors through measuring change in
the emission intensity ratio at two different wavelengths [32, 33].
From this perspective, sensors based on fluorescence resonance
energy transfer (FRET) and intramolecular charge transfer (ICT)
are the most valuable. Generally, the synthetic routes of the
FRET-based probes are long. They also require a strong spectral
overlap between the acceptor’s absorption and the donor’s emis-
sion. The ICT-based proportional fluorescent probe has the ad-
vantages of simple synthesis and large emission shift. However,
to date, studies of ICT-based proportional fluorescent sensors for
diazane working in NIR are still very limited.

Here, we present a NIR ratio fluorescent sensor LX to
detect diazane with the largest Stokes shift (Scheme 1). The
LX probe has high sensitivity and selectivity, and the detection
limit is 22.8 nm. In addition, fluorescent imaging experiments
on diazane in SMMC-7721 cells indicate its practical applica-
tion in biological systems.

Experimental
Materials

Fluorescent spectroscopy was recorded on a Hitachi F-4600
fluorescence spectrophotometer and the excitation and emis-
sion wavelengths were set to 10.0 nm. The UV-visible spec-
trum was measured with an Agilent 8453 spectrophotometer.
'"H and "*C NMR spectra were performed on a Bruker-DTX-
400 spectrometer and TMS used as an internal reference. ESI-
MS was performed by an HPLC Q-Tof HR-MS spectrometer.
All synthetic materials were purchased from commercial sup-
pliers and directly used. The solvent used in this paper was
purified according to standard procedures. A stock solution
(10 mM) of LX was prepared by dissolving the amount re-
quired in DMSO. A stock solution of the other anion (10 mM)
was prepared from the corresponding inorganic salt.

Scheme 1 Synthetic route of title
compound LX
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Synthesis

Synthesis of 2-(2-Methyl-4H-Chromen-4-Ylidene)
Malononitrile

The synthesis of 2-(2-methyl-4H-chromen-4-ylidene)
malononitrile is based on the reported method [16].

Synthesis of Probe LX

134.0 mg terephthaldehyde (1.0 mmol) and 208 mg 2-(2-
methyl-4H-chromen-4-ylidene) malononitrile (1.0 mmol)
was mixed in 15 mL of absolute ethanol. Piperidine
(1.0 mmol) was then added. Above mixture was heated to
reflux under nitrogen. The reaction was checked by TLC until
completed. Then, reaction solution was cooled to room tem-
perature. After solvent was removed by reduced pressure,
crude product was obtained. Purified by by column chroma-
tography on silica gel (using CH,Cl,:PE=3:1, and then
CH,Cl,), compound LX was given as a yellow solid. Yield
52%. mp: 319-320 °C. "H NMR (CDCls, 400 MHz, ppm):
10.06 (s, 1 H), 8.94 (d,J=8.36 Hz, 1H),7.96 (d, J=7.64 Hz, 2
H),7.75 (d, J=7.92 Hz, 3 H),7.66 (d, /= 16.04 Hz, 1 H),7.58
(d, J=8.44 Hz, 1 H),7.49 (t, J=8.16 Hz, 1 H),6.96 (d, J=
13.96 Hz, 2 H); '*C NMR (CDCls, 100 MHz, ppm): 191.301,
156.374, 152.575, 152.259, 140.211, 137.143, 136.886,
134.946, 130.395, 128.330, 126.240, 125.914, 121.872,
118.659, 116.411, 115.354, 108.085, 99.982. HR-MS: m/z,
calculated for C,;H3N,0," [M +H]J* 325.0972; Found
325.0977.

Results and Discussion

Probe LX was synthesized from dicyanomethylbenzopyran
and terephthalaldehyde. Its structure was confirmed by 'H
NMR, '*C NMR and HR-MS spectroscopy (Fig. S1-3).
Using this probe, we begin study its absorption spectra chang-
es on the addition of diazane and other biologically relevant
analytes (eg, Ac-, Cl-, Br-, I-, NOs-, SO5*", SO,*, HCO;-,

O
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Fig. 1 The interference analyzes 700 ~
of LX in DMSO / PBS buffer
(10 mM, pH 7.4) at 25 °C (Aex =

600

460 nm. Slit: 10.0 nm). The black
bar represents the fluorescence of
LX (10 uM) and the

10 equivalent other analytes. The
red bar shows the fluorescence of
solution, after 10 equivalent of
N,H,4.H,O was added to the
solution of LX (10 uM) and other
analytes (10 equivalent)

Fluorescence Intensity(a.u.)
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HSOs-, H,PO4-, H,S, Cys, Hey, GSH, 2-aminoethanol, Arg,
Phe, Leu, dimethylamine, aniline, hydroxylamine,
ethylenediamine, urea and NH3) in DMSO/ PBS solution
(10 mM, pH 7.4) at 25 °C. Free probe LX exhibited maximum
absorption at 420 nm (shown in Fig. S4). After the addition of
diazane, the absorption at 420 nm was significantly reduced.
A new absorption at 452 nm was found. Along with the 32 nm
red shift behavior, the color of the solution changes from yel-
low to orange (Fig. S5), allowing the colorimetric detection of
diazane. Other biologically relevant analytes could not cause
this kind of absorption changes. The absorption of LX
(10 uM) in the presence of different concentrations of
N2H4.H20 were also measured (Fig. S6). The absorption
peaks at 420 nm and 448 nm simultaneously disappeared,
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Fig. 2 Fluorescent emission of LX (10 uM) in the presence of 0—10 equiv.
of N,H4-H,O in DMSO/water solution. (Slits: 10.0 nm, A., =460 nm)
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and a new maximum absorption peaks red shift to 452 nm
after the addition of 10 equiv. hydrazine.

The selectivity of LX to N,H4 H,O was further observed in
the fluorescence spectrum. As shown in Fig. S7, at 460 nm
excitation, the alone detector LX shown a weak emission at
approximately 532 nm. When 10 eq. of analytes added, such
as Br-, I, AC-, Cl-, NOs-, SO5*", HCO;-, HSO3-, H,PO,-,
H,S, Cys, Hey, GSH, 2-aminoethanethiol, Arg, Phe, Leu,
dimethylamine, aniline, hydroxylamine, ethylenediamine,
urea, and NH;3, no obvious change in fluorescence intensity
was shown. Under the same conditions, as N,H4H,O was
added, the emission at 532 nm decreased, and a new charac-
teristic fluorescence of the emission band centered at 660 nm
enhanced quickly. A large Stokes shift of 200 nm was ob-
served. It has a larger Stokes shift than most of the reported
diazane probes. In addition, other competitive analytes (eg,
Ac-, Cl-, Br-, I-, NOs-, SO;*", SO,*", HCOs-, HSO;-,
H,PO,4-, H,S, Cys, Hey, GSH, GSH, 2-aminoethanethiol,
Arg, Phe, Leu, dimethylamine, aniline, hydroxylamine,
ethylenediamine, urea, and NH;) binding studies shown in
Fig. 1 clearly established non-interference effect of other
analytes (10 equivalents) on the selective detection of probe
LX to PJQI{4I{2().

In general, it is a very important to evaluate the detection
limit of new probes. Subsequently, we detected the sensitivity
of LX to N>H4H,O by changing the concentration of N,Hy:
H,O (0-100 uM) (Fig. 2). The free probe LX displays an
fluorescent emission at 532 nm. As the concentration of
N,H4H,0 increases, the fluorescence intensity at 660 nm in-
creases. At the same time, there is a fluorescence intensity
decrease at 532 nm. In order to understand sensitivity of LX,
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Scheme 2 The present
mechanism of LX to diazane

its detection limit for N,H,-H,O was determined by fluores-
cence titration (Fig. S8). The change in the fluorescence in-
tensity ratio 532 nm/660 nm is linear with the concentration of
N,H,-H,O in the range of 0 to 10 uM (R =0.99948).
Therefore, under the experimental conditions, the detection
limit of LX for N,H4-H,0 is 22.2 nM, indicating that LX
could be used as a highly sensitive detector for N,H4-H,O
quantitative detection.

In order to obtain the best applicable pH range, the fluores-
cent intensity of LX and LX + N,H4H,0 at different pH
values was studied. The weak fluorescent intensity of alone
LX (10 uM) did not change significantly from pH 2.0 to

Fig. 3 The HOMO/LUMO
energy levels and interfacial plots
of the orbitals for LX and product
LX-N,H,4

NoH,-H,0

CHO

LX-N,H,

pH 13.0, meaning that LX was stable. However, a significant
change in fluorescence was given in the presence of 10 equiv-
alents of N,H,4-H,O. Fluorescence of LX + N,H4-H,0 is sta-
ble between pH 3 and 10 (Fig. S9). Therefore, a physiological
pH 7.4 was applied in following experiment. LX showed a
broader pH range than previously reported ' 2" 2. These
results show that LX can detect N,H4-H,O with good sensi-
tivity between pH 3 and 10.

The fluorescence stability of LX and the reaction time
process of LX for N,H4H,O were measured (Fig. S10).
No change in fluorescence was observed within 110 min,
which means that LX was stable. After adding 10 equal
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Fig. 4 Confocal fluorescence
images of N,H4-H,O with probe
LX in ECa9707 cells. (a, b)
ECa9707 cells pretreated with LX
(5 uM) for 30 min. (¢, d)
ECa9707 cells were pretreated
with probe LX (5 uM) for 30 min
and then incubated with
N,H4H,0 (10 uM) for 2 h. Cells
were imaged using OLYMPUS
FV10 confocal microscope

amounts of N,H4-H,O to the probe LX solution, the
fluorescence emission intensity increased slowly and
reached a maximum at 110 min.

To explore the sensing mechanism of LX, the "H NMR
spectrum of LX in DCCl; was investigated. LX gave a sharp
single peak at 10.06 ppm (Fig. S1) due to the aldehyde group.
From the "H NMR spectra of the LX with diazane (Fig. S11),
it can be found that the proton signal at 10.06 ppm was dis-
appeared, after the addition of diazane. This means that part of
the aldehyde group changed to the hydrazone. The detecting
mechanism of LX was also studied by ESI-MS. The detector
LX shows a peak at m/z 325.0977 (assigned to C1H;3N,0,",
[M +H"]) (Fig. S3). The ESI-MS analysis of the reaction
mixture of LX with diazane revealed that the peak of m/z
325.0977 vanished. A new significant peak was found at m/z
339.1244 and assigned to [LX-H,O + N,H4]" (corresponding
to C,;H sN4O*, [M +H*]) (Fig. S12). In view of the above
results, it is assumed that the sensing mode of LX is assumed
to be Scheme 2. LX is weakly fluorescent due to the suppres-
sion of the ICT process. Upon reaction with diazane, the al-
dehyde group of LX becomes a hydrazone group, and the ICT
process occurs due to the powerful electron contribution of the
amino group, resulting in an increase in fluorescence.

To further confirm our hypothesis of the detection mecha-
nism, the density function theory (DFT) was used to examine
LX and its corresponding product LX-N,H, using the cc-

pvTZ basis set. Comparing the level changes in HOMO and
LUMO of LX and its corresponding product LX-N,H, re-
spectively, it was found that the levels of HOMO and
LUMO all increased due to the ICT effect. HOMOs has in-
creased even more. For the probe LX and the corresponding
product, the HOMO-LUMO energy gap was calculated to be
2.976 eV and 2.910 eV, respectively, as shown in Fig. 3.
Furthermore, the HOMO-LUMO energy gap of LX-N,Hy is
smaller than that of LX. This is very consistent with the red
shift of the absorption observed, when LX is treated with
diazane (Fig. S95).

This paper also discusses the practical application of LX in
the detection of N,H4-H>O, because N>H,4 H,O is a distrusted
carcinogen and is widely applied in various industrial process-
es. First, we used LX to measure trace amounts of N,H,-H,O
in distilled water, tap water, river water, and lake water. Equal
amounts of N,H,4 H,O were added to different waters and the
pH of solution was tuned to 7.4. Four kind of water samples
which concentrations of N,H,4-H,O are 10, 20, 30, 40, 50, 60,
70 and 80 uM were studied (Fig. S13). The results show that
the measurement results are consistent with the actual amount
of N,H4 H,O, which confirms that the LX is effective detector
for N,H4 H,O in actual water samples.

Then, we investigated the detecting ability of probes LX to
N,H4H,0 in living cells. Firstly, it is important to examine
the cytotoxic effects of LX and N,H4 H,O and their
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complexes on SMMC-7721 cells. The cytotoxicity of LX and
N,H4-H,O at different concentrations was examined by the
established MTT method. We seeded cells into 96-well plates
at a density of 5 x 10° cells/well. Then different concentrations
of LX and N,H4-H,O were incubated for 24 h. Each group of
three established wells, and the blank control group did not
have a drug intervention group were set up. The results
showed that LX have some cytotoxicity and its cytotoxicity
higher than N,H4H,O (Fig. S14). When 5 uM of LX was
used, about 80% cells were keep well. Although the toxicity of
diazane to mammalian cells has been reported™?, title com-
pound is still a useful detector for researching biological pro-
cesses involving diazane in living cells.

In order to grope for the potential applications of LX in
biological samples, fluorescent imaging of LX in living cells
was also investigated. As shown in Fig. 4b, no fluorescence
was appeared under the fluorescent microscope when
ECa9707 cells were incubated with 5 pM of LX. After
ECa9707 cells were pretreated with 10 uM of N,H,4-H,O for
2 h, then with 5 uM of LX, a strong red fluorescence (Fig. 4d)
appeared. This proved that LX could be used for N,H4H,O
detection in living cells.

Conclusions

In conclusion, we developed an ICT-based NIR ratio probe
LX that selectively detects traces of N,H4-H,O in vitro and in
water samples. LX exhibited a significant change in the inten-
sity ratio of the emission spectrum caused by N,H4-H,0. In
addition, LX has a wider pH range and a lower detection limit.
LX has also been successfully applied to bioimaging of N,Hy:
H,O in living cells. We hope this new ICT-based detector LX
could be used in a variety of biological and chemical
applications.
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