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A dual-excitation fluorescent probe
Eu''-dtpa-bis(HBT) for hydrazine detection
in aqueous solutions and living cells
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Based on the esterification of 2-(2-hydroxyphenylbenzothiazole (HBT) and a rare-earth metal ion complex
Eu"-dtpa, a novel dual-excitation fluorescence probe, Eu'"-dtpa-bis(HBT), was developed for the detection of
hydrazine (N,H,4). The structure of dtpa-bis(HBT) was characterized via FT-IR and NMR, and its optical properties
were studied via UV-vis absorption and fluorescence spectroscopy. Influencing factors including solution acidity,
interfering substances and NH, concentrations were considered for the detection of NoH,4 using Eu”'—dtpa—
bis(HBT). Eu"-dtpa-bis(N,H,4) and HBT emit significant fluorescence at 470 nM (Jex = 270 nm) and
480 nmM (lex = 325 nm), respectively. The detection limit of Eu"-dtpa-bis(HBT) with N,H4 was 0.283 uM
(14 ppb) and 0.182 pM (9 ppb) upon excitation at 270 nm and 325 nm, which is close to and lower than
the EPA standard (10 ppb), respectively. The mechanism for the detection of NoH4 by Eu"-dtpa-bis(HBT)
was deduced from the experimental results and theoretical calculations. Also, cytotoxicity and cell imaging
experiments of Eu'"-dtpa-bis(HBT) were performed. The experimental results showed that the fluorescent
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Introduction

Hydrazine (N,H,) is a colorless oily liquid and has a pungent
odor, which is similar to that of ammonia. It is widely used in
catalysts, pharmaceutical intermediates, emulsifiers, dyes and
agriculture.! In addition, N,H, is often used as a high-energy
propellant for missiles, rockets and satellites due to its high
energy density.” However, N,H, is also a potentially carcinogenic
toxin. The kidneys, liver, lungs and central nervous system are
severely damaged when N,H, is inhaled via the skin, mouth and
nose. Obviously, if N,H, is mishandled during its manufacture,
use, and transportation, it will not only threaten human health,
but also cause serious pollution to the environment. Therefore, it
is of great significance to establish convenient and effective
methods for the detection of N,H, to control environmental
pollution and ensure human health.

In general, the traditional methods for detecting N,H,
include titration,® chemiluminescence,*” liquid chromatography,®
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probe Eu'"-dtpa-bis(HBT) can be applied to detect N,H, in aqueous solution and living cells.

spectrophotometry”® and electrochemical analysis.”™® Although
these methods can be used effectively and accurately to detect
N,H,, they often need special equipment, complex sample
processing and handling and are time-consuming. Therefore,
the development of convenient, rapid and economical N,H,
detection methods is still required. Recently, detection methods
based on fluorescence technology have aroused extensive attention
owing to its high selectivity, operation simplicity and real-time
analysis. N,H, is usually detected using some fluorescent probes
containing dicyano,"”'® phthalaldehyde,’**° aldehyde*! and
aliphatic groups.*>*® N,H, can also be detected through the
Gabriel reaction®”*' and hydrazinolysis.>*>> However, when
these probes are used to detect N,H,, only a single excitation
wavelength can be used to give the responses, which is easily
disturbed by some external factors. Therefore, more precise
fluorescence probes need to be developed to overcome the
disadvantages of a single excitation wavelength.

As is known, aminopolycarboxylic acids as chelating agents
can coordinate with rare-earth metal ions, forming fluorescent
probes.**% In general, most of the rare-earth metal ions can
form nine-coordination compounds with aminopolycarboxylic
acid ligands.*>*"*° However, dtpa, as an octadentate ligand, can
only provide eight coordination atoms to combine with rare
earth metal ions. A water molecule as a ninth ligand together
with dtpa can coordinate with rare earth metal ions, forming
nine-coordinate complexes. Rare earth metal ions are widely

16478 | New J. Chem., 2019, 43, 16478-16489 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019


http://orcid.org/0000-0002-3465-784X
http://crossmark.crossref.org/dialog/?doi=10.1039/c9nj03972d&domain=pdf&date_stamp=2019-10-09
http://rsc.li/njc
https://doi.org/10.1039/c9nj03972d
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ043042

Published on 26 September 2019. Downloaded by University of Zurich on 1/3/2020 3:30:35 AM.

Paper

used in many fields owing to their unique optical properties,
such as large Stokes displacement, long fluorescence life and
stable optical properties.*’** In addition, in a previous study, a
new rare earth metal ion complex-derived dual-excitation
fluorescence probe, Tb**-dtpa-bis(fluorescein), was obtained.
The formation and fracture of the ester bonds of Th**-dtpa with
fluorescein led to the fluorescence response changes of Tbh*'-
dtpa-bis(fluorescein), realizing the dual-excitation detection of
N,H,.** Based on this, it can be expected that 2-(2-hydroxy-
benzene)benzothiazole (HBT) can also be utilized for designing
novel dual-excitation fluorescence probes based on the hydra-
zinolysis mechanism. Because HBT is easily excited by light, its
photoisomerization from the enol form to the keto form occurs
by ESIPT, and thus its fluorescence wavelength obviously
increases, which results in a large Stokes shift. Therefore,
2-(2-hydroxybenzene)benzothiazole (HBT) is often applied as
the fluorescence group in fluorescence probes owing to its
stable optical performance, large Stokes shift, high absorption
coefficient and high fluorescence quantum yield.***® In this work,
based on the combination of HBT and the Eu™-dtpa complex,
a novel dual-excitation fluorescence probe with two signals,
Eu'"-dtpa-bis(HBT), was designed and developed (Scheme 1).
Firstly, dtpa-bis(HBT) was synthesized through the esterifi-
cation of dtpa and HBT, and then Eu(NO;); solution was added
to the dtpa-bis(HBT), forming Eu™-dtpa-bis(HBT), and the
formed ester bonds can act as recognition sites for N,H,. After
adding N,H, to Eu'-dtpa-bis(HBT), the ester bonds were
destroyed, forming Eu™-dtpa-bis(N,H,) and HBT, which are
both fluorescent compounds. Eu'"-dtpa-bis(N,H,) and HBT
displayed significant fluorescence at 470 nm (1, = 270 nm)
and 480 nm (4 = 325 nm), respectively. The fluorescence
intensities of Eu-dtpa-bis(HBT) is closely related to the
concentration of N,H,. Eu"-dtpa-bis(HBT) was used to detect
N,H, with a low LOD (0.283 uM and 0.182 uM). The frontier
molecular orbital energies of dtpa-bis(HBT) and HBT were

heating reflux, 24 h
100 °C, DMF, Py, TEA

heating reflux, 24 h
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00H

dtpa-bis(HBT)

Eu'Y-dtpa-bis(HBT)

Scheme 1 Synthetic route for Eu™-dtpa-bis(HBT) complex.
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calculated via the DFT method. The experimental results indicate
that the fluorescent probe Eu™-dtpa-bis(HBT) can be applied to
detect N,H, in aqueous solutions and living cells.

Experimental
Reagents and instruments

All reagents were obtained from commercial sources (analytical
purity, Shanghai Aladdin Biochemical Technology, China). The
water used in the experiments was ultra-pure (18.3 MQ cm). The
actual water samples came from reservoirs, tap water and
drinking water. Fourier transform infrared (FI-IR) spectra were
obtained on an IRAffinity-1, Japan. "H NMR and *C NMR spectra
were measured on a Bruker AVANCE NEO with DMSO-d, as the
solvent and TMS as the internal standard. UV-vis absorption
spectra were measured on a Cary 50, Varian, USA. Fluorescence
spectra were measured on a Cary 300, Varian, USA. All fluorescence
imaging experiments were performed on a BIO-RADiMark,
ShangHai.

Synthesis of Eu"™"-dtpa-bis(HBT)

Diethylenetriamine pentaacetic acid dianhydride (dtpaa).
The synthesis of dtpaa was carried out in the absence of water
through the improvement of previous methods.””~*° The procedure
is described in Scheme 1. Briefly, 7.8015 g dtpa (20.00 mmol) was
dissolved in a round-bottom flask with acetic anhydride (8.0 mL,
80.00 mol) and pyridine (10.0 mL, 0.12 mol), which was heated and
stirred for 24 h at 65 °C. After the solution cooled to room
temperature, the residual solvent was removed using a rotary
evaporator. The product was obtained by vacuum filtration and
washing with acetyl oxide and anhydrous diethyl ether, respectively,
and then dried in under vacuum (6.3758 g, 81%). All experiments
were performed at room temperature (25.00 £+ 0.02 °C). FT-IR
(KBr, Cm_l) of dtpaa: 1642.41,1772.10,1821.08, 2341.42, 2820.47
and 2979.80. "H-NMR (ppm, 400 MHz, DMSO, §) of dtpa: 2.45
(t, 8H), 3.30 (s, 10H) and 11.01 (s, 3H). "H-NMR (ppm, 400 MHz,
DMSO, 0) of dtpaa: 2.59 (t, 4H), 2.74 (t, 4H), 3.30 (s, 2H), 3.70
(s, 8H) and 11.01 (s, 1H).

Synthesis of dtpa-bis(HBT)

dtpa-bis(HBT) was synthesized through the improvement of the
previous synthesis methods.*>*>*' In the absence of water,
1.9678 g dtpaa (5.56 mmol) was dissolved in DMF (20.0 mL)
and TEA (2.33 mL), respectively, and stirred constantly until
colorless at 50 °C. Next, 2.4981 g HBT dissolved in DMF (20.0 mL)
was added to the above solution of dtpaa dropwise. Finally,
the mixture was heated for 24 h at 100 °C and then was left to
stand overnight. The residual solvent was removed using a rotary
evaporator. The product was obtained by vacuum filtration and
washing with ice-water and anhydrous diethyl ether, respectively,
and then dried under vacuum (3.2574 g, 73%). All experiments are
were performed at room temperature (25.00 £ 0.02 °C). FT-IR
(KBr, cm ™ "): 851, 1150, 1253, 1401, 1623, 1794, 3008, 3301. "H NMR
(ppm, 400 MHz, DMSO, 9): 11.64 (s, 9H), 8.30-8.23 (m, 5H), 8.15
(dd,=13.8, 7.9 Hz, 2H), 8.06 (d, ] = 8.1 Hz, 2H), 8.00-7.82 (m, 16H),
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7.51-7.35 (m, 3H), 7.35-7.17 (m, 2H), 7.08 (t, J = 12.2 Hz, 2H).
3C NMR (ppm, 100 MHz, DMSO, 6): 165.75 (s), 134.67 (s),
132.95 (s), 129.00 (s), 126.94 (s), 125.57 (s), 122.52 (d, J = 12.2 Hz),
120.23 (s), 118.76 (s), 117.45 (s), 40.50 (d, J = 20.9 Hz).

Preparation of Eu™-dtpa-bis(HBT)

0.1010 g dtpa-bis(HBT) (0.125 mmol) and 0.0558 g Eu(NO3);-6H,0
(0.125 mmol) were dissolved in 60 mL buffer solution (pH = 7.50),
and stirred for 3.0 h at 100 °C. Then the mixture was cooled to
room temperature. The obtained Eu"'-dtpa-bis(HBT) solution
was transferred to a 250 mL volumetric flask and was diluted
with buffer solution. The 0.5 mM Eu™-dtpa-bis(HBT) solution
was stored in a cool, dry place. All experiments were performed
at room temperature (25.00 £ 0.02 °C).

Preparation of real samples

In this experiment, the actual water samples came from reservoir
exit water, reservoir middle water, tap water and drinking water
as research objects. Deionized water was used as the control
group. Firstly, sixteen 50 mL volumetric flasks were divided into
three groups of five. 5.00 mL Eu™-dtpa-bis(HBT) (0.5 mM)
reserve solution was added to each of the above volumetric
flasks. Then the reserve solution of N,H, in different concentra-
tions was also added to the above three groups of volumetric
flasks. These solutions were calibrated with four real water
samples and deionized water to 50 mL. All the experiments were
performed at room temperature (25.00 £ 0.02 °C).

Cytotoxicity assay

Initially, BV2 cells were inoculated in 24-well plates, and then
the cells were grown in an incubator (37 °C, 5% CO, and 95%
air) containing Eu"-dtpa-bis(HBT) with concentrations ranging
from 0- 100 puM for 24 h. Then, 15 pL MTT was added to each
well and further cultured for 4.0 h.*>>* Finally, the BV2 cells in
the 24-well plates were treated with DMSO, and then the culture
plates were stirred for 10 min. Cell survival was observed with a
LEICA DMIS fluorescence microscope.

Fluorescence microscopy

BV2 cells were cultivated under the above conditions. The cell
images were recorded under a confocal laser scanning micro-
scope in the blue channel. One group of cells was treated with
30 uM Eu™-dtpa-bis(HBT) solution for 3.0 h and the other
group was treated with 30 uM Eu'"-dtpa-bis(HBT) + N,H,
solution for 3.0 h. Before the fluorescence imaging, the cells
were washed twice with PBS buffer (pH = 7.2). A fluorescence
microscope (Leica DMIS8) was used to detect the results.

Results and discussion
FT-IR, 'H and "*C-NMR of dtpa-bis(HBT)

The FT-IR spectra of dtpa, HBT, dtpa-bis(HBT) and dtpa-bis(N,H,)
were examined. As shown in Fig. 1(c), the stretching vibra-
tion peak of C=O0 in dtpa-bis(HBT) was located at 1749 cm™ ',
which displays a slight blue-shift compared with that of dtpa
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Fig. 1 Infrared spectra of dtpa (a), HBT (b), dtpa-bis(HBT) (c) and dtpa-

bis(NoH4) (d).

(1752 em™ ") (Fig. 1(a)). This is because the formation of the
ester bond provides an electron donor group for the C=O
bond, causing the C—=O vibration peak to shift to a shorter
wavenumber. The asymmetric stretching vibration peak of
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Fig. 2 ™H NMR (a) and **C NMR (b) spectra of dtpa-bis(HBT) in DMSO-ds.

C-0-C in dtpa-bis(HBT) is located at 1254 cm ™', corresponding
to dtpa (1352 cm ™) (Fig. 1(a)). Also, the symmetrical stretching
vibration peak at 1151 cm ™" is ascribed to the C-O-C of dtpa-
bis(HBT), corresponding to dtpa (1242 cm™') (Fig. 1(a)). In
addition, the stretching vibration peak at 851 cm™' belongs
to the C-H of the aromatic groups in dtpa-bis(HBT). It displays
a slight red-shift compared with that of HBT (817 cm™ ")
(Fig. 1(b)). Because the hydroxyl in HBT is connected with the
electron-withdrawing ~-COO- group, the electrons are deflected,
making the vibration peak of O-H bond move to a longer
wavenumber. The shifts of these characteristic peaks prove
that dtpa-bis(HBT) was successfully synthesized by esterifica-
tion between dtpaa and HBT. Furthermore, as shown in
Fig. 1(d), the stretching vibration peak at 3419 cm ™" is assigned
to the N-H in dtpa-bis(N,H,). Also, the stretching vibration
peak at 1660 cm ™' is assigned to the C=0 of the amide groups
in dtpa-bis(N,H,), which presented a blue-shift compared with
that of dtpa (1752 cm ") (Fig. 1(a)). This demonstrates that that
dtpa-bis(N,H,) was generated through the hydrazinolysis
between dtpa-bis(HBT) and N,H,.

The components and structure of dtpa-bis(HBT) were con-
firmed further by "H and "*C NMR. In the '"H-NMR in Fig. 2(a),
the -CH, protons near the ester groups in dtpa-bis(HBT)
appeared at 6 = 4.05 ppm, which displays obvious displacements
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Fig. 3 UV-vis absorption spectra of HBT, Eu"'-dtpa-bis(HBT) and Eu'"'-
dtpa-bis(HBT) + NoH, in aqueous solution ([Eu'"'-dtpa-bis(HBT)] = 50 uM,
INoH4l = [HBT] = 100 uM, [Tris—HCI/DMSO] = 10 mmol L%, pH = 7.50,
V(Water)/V(DMSO) =9:1and Tsow = 25.00 £ 0.02 °Q).

compared with that (3.30 ppm) of the -CH, near the carboxyl in
dtpa. This is due to the formation of ester bonds between dtpaa and
HBT, causing changes in the chemical displacements. Generally, the
signal peaks at 172.43 ppm belong to the carbon atoms of -COOH in
dtpa.®® As shown in Fig. 2(b), for the synthesized dtpa-bis(HBT),
an obvious signal peak appears at 165.75 ppm, which is assigned
to the carbon atoms of the -C—=O in the ester groups. The
appearance of these two characteristic signals (at 6 = 4.05 ppm in
"H-NMR and at § = 165.75 ppm in "*C-NMR) demonstrates that
dtpa-bis(HBT) was successfully synthesized.

Spectroscopic properties of Eu™-dtpa-bis(HBT)

The UV-vis absorption spectra of HBT, Eu™-dtpa-bis(HBT) and
Eu™-dtpa-bis(HBT) + N,H, solutions are presented in Fig. 3.
The Eu""-dtpa-bis(HBT) solution at 220 nm has a weak absorp-
tion band. However, after the addition of N,H,, the absorption
band of the Eu™-dtpa-bis(HBT) solution was obviously
enhanced. The results show that hydrazinolysis occurred
between Eu""-dtpa-bis(HBT) and N,H,, following the formation
of HBT and the Eu™-dtpa-bis(N,H,) complex.

The fluorescence spectra of the HBT, Eu"-dtpa-bis(HBT) and
Eu"-dtpa-bis(HBT) + N,H, solutions were determined upon excita-
tion at 270 nm and 325 nm. As can be seen in Fig. 4(a), the HBT
solution at 470 nm (Z¢, = 270 nm) has a strong fluorescence emission
peak, but Eu™-dtpa-bis(HBT) only shows a weak fluorescence emis-
sion peak. This is because Eu"-dtpa and HBT are coupled by an
ester bond to form Eu™-dtpa-bis(HBT) with weak fluorescence.
However, after N,H, was added to the Eu™-dtpa-bis(HBT) solution,
the Eu™dtpa-bis(HBT) + N,H, solution at 470 nm (e = 270 nm)
displayed a strong fluorescence emission peak, which is due to the
fractured ester bonds in Eu™-dtpa-bis(HBT), releasing the HBT with
strong fluorescence. Therefore, Eu™-dtpa-bis(HBT) can be applied to
detect N,H, upon excitation at 270 nm.

Analogously, as shown in Fig. 4(b), the Eu™-dtpa-bis(HBT)
solution at 480 nm (/e = 325 nm) also has a weak fluorescence
emission peak, and the HBT solution at 480 nm (Zex = 325 nm)
has a strong fluorescence emission peak. However, the Eu'-
dtpa-bis(HBT) + N,H, solution at 480 nm (/ex = 325 nm) showed
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Fig. 4 Fluorescence spectra ((Aex = 270 nm) (a) and (lex = 325 nm) (b)) of
Eu"-dtpa-bis(HBT) in the absence and presence of hydrazine (N,Hy)
in aqueous solution ([Eu"-dtpa-bis(HBT)] = 50.0 pM, [NoH4] = [HBT] =
100.0 pM, [Tris—=HCI/DMSQ] = 10 mmol L™, pH = 7.50, V(yaten/Viomso) =
9:1and Teo, = 25.00 £ 0.02 °C).

a strong fluorescence emission peak after the addition of N,H, to
the Eu™-dtpa-bis(HBT) solution. Thus, N,H, can be detected by
Eu™-dtpa-bis(HBT) (1 = 325 nm) due to the cleavage of the ester
bonds. In summary, the two fluorescence peaks for the synthesized
Eu""-dtpa-bis(HBT) appear at 470 nm (1, = 270 nm) and 480 nm
(Aex = 325 nm). Thus, based on the above experimental results, Eu"-
dtpa-bis(HBT) has the potential to detect N,H, at two different
excitation wavelengths (1ex = 270 nm and 325 nm).

To compare the fluorescence changes in the Eu -dtpa-
bis(HBT) solution in the presence and absence of N,H,, images
of HBT (1), Eu™-dtpa-bis(HBT) (2) and Eu™-dtpa-bis(HBT) +
N,H, (3) were photographed under ultraviolet light and visible
light, as shown in Fig. 5. Under ultraviolet light, the HBT

II1

Fig. 5 Fluorescence pictures ((ultraviolet-light) (a) and (visible-light) (b)) of
HBT (1), Eu"-dtpa-bis(HBT) (2) and Eu"-dtpa-bis(HBT) + NyH, (3) ([HBT] =
[Eu"-dtpa-bis(HBT)] = [Eu"-dtpa-bis(HBT) + NyH4 = 50.0 pM, [Tris—HCl/
DMSO] = 10 mmol L™, pH = 7.50, Viwaten/Viomso) = 9: 1 and = 25.00 + 0.02 °C).
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solution (a-1) showed obvious blue fluorescence, but the Eu™-
dtpa-bis(HBT) solution (a-2) did not emit fluorescence.
After N,H, was added to the Eu""-dtpa-bis(HBT) solution, the
Eu™-dtpa-bis(HBT) + N,H, solution (a-3) displayed obvious
blue fluorescence. This is because the ester bonds were cleaved
by N,H,, releasing the HBT fluorophore and generating
Eu"-dtpa-bis(N,H,). However, under visible light, the HBT (b-1),
Eu™-dtpa-bis(HBT) (b-2) and Eu™-dtpa-bis(HBT) + N,H, solutions
(b-3) were colorless. Therefore, based on the phenomena of the
HBT, Eu™-dtpa-bis(HBT) and Eu™-dtpa-bis(HBT) + N,H, solutions
under ultraviolet-light, Eu™-dtpa-bis(HBT) can detect N,H, as a
dual-excitation fluorescence probe.

The effect of pH on Eu™-dtpa-bis(HBT) for the detection of
N,H,

The fluorescence responses were studied in Eu™'-dtpa-bis(HBT)
solution and Eu™-dtpa-bis(HBT) + N,H, mixed solution in the
pH range of 2.00 to 11.00. As shown in Fig. 6(a), upon excitation
at 270 nm, for the Eu™-dtpa-bis(HBT) solution, the fluores-
cence response did not change much with an increase in the
pH value. In contrast, for the Eu"-dtpa-bis(HBT) + N,H,
solution, the fluorescence responses significantly increased
with an increase in pH in the range of 2.00 to 6.00. However,
when pH = 7, the fluorescence response reached the maximum,
and then the fluorescence responses did not change even with a
further increase in pH. The experimental results show that
under weakly alkaline conditions, hydrazinolysis is occurred
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Fig. 6 Fluorescence intensities ((lex = 270 nm and Aem = 470 nm) (a) and
(lex = 325 nm and Jem = 480 nm) (b)) of Eu''-dtpa-bis(HBT) and Eu'"-dtpa-
bis(HBT) + N,H, at different pH values (2.00-11.00) ([Eu"'-dtpa-bis(HBT)] =
50.0 pM, [NoH4l = 100.0 pM, [Tris—HCI/DMSO] = 10 mmol L™ viyaten/
Vomsoy = 9:1 and Ty = 25.00 + 0.02 °C).
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between N,H, and Eu"'-dtpa-bis(HBT), releasing the HBT fluoro-
phore and producing Eu""-dtpa-bis(N,H,).

Similar results were also obtained upon excitation at
325 nm, as shown in Fig. 6(b). The fluorescence responses of
the Eu"-dtpa-bis(HBT) solution were almost unchanged in the
pH range of 2.00-11.00. For the Eu'"-dtpa-bis(HBT) + N,H,
solution, the fluorescence responses were enhanced with an
increase in pH in the range of 2.00 to 6.00. However, when
pH = 7, the fluorescence response reached the maximum, and
then the fluorescence responses hardly changed even when the
pH was further increased. Apparently, the optimum pH for the
detection of N,H, using Eu"'-dtpa-bis(HBT) is weak alkalinity
upon excitation at both 270 nm and 325 nm.

The selectivity of Eu™'-dtpa-bis(HBT) for N,H,

It is known that it is of great significance to study the selectivity
of a fluorescent probe for the target. Thus, to demonstrate the
selectivity of Eu""-dtpa-bis(HBT) to N,H,, the effects of various
interferents on the fluorescence responses of Eu™-dtpa-
bis(HBT) were investigated. As shown in Fig. 7(a-1), upon
excitation at 270 nm, Eu"™-dtpa-bis(HBT) only showed a weak
fluorescence emission peak. After adding N,H,, the fluores-
cence response of Eu""-dtpa-bis(HBT) at 470 nm (/¢ = 270 nm)
was significantly enhanced, and little effect on the fluorescence
responses of Eu""-dtpa-bis(HBT) was observed upon the addition
of other interferents. This is because hydrazinolysis occurred
between N,H, and Eu™-dtpa-bis(HBT), releasing HBT and pro-
ducing Eu"-dtpa-bis(N,H,), which are both strong fluorescent
compounds. The more intuitive comparisons can be seen in
Fig. 7(a-2), where in the presence and absence of interferents, no
obvious changes were observed for the detection of hydrazine
using Eu™-dtpa-bis(HBT).

Similar results were also obtained upon excitation at
325 nm, as shown in Fig. 7(b). For the Eu™-dtpa-bis(HBT)
solution, a weak fluorescence response was displayed at
480 nm (L = 325 nm). However, after the addition of N,H,,
the fluorescence response of the Eu™-dtpa-bis(HBT) + N,H,
solution at 480 nm (1. = 325 nm) was enhanced. This is
because the hydrazinolysis of Eu"-dtpa-bis(HBT) occurs in
the presence of N,H, and the HBT fluorophore is released,
resulting in an increase in the fluorescence response. However,
after adding other interferents, all the fluorescence responses
of the Eu™"-dtpa-bis(HBT) solutions at 480 nm barely changed.
The corresponding histogram is shown in Fig. 7(b-2), where the
fluorescence responses of the Eu'"-dtpa-bis(HBT) solutions in
the presences of various interferents were almost equal to that
of the Eu™-dtpa-bis(HBT) solution. However, after adding
N,H,, the fluorescence response of the Eu'-dtpa-bis(HBT)
solution was different from that of the others. Thus, these
results show that Eu™-dtpa-bis(HBT) can be used to detect
N,H, specifically upon excitation at 279 nm and 325 nm.

The anti-interference ability of Eu™-dtpa-bis(HBT) for N,H,

The anti-interference ability of Eu"-dtpa-bis(HBT) for various
interferents that widely coexist with N,H, in aqueous solutions was
tested. As can be seen from Fig. 8(a-1), for the Eu™-dtpa-bis(HBT)
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Fig. 7 Fluorescence spectra ((lex = 270 nm) (a-1) and (ex = 325 nm) (b-1))
and corresponding histograms ((Zem = 470 nm) (a-2) and (Aem = 480 nm)
(b-2)) of Eu"'-dtpa-bis(HBT) in aqueous solution in the presence of inter-
ferents (green bars) and NoH, (blue bar) ([Eu"-dtpa-bis(HBT)] = 50.0 uM,
linterferent] = 100.0 uM and [NpH4 = 100.0 pM, [Tris—-HCI/DMSQ] =
10 mmol L™, pH = 7.50, Viwaten/Viomso) = 9: 1 and Tyo = 25.00 + 0.02 °C).

solution, a weak fluorescence response was displayed at 470 nm
(Aex = 270 nm). The addition of N,H, caused a dramatic
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fluorescence response for Eu™-dtpa-bis(HBT), but no prominent
fluorescence responses of Eu"-dtpa-bis(HBT) + N,H, were observed
after adding other interferents. A more intuitive comparison for the
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Eu"-dtpa-bis(HBT) in aqueous solutions with different concentrations of hydra-
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linear responses of the corresponding fluorescence intensities (Aem = 470 Nm
(@-2) and Zem = 480 nm (b-2)) as a function of hydrazine (N,H4) concentration
(0.25-75 pM) ([Eu"-dtpa-bis(HBT)] = 50.0 uM, [Tris—HCI/DMSO] = 10 mmol L,
pH = 7.50, Viwaten/Viomsoy = 9:1 and Te, = 25.00 £+ 0.02 °C).

detection of N,H, using Eu™-dtpa-bis(HBT) in the presence and
absence of other interferents can be seen in Fig. 8(a-2). The above
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results indicate that Eu™

-dtpa-bis(HBT) possesses strong anti-
interference ability toward N,H, in the presence of interferents
upon excitation at 270 nm.

Similarly, as shown in Fig. 8(b-1), upon excitation at 325 nm, for
the Eu™-dtpa-bis(HBT) solution, a weak fluorescence response was
displayed at 480 nm (e, = 325 nm). For Eu™-dtpa-bis(HBT) + N,H,
solution, the fluorescence response at 480 nm (Aex = 325 nm)
increased obviously. However, the fluorescence responses of the
Eu"-dtpa-bis(HBT) + N,H, solutions containing interferents were
almost unchanged. The more intuitive comparisons in Fig. 8(b-2)
show that the fluorescence response of Eu'"-dtpa-bis(HBT) + N,H,
is consistent with that of the Eu™-dtpa-bis(HBT) + N,H, solutions
containing different types of interferents. This demonstrates
that the Eu™-dtpa-bis(HBT) (/¢ = 325 nm) also has strong anti-
interference ability as fluorescence probe for the detection of
N,H,.

Effect of N,H, concentration on the fluorescence responses of
Eu"-dtpa-bis(HBT)

The fluorescence responses of Eu'-dtpa-bis(HBT) are closely
related to the N,H, concentration. Therefore, it was necessary
to study the relationship between the N,H, concentration and
the fluorescence responses of Eu'"-dtpa-bis(HBT). As shown in
Fig. 9(a-1) and (b-1), the fluorescence responses of Eu™-dtpa-
bis(HBT) solution at 470 nm (dex = 270 nm) and 480 nm (Lex =
325 nm) both increased gradually, respectively, with an increase
in N,H, concentration. In addition, as shown in Fig. 9(a-2) and
(b-2), excellent linear relationships between the fluorescence
responses of Eu™-dtpa-bis(HBT) and N,H, concentration were
obtained in the range of 0.25 uM to 75 pM. The corresponding
linear equations were y = 13.207x + 61.172 (R* = 0.9949) and
Y = 45.909x + 132.66 (R*> = 0.9829), respectively.

The detection limit of Eu™-dtpa-bis(HBT) for N,H, was
about 14 ppb (0.283 puM) (Aex = 270 nm) and 9 ppb (0.182 pM)
(Aex = 325 nm) based on the formula LOD = 3¢/s.>®> Compared
with other methods (Table 1), the obtained low detection limit
and wide detection range indicate Eu'"-dtpa-bis(HBT) can be
successfully applied for the quantitative analysis of N,H,.

1

Mechanism of Eu " -dtpa-bis(HBT) for N,H, detection

Fig. 10 displays two weak fluorescence responses for Eu'"-dtpa-

bis(HBT) at 470 nm (Aex = 270 nm) and 480 nm (/e = 325 nm).
After the addition of N,H,, strong fluorescence responses of
Eu'"-dtpa-bis(HBT) were observed at 470 nm (., = 270 nm) and
480 nm (Zex = 325 nm). The sensing mechanism is due to the
occurrence of hydrazinolysis between Eu™-dtpa-bis(HBT) and
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Fig. 10 Reaction mechanism of Eu'"'-dtpa-bis(HBT) and hydrazine (N,H.,).

N,H,, releasing the HBT fluorophore and producing Eu""-dtpa-

bis(N,H,), which are both strong fluorescence compounds. For
the detection of N,H,, the Eu""-dtpa-bis(HBT) solution shows
excellent anti-interference ability due to the complementary of
its two different excitation wavelengths. Therefore, Eu™-dtpa-
bis(HBT) as a dual-excitation fluorescence probe can be applied
to detect N,H,.

Detection of N,H, in real water samples

To evaluate the feasibility of Eu"-dtpa-bis(HBT) in actual water
samples, reservoir exit water, reservoir middle water, tap water
and drinking water were selected as research objects, and the
concentration of N,H, in the real samples was detected via the
standard addition method. As shown in Fig. 11(a-1), for Eu"-
dtpa-bis(HBT), a weak fluorescence response was displayed at
470 nm (Aex = 270 nm).

After different water samples were added to Eu -dtpa-
bis(HBT), almost the same fluorescence responses were
obtained for the same concentration of N,H,. However, they
all presented a good upward gradient with an increase in the
concentration of N,H, in the range of 0.2-1.0 pM. More
detailed descriptions are shown in Fig. 11(a-2), where the
fluorescence responses of the Eu™-dtpa-bis(HBT) solutions
containing the same concentration of N,H, in four water
samples were the same and close to that of the control water
samples. Therefore, the N,H, in the actual water samples (lex =
270 nm) could be specifically detected using Eu"-dtpa-
bis(HBT). As can be seen from Fig. 11(b-1), the fluorescence
responses of the Eu'"-dtpa-bis(HBT) solutions at 480 nm (/. =
325 nm) increased gradually with an increase in the concen-
tration of N,H, in the four water samples. As shown in

11

Table 1 Comparison of the proposed method with other reported methods

Analytical method LOD (mol L™Y) Linear range (mol L") Ref.
Electrodepositing 0.50 x 107° 2.50 x 107° to 5.00 x 10~* 14
Chemiluminescence 2.00 x 10~ 5.00 x 10”7 t0 1.00 x 10~* 4
Spectrophotometry 1.56 x 1077 — 8
Square wave voltammetry 0.10 x 107° 0.30 x 107 °to 7.00 x 10~* 15
Electrochemical 0.08 x 10° 2.00 x 10~° to 4.00 x 107> 16
Fluorescent probe 2.83 x 1077 (Jex = 270 nm) 2.50 x 107" t0 7.50 x 10° This work
1.82 x 1077 (Jex = 325 nm) 2.50 x 107° t0 7.50 x 107° This work
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Fig. 11 Fluorescence spectra ((lex = 270 nm) (a-1) and (lex = 325 nm)
(b-1)) and corresponding histograms ((lem = 470 nm) (a-2) and (em =
480 nm) (b-2)) of Eu"'-dtpa-bis(HBT) in aqueous solutions with different
concentrations of hydrazine (NyH4) in four water samples (sample 1:
tap water, sample 2. drinking water, sample 3: reservoir exit water and
sample 4: reservoir middle water) (cO, cl, c2 and c3: blank groups with
corresponding concentrations of hydrazine in purified water [Eu"-dtpa-
bis(HBT)] = 50.0 pM, [Tris—=HCI/DMSO] = 10 mmol L™, pH = 7.50, vViwaten/
V(ibmso) = 9:1and Tsolu =25.00 + 0.02 °C).
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Table 2 Determined results of the hydrazine (N,H4) content in the four
water samples with three different concentrations (e, = 270 nm). (Sample
1: tap water, sample 2: drinking water, sample 3: reservoir exit water and
sample 4: reservoir middle water)

Sample Added (mol L™!)  Found (mol L™")  Recovery (%)
Sample-1-1  2.00 x 107> 2.01 x 107° 101
Sample-1-2  5.00 x 107 4.45 x 107° 89
Sample-1-3  10.00 x 10° 10.27 x 107° 103
Sample-2-1  2.00 x 107> 1.92 x 107° 96
Sample-2-2  5.00 x 107° 4.92 x 107° 98
Sample-2-3  10.00 x 10~° 9.93 x 107° 99
Sample-3-1  2.00 x 107> 1.98 x 107° 99
Sample-3-2  5.00 x 107 4.75 x 107> 95
Sample-3-3  10.00 x 10> 9.81 x 107° 98
Sample-4-1 2.00 x 107° 2.04 x 107° 102
Sample-4-2  5.00 x 107° 4.74x 1077 95
Sample-4-3  10.00 x 107> 9.73 x 107° 97

Fig. 11(b-2), the detection effectiveness of the Eu'-dtpa-

bis(HBT) solutions containing the same concentration of
N,H, in the four different water samples were consistent with
that of the control samples. There were differences in the
fluorescence responses of Eu'-dtpa-bis(HBT) with a gradual
increase in the concentration of N,H,. Therefore, Eu™-dtpa-
bis(HBT) can be used to detect N,H, in various water samples
upon excitation at 270 nm and 325 nm.

The results of recovery rates tests using the standard addi-
tion method are shown in Tables 2 and 3. Good recovery rates
were achieved in the range of 87% to 102% for the four
different water samples. Therefore, this proves that Eu™-dtpa-
bis(HBT) can quantitatively detect a trace amount of N,H, in
actual water samples upon excitation at 270 nm and 325 nm.

Theoretical calculation

To demonstrate the sensing mechanism of Eu"-dtpa-bis(HBT)
for N,H,, the frontier molecular orbital energies of dtpa-
bis(HBT) and HBT were calculated using the DFT-B3LYP/6-
31G method. Because Eu™-dtpa-bis(HBT) contains the rare
earth metal Eu®" ion, it has a complicated composition and
structure. Since the fluorescence change mainly occurs in the
dtpa-bis(HBT) part, only the frontier molecular orbitals of dtpa-

Table 3 Determined results of hydrazine (NoH,4) content in the four water
samples with three different concentrations (1ex = 325 nm). (Sample 1: tap
water, sample 2: drinking water, sample 3: reservoir exit water and sample
4: reservoir middle water)

Sample Added (mol L1 Found (mol L) Recovery (%)
Sample-1-1  2.00 x 107> 2.03 x 107° 102
Sample-1-2  5.00 x 10~ 4.91 x 10°7° 98
Sample-1-3  10.00 x 10> 10.14 x 107 101
Sample-2-1 2.00 x 107° 1.74 x 107° 87
Sample-2-2  5.00 x 10°° 5.05 x 107° 101
Sample-2-3  10.00 x 10> 9.58 x 107° 96
Sample-3-1  2.00 x 107> 1.98 x 107° 99
Sample-3-2  5.00 x 10~° 4.78 x 107° 96
Sample-3-3  10.00 x 107> 10.04 x 107° 100
Sample-4-1 2.00 x 107° 1.94 x 107° 97
Sample-4-2  5.00 x 10°° 4.65 x 10°° 93
Sample-4-3  10.00 x 10> 9.54 x 107° 95
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Fig. 12 HOMO-LUMO energy levels and interfacial plots of the molecular
orbitals for dtpa-bis(HBT) and HBT.

bis(HBT) were calculated. As can be seen in Fig. 12, the energy
differences between the HOMO and LUMO of dtpa-bis(HBT)
and HBT were 4.1033 eV and 3.1210 €V, respectively. Because
hydrazinolysis occurred between dtpa-bis(HBT) and N,H,, the
energy difference (3.1210 eV) between the HOMO and LUMO of
produced HBT became lower than that (4.1033 eV) between
HOMO and LUMO of dtpa-bis(HBT). It can be seen that the
decrease in the energy gap values of HBT compared with that of
dtpa-bis(HBT) confirm that HBT is more easily released and
emits strong fluorescence.

Cytotoxicity assay

It is great significance to study the cytotoxicity of the fluores-
cent probe for detecting intracellular N,H, in practical applica-
tions. Thus, the effects of different concentrations of Eu™-dtpa-
bis(HBT) on its cytotoxicity were investigated via the MTT assay
on BV2 cells. As shown in Fig. 13, the Eu'"-dtpa-bis(HBT)
solution exhibited low toxicity to the BV2 cells. Even at a
concentration of Eu""-dtpa-bis(HBT) solution of up to 0.5 pM,
the survival rate of BV2 cells was 89%. Therefore, demonstrates
that Eu"'-dtpa-bis(HBT) as a dual-excitation fluorescence probe
is a potential substance for cell imaging.

Cellular imaging

The cellular imaging of the detection of N,H, in living cells by
Eu'"-dtpa-bis(HBT) was evaluated. As shown in Fig. 14(a-1),
in the bright field, one group of BV2 cells were treated with

BV2 Cells (%)

0 5 10 15 25 50
Concentration (uM)

Fig. 13 Calculated viability of BV2 cells in the presence of Eu"

bis(HBT) by MTT assay.

-dtpa-
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Fig. 14 Bright-field image (1) and fluorescence image (blue light channel)
(2) of BV2 cells in the presence of Eu'-dtpa-bis(HBT) (a) and Eu"'-dtpa-
bis(HBT) + NzH4 (b) ([Eu"-dtpa-bis(HBT)] = [Eu"'-dtpa-bis(HBT) + NaH,] =
30 uM, [Tris—HCI/DMSO] = 10 mmol L™, pH = 7.50, Viwaten/Viomso) = 9: 1
and Tsou = 25.00 £ 0.02 °C).

Eu""-dtpa-bis(HBT) (30 uM), which grew normally. However, the
size and shape of this group of BV2 cells were different from the
other group of BV2 cells that were treated with Eu™-dtpa-
bis(HBT) + N,H, (30 uM) (in Fig. 14(b-1)). This suggests that
the presence of N,H, affects the normal growth of cells to some
extent. As can be seen from Fig. 14(a-2), the BV2 cells were
treated with Eu™-dtpa-bis(HBT) (30 uM), which exhibited
almost no fluorescence in the blue channel. However, in
Fig. 14(b-2), the BV2 cells that were treated with Eu""-dtpa-
bis(HBT) + N,H, exhibited obvious blue fluorescence in the
blue channel. Thus, these results demonstrate that Eu""-dtpa-
bis(HBT) can be applied to detect N,H, in living cells.

Conclusion

In this work, Eu"-dtpa-bis(HBT) as a dual-excitation fluorescence
probe, was developed for N,H, sensing. In weakly alkaline
conditions, after N,H, was added to Eu™-dtpa-bis(HBT), its ester
bonds were cleaved, releasing the HBT fluorophore and producing
Eu"-dtpa-bis(N,H,), which are both fluorescent compounds. HBT
and Eu"-dtpa-bis(N,H,) both show relatively strong fluorescence
responses at 480 nm (Jex = 325 nm) and 470 nm (A = 270 nm),
respectively. Good linear relationships were obtained between the
fluorescence responses of Eu™-dtpa-bis(HBT) and N,H, concentra-
tions (0.25-75 pM) with the limit of detection of 14 ppb (0.283 pM)
and 9 ppb (0.182 uM), respectively. The theoretical calculation
results indicated that HBT is more easily released and emits strong
fluorescence. The cytotoxicity and cellular imaging experiments
demonstrated that Eu™-dtpa-bis(HBT) can also react with N,H, in
living cells.
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