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As hydrazine is an environmental pollutant and highly toxic to living organisms, selective and rapid detec-
tion is highly needed for the benefit of living organisms as well as the environment. Here, we first intro-
duced a novel benzothiazole conjugated methyldicyanovinyl coumarin probe BTC, with dual recognition
sites for hydrazine detection. The incorporation of the methyldicyanovinyl group into the benzocoumarin
fluorophore increased the electrophilicity of the lactone ring of the probe BTC facilitating the nucleophilic
attack of hydrazine and rapid (within 1 min, low detection limit = 1.7 nM) turn-on sky blue fluorescence
with 700-fold fluorescence intensity enhancement was observed via hydrazine-induced lactone ring-
opening followed by selective cleavage of the dicyanovinyl group. According to the literature, dicyanovinyl
group assisted lactone ring opening has revealed the possibility of hydrazine recognition with a large
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Stokes shift (140 nm) and a high fluorescence quantum yield (0.67). Here, the DFT study and practical
applications of the probe BTC in different water samples have been presented. The probe BTC was also
successfully applied for the detection of hydrazine in the vapor phase using paper strips and in live
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Introduction

Hydrazine is a highly reactive reducing agent and important
chemical reagent that has wide practical applications in many
fields, i.e., the chemical and pharmaceutical industries, syn-
thesis of pesticides, plastics, polymers, dyes and textiles, che-
motherapeutics, photographic developers, etc.'™ Due to the
high enthalpy of combustion, hydrazine is also applied in mis-
siles and various rocket fuels as a propellant.® Hydrazine is
highly toxic and poisonous to humans and living organisms.”
Toxicity studies have shown that hydrazine is easily absorbed
during usage, transport, and disposal. Prolonged exposure to
hydrazine may cause severe lung, kidney and liver damage and
may affect the central nervous system also.*’ The United
States Environment Protection Agency (EPA) has listed hydra-
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zine as a human carcinogenic agent with a low threshold limit
value of 10 ppb or 0.312 uM."® Hence, it is high time to design
suitable hydrazine-specific chemodosimeters for human and
environmental safety.

Various analytical methods for hydrazine detection, includ-
ing mass spectrometry," chromatography,’* titrimetry,"®
surface-enhanced Raman spectroscopy,'* and electrochemical
methods,"” have been developed to date. But among several
techniques, the fluorescence method-based approach is highly
attractive because of its lower cost, less time consumption,
higher selectivity, and sensitivity.'® In the literature, most of
the reported fluorescent chemodosimeters for hydrazine detec-
tion have been designed based on the cleavage of the acetoxy
group,’””**> deprotection of the phthalimide moiety,* >’
nucleophilic addition-elimination reaction on keto ester,
pyrazole ring formation,** chemical displacement of the
active methylene group to the corresponding hydrazone
derivative,**™*° etc. Sun et al. have synthesized a phenothiazine
conjugated dicyanomalonitrile fluorescent turn-on probe for
hydrazine detection.*’ Li et al. have reported a cyanoacetate-
naphthalene compound as a fluorescent turn-on probe for
hydrazine.*> Fan et al. have developed a ratiometric dicyano
derivative for hydrazine detection.*” But in all cases, these
probes suffer from low selectivity, higher detection limit value
(micromolar region), lower Stokes shift, and lower change in

28-31

Org. Biomol. Chem.


http://rsc.li/obc
http://orcid.org/0000-0001-6059-5083
http://orcid.org/0000-0002-7197-0579
https://doi.org/10.1039/d2ob00709f
https://doi.org/10.1039/d2ob00709f
https://doi.org/10.1039/d2ob00709f
http://crossmark.crossref.org/dialog/?doi=10.1039/d2ob00709f&domain=pdf&date_stamp=2022-06-01
https://doi.org/10.1039/d2ob00709f
https://pubs.rsc.org/en/journals/journal/OB

Published on 23 May 2022. Downloaded by N-List College Programme on 6/6/2022 3:41:43 PM.

Paper

the fluorescence intensity signal. Hence, the design of chemo-
dosimeters with suitable reactive sites, high selectivity, good
water solubility, large Stokes shift, and large fluorescence
enhancement is challenging to researchers nowadays.

Here, we have reported a new type of fluorescent “turn-on”
probe BTC with a dual recognition site based on both hydra-
zine-induced lactone ring-opening reaction and dicyanovinyl
group cleavage (Scheme 1). Due to the hydrazine-induced
lactone ring-opening reaction and dicyanovinyl group cleavage,
a strong enhancement in the fluorescence intensity signal with
a large Stokes shift was observed. This was probably due to the
presence of a methyl dicyanovinyl group on the lactone moiety
of the probe BTC, which not only increased the electrophilicity
of the lactone ring to attack nucleophilic hydrazine, but also,
after the ring-opening reaction, led to a large Stokes shift
(140 nm) due to the increase in the conjugated chain length by
virtue of cleavage of the dicyanovinyl group to the hydrazone
derivative. Moreover, the BTC-A adduct (Scheme 5) showed a
solvatochromism effect by integrating PET (photoinduced elec-
tron transfer) with ICT (intramolecular charge transfer) and
ESIPT (excited-state intramolecular proton transfer) processes
operating in different solvent systems, as a result of which a
strong fluorescence signal was observed.’*™*® The probe BTC
has been successfully applied to detect hydrazine in the vapor
state, real water samples, and MDA-MB 231 cells.

Experimental section
Materials and methods

All reagents and solvents were purchased from commercial sup-
pliers and were used without further purification. The products
were purified by column chromatography using silica gel
(60-120 mesh). Thin layer chromatography was performed on
silica gel 60 F254 plates. UV-visible and fluorescence spectra
were recorded using JASCO V530 and PerkinElmer LS55 spectro-
fluorometers, respectively. '"H NMR and '*C NMR spectra were
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Scheme 1 Structure of chemodosimeter BTC.
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recorded using a Bruker 400 MHz instrument. CDCl; was used
as a solvent for recording NMR spectra. ESI-MS spectra were
recorded using a PerkinElmer 2400 series CHNS/O Analyzer.

UV-vis absorption and fluorescence studies

For UV-vis and fluorescence titration experiments, the test
solutions of the probe BTC (c = 4 x 10~ M) and analytes con-
taining guest cations, anions and primary amines (¢ = 4 x 10™*
M) were prepared in DMSO-H,O (7: 3, v/v) solution (10 mM
HEPES buffer, pH 7.4) from the stock solution by an appropri-
ate dilution method.

1H NMR titration

The "H NMR titration experiment was carried out by adding
different equivalents of hydrazine to the solution of the probe
BTC dissolved in DMSO-d,.

Preparation of test strips

A series of test strips of different concentrations (1.0 x 107> M, 1.0
x107* M, 1.0 X 107> M, 1.0 x 10> M, 4.0 X 10> M) were prepared
by immersing filter paper in the (DMSO-H,O = 7:3 v/v, pH = 7.4)
solutions of BTC (1.0 x 10~° M) and then drying in air. The test
strips were covered on the top of jars containing different concen-
trations of hydrazine solution (blank, 0.1%, 0.5%, 1%, 5%, 10%,
20%, 25%, 30%, 40% and 50% in water) for 30 min at room
temperature before they were ready for observation.

Cell line study

In the present study, the human breast cancer cell line MDA-MB
231 and human normal lung fibroblast cell line WI-38 were pro-
cured from NCCS, Pune, India. All the cell lines were cultured in
a T25 flask with DMEM supplemented with 10% FBS, 2 mM
t-glutamine, non-essential amino acids, 1 mM sodium pyruvate,
penicillin, 100 mg L™ streptomycin, and 50 mg L™ gentamycin
in a 37 °C humidified incubator containing 5% CO,.

Cytotoxicity assay

A MTT cell proliferation assay’” was performed to assess the
cytotoxic effect of the probe BTC in both the cancer cell line
MDA-MB-231 and the normal cell line WI-38. In brief, cells
were first seeded in 96-well plates at a concentration of 1 x 10*
cells per well for 24 h and exposed to different working con-
centrations of the probe BTC in DMSO (0-80 pM) for 24 h.
After incubation, the cells were washed with 1x PBS and MTT
solution (0.5 mg ml™") was added to each well and incubated
for 4 h. The resulting formazan crystals were dissolved in
DMSO and the absorbance was measured at 570 nm using a
microplate reader. Cell viability was expressed as a percentage
of the control experimental setup.

Fluorescence imaging

To envision the fluorescence ability of the probe BTC in the
presence of hydrazine, fluorescence imaging was performed in
the cell line MDA-MB 231. Briefly, cells were grown in cover-
slips for 24 h in a 37 °C humidified incubator containing 5%
CO, and then either mock-treated or treated with 15 pM of the
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probe BTC in the presence or absence of 10 uM hydrazine sep-
arately and incubated for 30 min in the dark at 37 °C. The
cells were washed with 1x PBS and then they were mounted on
a glass slide and observed under a fluorescence microscope
(Olympus) using a DAPI filter.*®

Synthesis of compounds 2-5

Compounds 2-5 were synthesized according to the literature
method.**™"

Synthesis and characterization of the probe BTC

Compound 5 (250 mg, 0.62 mmol), malonitrile (82.7 mg,
1.24 mmol) and NH,O0AC (118.0 mg, 1.5 mmol) were dissolved
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in AcOH and refluxed in toluene (6 ml) for 12 hours. After
refluxing for 12 hours, the mixture was poured into deionized
water and extracted with ethyl acetate (30 ml x 3). The collected
organic layer was washed with water, filtered and dried over
MgSO,. The residue was purified by column chromatography
(petroleum ether/ethyl acetate 8: 1) to give the desired product
BTC as a yellow solid (100 mg, yield 35%) (Scheme 2).

BTC. 'H NMR (400 MHz, CDCl,): & 2.20 (s, 3H), 6.40 (s, 1H),
7.48 (t, J = 16.0 Hz, 1H), 7.60 (t, J = 16.0 Hz, 1H), 7.89 (d, J =
12.0 Hz, 1H), 8.18 (d, J = 8.0 Hz, 1H), 8.04 (d, J = 8.0 Hz, 1H),
8.53 (d, J = 20.0 Hz, 1H).

3C NMR (100 MHz, DMSO-dg): 6 30.57 (1C), 109.45 (1C), 117.96
(1C), 120.23 (2C), 121.74 (2C), 123.57 (2C), 125.33 (1C), 125.99 (1C),
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Scheme 2 Synthesis of BTC, reagents and conditions: (a) BBrs, CH,Cly, r.t., 5 hours; (b) 2-aminothiophenol, KHSO, (cat), EtOH, reflux at 60-65 °C,
5 hours; (c) trifluoroacetic acid/hexamine, reflux at 80 °C, 28 hours; (d) ethyl acetoacetate, EtOH, piperidine, reflux overnight at 70 °C; (e) malonitrile,

AcOH, NH40AC, toluene, reflux at 80 °C, 12 hours.

This journal is © The Royal Society of Chemistry 2022

Org. Biomol. Chem.


https://doi.org/10.1039/d2ob00709f

Published on 23 May 2022. Downloaded by N-List College Programme on 6/6/2022 3:41:43 PM.

Paper

126.76 (1C), 133.93 (1C), 135.41 (1C), 136.41 (1C), 146.22 (1C),
151.08 (1C), 151.99 (1C), 158.07 (1C), 158.45 (1C), 182.69 (1C).

HRMS (ESI): mj/z, cale. for C,H;(BrN;0,S" (M + H)'
447.9750; found 447.9752.

Results and discussion
Synthesis

The probe BTC was synthesized in five steps. The synthetic
route of the probe BTC is described in Scheme 2.

The probe BTC was synthesized in five steps starting from the
precursor 2-bromo-6-methoxy benzaldehyde. (a) The reaction of
2-bromo-6-methoxy benzaldehyde 1 with boron tribromide in
CH,Cl, medium resulted in the formation of 2-bromo-6-hydroxy
benzaldehyde (2). (b) 2-Bromo-6-hydroxybenzaldehyde (2), upon
condensation with 2-amino thiophenol using KHSO, as a catalyst
in ethanol medium and refluxing conditions at 60-65 °C for
5 hours, gave the product 2-bromo-6-hydroxybenzothiazole cou-
marin (3). (c) 2-Bromo-6-hydroxybenzothiazole coumarin (3), on
reaction with trifluoroacetic acid and hexamine under refluxing
conditions at 80 °C overnight gave the product 2-bromo ben-
zothiazole coumarin hydroxy aldehyde (4). (d) The product 4
underwent a condensation reaction with ethyl acetoacetate and
piperidine in ethanol medium under refluxing conditions at
70 °C overnight generating the product 5. (e) The product 5, on
reaction with malononitrile and NH,OAC dissolved in AcOH
under refluxing conditions at 80 °C in toluene for 12 hours, gave
the final probe BTC. The structure of the probe BTC was charac-
terized by HRMS, '"H NMR, and *C NMR (Fig. S1-S3, ESI¥)

UV-vis study

The UV-vis spectrum of the probe BTC showed two maximum
absorptions at 306 nm and 369 nm respectively in aq. DMSO

View Article Online
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(DMSO/H,0 = 7:3 v/v, 10 mM HEPES buffer, pH = 7.4)
(Fig. 1a). The peak at 306 nm corresponds to the n—-n* tran-
sition and that at 369 nm corresponds to the n-n* transition
respectively. With increasing hydrazine concentration, the
absorption peaks at 306 nm gradually decreased and two
peaks appeared at 423 nm and 517 nm respectively. The peaks
at 423 nm and 517 nm correspond to both hydrazine-induced
dicyanovinyl group cleavage and lactone ring-opening reaction.

In the probe BTC, the dicyanovinyl group was somehow
tilted towards the fluorophore which became planar after the
hydrazine induced lactone ring-opening reaction. As a result,
the conjugated chain length increased and a bathochromic
shift occurred. Simultaneously, a well-defined isosbestic point
was noted at 377 nm, indicating the formation of the BTC-A
adduct (Scheme 5) as well as a clean chemical transformation.
This result indicated the formation of a new species. The same
was recognized by the naked-eye color change from light
yellow to reddish brown, which allowed the direct visual detec-
tion of hydrazine. The appearance of the reddish-brown color
(Amax = 517 nm) and the large bathochromic shift (211 nm) in
the absorption spectrum suggested that hydrazine caused the
lactone ring-opening of the probe BTC, which was thought to
be responsible for this color change. Moreover, with an
increase in the hydrazine concentration, the absorbance of the
probe decreased as the area of absorption decreased due to
lactone ring-opening (Fig. 1b).

Fluorescence study

To examine the enhanced fluorescence response of BTC in
aqueous DMSO (DMSO/H,0 = 7:3 v/v, 10 mM HEPES buffer,
pH = 7.4), the probe solution was titrated spectrofluorometri-
cally against an increasing concentration of N,H,. As shown in
Fig. 2a, the free probe displayed an emission peak with the
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Fig. 1 (a) UV-vis absorption titration spectra of BTC (c = 4 x 107> M) in ag. DMSO (DMSO/H,0 = 7: 3 v/v, 10 mM HEPES buffer, pH = 7.4) upon the
addition of N,H,4 (c = 4 x 107*M). Inset: The photographs showed the color change of BTC in the presence of NH,. (b) Absorbance change of BTC

(40 puM) upon the addition of various concentrations of NoHy.
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Fig. 2 (a) Fluorescence emission spectra obtained during the titration of BTC (c = 4 x 107> M) with NoH4 (c = 4 x 10~* M) in aqueous DMSO
(DMSO/H,0 = 7:3 v/v, 10 mM HEPES buffer, pH = 7.4), 1ex = 390 nm. Inset: The fluorescence emission color changes of the probe BTC solution on
the addition of hydrazine. (b) Fluorescence intensity changes (F446) of BTC (40 uM) upon the addition of various concentrations of N H,. Inset: The

linear diagram of the probe BTC within the hydrazine concentration range.

maximum at 446 nm (dex = 390 nm). However, the introduction
of hydrazine solution elicited a gradual increase of emission
intensities at 446 nm.

The significant enhancement of emission intensities
(700-fold, quantum yield = 0.67) at 446 nm indicates after the
chemical reaction of BTC with hydrazine the intramolecular
charge transfer process (ICT) and the photoinduced electron
transfer process (PET) which were operating between benzothia-
zole and methyldicyanovinyl coumarin suddenly become inhib-
ited which was responsible for this fluorescence intensity
enhancement. This result indicates the formation of the BIC-A™
intermediate as well as the chemical transformation (Scheme 5).
This result indicates the formation of a new species. The huge
increase in the fluorescence intensity of BTC to N,H, was also
corroborated by the emission colour change of the solution from
weakly fluorescent to highly intense sky blue upon the addition
of N,H, solution. Moreover, the fluorescence emission intensity
gradually increases with an increase in the hydrazine concen-
tration (Fig. 2b) as the gradual addition of hydrazine facilitated
the lactone ring-opening reaction. The probe BTC exhibited a
linear relationship in the range between 16 and 32 nM.

Solvent dependent fluorescence response of the probe BTC
towards hydrazine detection

The solvent system influenced greatly the UV-vis and fluo-
rescence spectrum. The optical property and sensing mecha-
nism of the probe BTC with the analyte hydrazine was studied
in a different solvent system. To investigate the solvent-depen-
dent fluorescence change and UV spectral change, three types
of solvent systems, i.e., DMSO (polar aprotic solvent), MeOH
(polar protic solvent), and CHCl;, benzene, cyclohexane, etc.
(nonpolar solvents), were basically chosen (Scheme 3). The
nature of the absorbance spectra of the product BTC-A

This journal is © The Royal Society of Chemistry 2022

(Scheme 5) in the three solvents remained almost the same.
But the fluorescence spectra of the product BTC-A in the three
solvents were different (Fig. 3a). This phenomenon is known
as solvatochromism (Scheme 4). In polar protic solvents like
MeOH, two major emission peaks corresponding to strong
enol emission (sky blue emission) at 446 nm and a weak keto
emission (green emission) at 532 nm of the product BTC-A
were observed (Fig. 3a). The strong enol emission peak was
due to stabilization of the enol form in the polar protic solvent
through intermolecular H-bonding interaction which inhibited
tautomerization of the enol form to the keto form in the
excited state. But upon the addition of H,O to MeOH, the
reverse phenomenon was observed, i.e., the weak keto emis-
sion peak at 532 nm converted to strong keto emission with a
simultaneous appearance of weak enol emission at 446 nm
(Fig. 3a). The observed phenomenon was because, after the
addition of water, water molecules formed intermolecular
H-bonding with the polar protic solvent MeOH which dimin-
ished the stabilization of the enol form in MeOH via inter-
molecular H-bonding, facilitating tautomerization of the enol
form to the keto form. Upon changing the solvent from polar
protic solvents to nonpolar solvents like CHCl;, cyclohexane,
benzene, etc., the enol emission peak at 446 nm vanished and
a strong keto emission peak at 532 nm with a large Stokes
shift was observed (Fig. 3a). The large Stokes shift was due to
the transformation of the enol form to the keto form via intra-
molecular -OH proton transfer to the thiazole N atom through
ESIPT, resulting in an increase in the conjugated chain length
which indicated that the product BTC-A mainly existed in the
keto form in a nonpolar solvent. Moreover, we also observed
different Stokes shifts of the product BTC-A in different nonpo-
lar solvents (Fig. 3a). The bathochromic shift of the keto form
of the product BTC-A in cyclohexane was greater compared to
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Scheme 3 Proposed sensing mechanism of the probe BTC in different solvents.

benzene and CHC;. This was probably due to different extents of
stabilization of n-n* transition of the keto form of the product
BTC-A. In polar aprotic solvents like DMSO and DMF, the situ-
ation was quite different. The basicity of these solvents was quite
high to the abstract a proton of the product BTC-A which caused
the formation of the deprotonated enol form.>> Due to deprotona-
tion, the ESIPT (excited-state intramolecular proton transfer)
process and the PET (photoinduced electron transfer) process
accompanied by the ICT (intramolecular charge transfer) process
from benzothiazole to the electron-withdrawing methyl-
dicyanovinyl coumarin moiety were inhibited resulting in signifi-
cant fluorescence enhancement. As a result, a strong enolate
emission peak with increased emission intensity at 446 nm was
observed. Here, we chose DMSO as a solvent to investigate the
fluorescence property of the product BTC-A. We also investigated
the effect of water percentage on the emission of the product
BTC-A. With an increase in water percentage, the percentage
caused effective solvation of the hydrazine molecule reducing its
reactivity and increasing the recognition time. So, we chose a suit-
able solvent ratio (DMSO/H,0 = 7:3 v/v) to perform the spectral
change experiment. The UV-vis and fluorescence spectral change
was recorded in aqueous DMSO (DMSO/H,0 = 7:3 v/v, 10 mM
HEPES buffer, pH = 7.4) solution.

Selectivity and specificity of the probe BTC to hydrazine

To test the selectivity of the probe BTC, various analytes (10
equiv.), i.e., (1) n-butyl amine, (2) NH,OH, (3) CN", (4) triethyl-

Org. Biomol. Chem.

amine, (5) N,Hy, (6) pyridine, (7) ethylenediamine, (8) HSO;™,
(9) CH3;COO™, (10) F~ and (11) ClIO™ in DMSO-H,0 (10.0 mM
HEPES buffer, 7:3 v/v, pH 7.4, at 25 °C), were added to the
probe’s solution (Fig. 4a). But no significant fluorescence
change except for N,H, was observed, which indicates that the
probe is highly selective towards N,H, over other analytes and
this distinction was possible due to N,H, induced lactone
ring-opening (Fig. 4b).

Response time experiments of BTC

The time-dependent response of the probe BTC towards N,H,
was also studied. The fluorescence intensity changes of the
probe BTC (40 uM) with varying concentrations of N,H, from
0-700 uM was also studied over an incubation period of 0-100
s (Fig. 5). Time-dependent fluorescence response showed that
the reaction of the probe BTC with N,H, could be completed
within seconds (Fig. 5). Moreover, the fluorescence intensity at
446 nm increased with increasing N,H, concentration in the
range between 400 and 700 pM; the higher the concentration
of N,H,, the greater the signal-to-noise ratio and the faster the
response. Also, the change was easily discernible to the naked
eye under 390 nm irradiation.

From the kinetic study experiment, we obtained that the
reaction of the probe BTC (40 pM) with N,H, (400 pM) fol-
lowed pseudo-first-order kinetics in aqueous DMSO (DMSO/
H,0 = 7:3 v/v, 10 mM HEPES buffer, pH = 7.4) solution at
room temperature. The pseudo-first-order rate constant (kops)

This journal is © The Royal Society of Chemistry 2022
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for the N,H, induced lactone ring-opening was found to be &'
=0.013 s~' (Fig. 7b). The observed rate constant k' was calcu-
lated according to eqn (1):

In(Frax — Ft)/Fmax = —k't (1)

where F, and F,,,, are the fluorescence intensities at 446 nm at
time ¢ and the maximum value obtained after the completion
of the reaction respectively and k' was the observed pseudo-
first-order rate constant (Fig. S10, ESI{).

Computational method

For the determination of the electronic behavior of the probe
and product, we performed quantum chemical DFT calcu-
lation by using the Gaussian 09 program with the assistance of
the Gauss View visualization program. The probe and the
product were optimized by using the B3LYP/6-311G+(d, p)

This journal is © The Royal Society of Chemistry 2022

(a) Fluorescence emission spectra of the probe BTC in different solvents under excitation at 390 nm. (b) Photographs of the probe BTC

basis set (Fig. 6). Consequently, for the understanding of the
absorption properties of the probe, we performed the time-
dependent density functional theory at an identical level. In
excited-state computations, the solvent effect of DMSO was
deemed via the polarizable continuum model (CPCM).

From the optimized geometries of the probe and product, it
is found that initially the probe BTC is nonplanar because the
benzothiazole moiety was perpendicular to the benzocoumarin
ring making it less conjugated and weakly fluorescent.
However, after NH,NH, induced lactone ring-opening the
ortho hydroxy proton which was blocked became free forcing
the benzothiazole ring to become somehow tilted causing
extended conjugation and a strong emission due to the inhi-
bition of PET and ICT.

The calculated A, of the main orbital transition and oscil-
lator strength (f) are given in Table S1 in the ESLf The
TD-DFT study revealed that the vertical major transitions
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Fig. 4 (a) Fluorescence color changes of receptor BTC in ag. DMSO (DMSO : H,O = 7:3 v/v, 10 mM HEPES buffer, pH = 7.4) upon the addition of
various analytes (1) n-butyl amine, (2) NH,OH, (3) CN~, (4) triethylamine, (5) NxHy, (6) pyridine, (7) ethylenediamine, (8) HSOs™, (9) CHzCOO™, (10) F~,
and (11) CIO™. (b) Competitive fluorescence emission spectra of compound BTC in the presence of different analytes in ag. DMSO (DMSO/H,0 =
7:3).

observed at about 379 nm are comparable to those of the HOMO-LUMO transition with the observed oscillator strength
experimentally observed spectra at about 390 nm for the (f=0.0026) corresponding to the experimental A,y (~390 nm)
probe. The calculated band at 379 nm is assigned to the (ESI, Table S1f). Finally, we can say that theoretical UV-vis
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Fig. 5 Time course (0-100 s) of fluorescence enhancement of BTC
(40 pM) in DMSO solution upon the addition of two concentrations (10
equiv. and 25 equiv.) of NaHy dex = 390 nm; Aoy, = 446 nm.

spectra calculated by TDDFT agreed well with the experimental
observations.

In the probe BTC both the HOMO and LUMO are localized
on different skeletons, i.e., in the benzothiazole and benzocou-
marin moiety. But in BTC-A~ both HOMO and LUMO are loca-
lized in the same benzocoumarin moiety. As a result, the
energy difference between HOMO and LUMO of adduct
BTC-A" is lower compared to the probe BTC which supports a
bathochromic shift.

Temperature effect

To investigate temperature-dependent fluorescence study the
sample solution of the probe BTC was cooled below room

View Article Online
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temperature by placing it into the low-temperature bath. The
relative magnitude of the fluorescence signal intensity varied
with temperature as lactone ring-opening was highly dependent
on temperature. With the rise of temperature, the intensity of
the fluorescence signal was also increased (Fig. 8). The above
phenomenon can also be explained by taking into account
thermodynamic consideration. According to Gibb’s equation we
know, AG = AH — TAS. Due to the hydrazine-induced lactone
ring-opening reaction a highly conjugated stable product was
formed. During the lactone ring-opening reaction AH is highly
—ve, AS is highly +ve as the translational and rotational degree
of freedom of the cyclic ring is highly relaxed in its open conju-
gated form. To make feasible the ring-opening reaction, AT
should be +ve. With the rise in temperature from 25 °C to 35 °C,
the fluorescence intensity signal also increased.

The observed phenomenon was because after the hydra-
zine-induced lactone ring-opening reaction, the enol form of
the product BTC-A became easily converted to the enolate
form through deprotonation or cleavage of the O-H bond
which inhibited the PET (photoinduced electron transfer) and
ICT (intramolecular charge transfer) process operating
between the benzothiazole and methyldicyanovinyl coumarin
moiety of the probe BTC resulting in a significant increase of
the fluorescence intensity signal.

Effect of pH

The pH-dependent fluorescence change of the probe BTC was
also studied. To do this experiment a set of buffer solutions
ranging from pH 1 to pH 12 were also prepared and pH titra-
tion of the probe BTC was carried out in the absence or pres-
ence of hydrazine. It was observed that the fluorescence inten-
sity of the probe BTC gradually increased from pH 1 to pH 5

v 29y
2 ‘J ‘:J I\ o”

2 e %

I’

»
‘ﬂv

(b)

Fig. 6 Optimized structure of the (a) probe BTC and (b) product BTC-A~ using the B3LYP/6-311G+(d,p).
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Fig. 7 HOMO and LUMO distributions of the probe BTC and product BTC-A".
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Fig. 8 Fluorescence emission intensity of the probe BTC in DMSO
(40 pM) at different temperatures.

and after pH 5 up to pH 8 a sharp increase in the fluorescence
intensity was noticed and then after pH 8, the fluorescence
intensity was somehow quenched (Fig. 9).

The observed phenomenon was due to the nucleophilicity
of hydrazine being greatly affected in different pH regions. A
gradual increase in the fluorescence intensity was observed up
to pH 8 and then after pH 8 the fluorescence intensity
decreased. In an extremely low pH region, i.e., pH 1 or pH 2,
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Fig. 9 pH-Dependent changes in the fluorescence intensity of the
probe BTC (1 x 107> M) in the absence or presence of hydrazine (1 x
10™* M) in DMSO-H,0 (DMSO/H,0 = 7: 3 v/v, 10 mM HEPES buffer, pH
= 7.4). So, from the fluorescence intensity vs. pH graph it has been seen
that the fluorescence intensity of the probe is maximum near about pH
=7.

the hydrazine molecule becomes protonated to observe any
fluorescence and then up to pH 5, the fluorescence intensity
values gradually increased as the electrophilicity of lactone
ring gradually enhanced to facilitate the nucleophilic attack of
hydrazine to open the lactone ring. After pH 5 the sharp

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 H NMR titration of the probe BTC with hydrazine.
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increase in the fluorescence intensity was noticed because in
this region the nucleophilicity of hydrazine and electrophilicity
of the lactone ring both remained under extreme conditions
resulting in a significant naked eye sharp fluorescence inten-
sity increase of the signal. Then after pH 8, the fluorescence of
the probe BTC was again quenched. Hence the probe BTC was
sufficiently stable in pH regions 5 to 8. Beyond this pH region,
i.e., below pH 5 (strongly acidic condition) and above pH 8
(strongly alkaline condition), the probe BTC was unstable.
Under strongly acidic conditions the probe BTC existed in the
protonated form and under strongly basic conditions the
probe BTC was unstable due to hydrolysis. The change of
absorbance of the probe BTC with pH in the presence of hydra-
zine was also investigated. With the increase of pH from 1.0 to
4.0, the absorbance of the probe BTC gradually decreased,
then a sharp decrease in absorbance was observed at pH 5.0.
This decrease of pH was continued up to pH 7.0 and after that
a slight increase in absorbance was noticed at pH 8.0 and then
absorbance again decreased up to pH 10.0 (Fig. S7, ESIt). The
sharp decrease in absorbance at pH 5.0 was due to hydrazine
induced lactone ring opening which decreased the area of
absorption. Then a slight increase in absorbance at pH
8.0 may be by a virtue of deprotonation and then at higher pH,
the probe BTC was sufficiently unstable to observe a decrease
in absorbance. From the above experiment, it was proved that
the probe BTC could be used under physiological conditions.

(C))

(b)
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Proposed detection mechanism

On the basis of the fluorescence spectra of the probe BTC the
proposed sensing mechanism of the probe BTC towards hydra-
zine is shown in Scheme 5. At first hydrazine attacks the elec-
tron deficient lactone ring and then subsequently the dicyano-

I Distilled water
Tap water

7x10°

6x10°

Fl.Intensity(cps)

0.25 0.50 0.75

[Hydrazine](x1075M)

Fig. 12 Competitive fluorescence intensity changes of the probe BTC
in distilled water and tap water.

NE
1

Fig. 11 (a) Fluorescence color changes of the probe BTC (5.0 mM) coated filter paper after exposure to different concentrations (blank, 0.1%, 0.5%,
1%, 5%, 10%, 20%, 25%, 30%, 40% and 50%) of hydrazine in aqueous solution. (b) Naked eye color changes of the probe BTC (5.0 mM) coated filter

paper after exposure to different concentrations of hydrazine.
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vinyl group cleavage to generate the product BTC-A. Due to the
formation of the product BTC-A a remarkable fluorescence
color change from colorless to intense sky blue was observed.
We have also designed a reference compound R1 where the
methyl dicyanovinyl group is absent in the lactone ring
(Scheme 2 and Fig. S1271). But in the presence of hydrazine the
reference compound R1 did not show any significant change

ol I :
L
=
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R T A

% Cell Viability
3 D (o] 8
o o o o

[N}
(=3

o

BTC Concentration

Fig. 13 Cell survivability of MDA-MB 231 and WI-38 cells exposed to
different probe BTC concentrations. Data are representative of at least
three independent experiments and bar graph shows mean + SEM, *p <
0.001 was interpreted as statistically significant, as compared with the
control.

Bright Field
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in the fluorescence intensity signal. This was due to the pres-
ence of the Br atom which is fluorescence quencher and lack
of extended conjugation compared to the probe BTC. This
proved that the probe BTC was superior compared to reference
compound R1.

The proposed sensing mechanism of the probe BTC
towards hydrazine (Fig. 10) was evidenced by the 'H NMR titra-
tion and ESI-MS spectrum experiment. The "H NMR experi-
ment showed that the peak position of protons, i.e. a;, by, cq,
dy, ey, fi1, and g, shifted upfield (forward) to a,, b, c,, dy, €,
f, and g,, respectively with the appearance of three new peaks
corresponding to hydroxyl proton (§ = 10.5 ppm) and amino
protons (5§ = 5.5 and 6.0 ppm) after reaction with hydrazine
(Fig. 10). The above result proved that hydrazine induced the
lactone ring-opening reaction upon the addition of hydrazine.
The formation of adduct BTC-A was also proved by ESI-MS
spectrum analysis, calc. for C;5H;¢BrN;0,S [BTC + hydrazine]*
445.0208, found: 445.0206 (Fig. S11, ESTt).

Vapor phase hydrazine detection

To investigate the practical application of the probe BTC, test
strips were prepared by immersing filter paper in the aqueous
DMSO (3/7, v/v) mixture at pH 7.4 solutions of BTC (1.0 x 107>
M) and then dried in air. The test strips containing BTC were
utilized to sense hydrazine. As shown in Fig. 11b, when hydra-
zine was added to the test kits at various concentrations (1.0 x
107°M, 1.0 x 107" M, 1.0 X 10> M, 1.0 x 107> M, 4.0 X 10> M)
the naked eye color change from light yellow to reddish brown
under the 390 nm UV-lamp were observed. Therefore, the test

Merge

50 um

Fig. 14 Microscopic images of untreated MDA-MB 231 cells (control), cells treated with the probe BTC (15 pM), the probe BTC (15 uM) + hydrazine
(10 pM) together after 30 min and 1 h, incubation period under bright, fluorescence and merged field.
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strips coated with the BTC probe solution would be convenient
for detecting hydrazine. These results showed that the probe
BTC could have a practical application for detecting hydrazine
in water samples. To make the detection experiments easy to
perform and practical, test strips were used. Prior to detection,
test strips were prepared by sinking the filter paper with the
probe BTC (5.0 mM) in aqueous DMSO (3/7, v/v) solution and
then dried. The probe loaded test strips were covered on the
top of jars that contained different hydrazine solution concen-
trations (blank, 0.1%, 0.5%, 1%, 5%, 10%, 20%, 25%, 30%,
40%, and 50% in water) for 30 min at room temperature
before it was ready to observe. The fluorescence color of the
strips gradually became intense from light green to intense
bright sky blue, which proved that the fluorescence intensity of
the probe on the test strips was highly dependent on the con-
centration of hydrazine in aqueous solution and easy to dis-
tinguish with the naked eye (Fig. 11a).

Hydrazine detection in real water samples

We also studied the practical application of the probe BTC for
the detection of hydrazine in different water samples.
Hydrazine is an important chemical reagent used in the
chemical and pharmaceutical industries there is a possibility
of mixing this hazardous waste into water. For this reason, the
detection of hydrazine is also important in different water
samples. A little amount of hydrazine was added to different
water samples, i.e., tap water and distilled water. In the pres-
ence of BTC, the fluorescence intensity signals were compared
in tap water and distilled water (Fig. 12). The probe BTC can
detect hydrazine in both water samples up to 1.7 nM. The
results proved that the probe BTC could detect hydrazine
quantitatively in real water samples.

Biological cell-imaging of hydrazine

In vivo cell cytotoxicity assay of the probe BTC was checked on
MDA-MB 231 and WI-38 cell lines. Data from MTT assay showed
no substantial toxicities even at the concentration of 100 pM of
the probe BTC (Fig. 13). Hence, 15 pM working concentration of
the probe BTC was selected to perform further studies.

Results from fluorescence microscopy imaging showed an
increased level of fluorescence intensity at an emission level of
446 nm when MDA-MB 231 cells were exposed to the probe
BTC (15 pM) in combination with hydrazine (10 pM) at an
incubation time frame of 30 min and 1 h, compared to
untreated as well as cells treated with only the probe BTC
(Fig. 14) that showed no fluorescence. Thus, we can conclude
that the probe BTC detects hydrazine and results in sky blue
fluorescent luminescence. Hence, our synthesized probe BTC
is biocompatible and favourable for biological applications.

Conclusion

In this paper, we have designed and synthesized a probe BTC
for the selective detection of hydrazine in water samples and
in living cells based on the hydrazine-induced lactone ring-

Org. Biomol. Chem.
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opening reaction. The presence of -Br and methyldicyanovinyl
in the probe BTC made the lactone ring highly electron-
deficient to facilitate the nucleophilic attack of highly electron-
rich hydrazine for the lactone ring-opening reaction and the
lactone ring-opening reaction caused a large Stokes shift and a
high fluorescence quantum yield. As a result, strong sky-blue
fluorescence “turn-on” was observed from the “turn-off” state
which proved the probe’s high selectivity and sensitivity com-
pared to other anions and analytes. The selectivity and sensi-
tivity of the probe BTC were evidenced by fluorescence, absorp-
tion, ESI mass spectrometry, "H NMR spectroscopy, and visual
fluorescence colour changes. Moreover, compared to previously
reported fluorescent probes, our probe BTC can detect hydra-
zine rapidly and with a very low detection limit. Finally, the
probe BTC was successfully applied for the detection of hydra-
zine in the vapour phase, real water samples, and live cells.
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