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Abstract.

A novel fluorescent turn-on probe (compound 1) for bisulfite based on 7-nitrobenz-2-oxa-1,3-

diazole (NBD) chromophore has been developed. Its sensing behavior toward various anions was investigated
by absorption and fluorescence techniques. This probe shows a selective, turn-on fluorescent response and
ratiometric colorimetric response toward bisulfite in aqueous acetonitrile solutions. The possible recognition
mechanism of probe 1 toward bisulfite was illustrated by MS spectra analysis and DFT calculations Probe 1 was
used to determine bisulfite in real-life samples with good recoveries.

Keywords.

1. Introduction

Fluorescence spectroscopy has become a powerful tech-
nique for sensing and imaging trace amounts of fluore-
scent samples due to its simplicity, sensitivity, fast
response times, as well as its application for in vivo
imaging. The exploration of fluorescent probes for ani-
ons has attracted considerable attention in recent years
because many biological processes involve molecular
recognition of anionic species.'™

However, due to their diverse geometries, charge dis-
tributions, sizes and high enthalpies of hydration of
anions, which present an obvious obstacle to develop
probes with abilities to function in aqueous media, it
is very difficult to develop anion recognition systems.®
Even so, various probes for anions have been developed
based on noncovalent interactions such as hydro-
gen bonding,”!! electrostatic interactions'>~!” or dis-
placement reaction through coordination with metal
complexes.'®2! A special chemical reaction between
a receptor and target species will give a unique spec-
troscopic change and provide us versatile means to
investigate a wide range of analytes with superior
selectivity.”*** Hydrogen bonding is an important non-
covalent force often involved in the formation of
supramolecular structures. In the area of photophysics,
it has been generally recognized that formation of hy-
drogen bonds can restrict the intramolecular rotations,
and rigidify the molecular structures, and help to min-
imize the nonradiative energy losses of the excitons
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and maximize the probability of radiative transition,
resulting in turn-on of the emission.

Bisulfite is one of the anions that has been widely
used as an additive in foods, beverages and pharmaceu-
tical products. It acts as an antimicrobial agent, enzyme
inhibitor and antioxidant.>*~* However, bisulfite in cer-
tain concentrations has been associated with allergic
reaction and food intolerance symptoms, such as diffi-
culty in breathing, wheezing, hives, and gastrointesti-
nal distress.*~** Therefore, development of a sensitive
and selective fluorescent sensor for the determination
of bisulfite is of great importance for food safety and
quality control, clinical and environmental applications.

In this work, we introduced pyrrole group to 7-
nitrobenz-2-oxa-1,3-diazole (NBD) fluorophore to con-
struct a HSOj -selective sensor. NBD was chosen as
the fluorophore because of long emission wavelength,
good cell permeability and applications in chemical
biology and bioanalytical studies.**=*’ The pyrrole -
functionated NBD derivate (scheme 1) was expected to
interact with HSO; through hydrogen bonding, produc-
ing a strongly fluorescent HSO; adduct of the receptor.

2. Experimental
2.1 Reagents and apparatus

Acetonitrile of spectroscopic grade and deionized water
(or distilled) were used throughout the experiment as
solvents. All the chemicals of analytical grade for syn-
theses were purchased from commercial suppliers and
were used without further purification. NMR spectra

1267



1268

Cl NHNH,
=N NH,NH, =N
/
\N/ \N
NO, NO,
NBD-Cl 2

Puhui Xie et al.

H NH
&CHO N
\ / =N\
— . - /O
NO, |
yield 67%
1

Scheme 1. General procedure for the synthesis of probe 1.

were recorded with a 400 MHz Varian spectrometer.
Electrospray ionization mass spectra (ESI-MS) were
measured on a micrOTOF-Q II system. Absorption
spectra were obtained on a TU1901 Ultraviolet—visible
spectrophotometer. The fluorescence spectra were mea-
sured with a Cary Eclipse fluorescence spectrometer.

2.2 Syntheses

Compound 2 was prepared similar to the reported pro-
cedures by using NBD-Cl and hydrazine hydrate as raw
materials.*® Hydrazine monohydrate (1.5 mL, 30 mmol)
in 20 mL CH3OH was added in dropwise to a solution
of NBD-CI (200 mg, 1 mmol) in 20 mL CHCl; The
resulting solution was stirred at room temperature for
3 h. A yellowish-brown precipitate appeared gradually.
It was filtered and washed with small amount of CHCl;,
then dried under vacuum at 50°C to get the desired
product (140 mg, 84%), which was used for the next
step without further purification.

2-Pyrrole aldehyde (234 mg, 2.5 mmol) was added to
a solution of compound 2 (160 mg, 0.82 mmol) in 6 mL
absolute ethanol. One drop of acetic acid was added to
catalyze the reaction. The mixture was stirred at room
temperature for 20 h. The solvent was evaporated in
vacuo. The residue was purified by column chromatog-
raphy on silica gel with ethyl acetate/hexanes (1/3, v/v)
to afford a dark red solid of 0.13 g in 67% yield. 'H
NMR (DMSO-dg, 8, ppm), 12.95 (s, 1H), 11.79 (s, 1H),
8.59(d, J =9.2 Hz, 1H), 8.43 (s, 1H), 7.18 (d, / =9.2
Hz, 1H), 7.11 (d, J = 8.0Hz, 1H), 6.66 (s, 1H), 6.22—
6.24 (m, 1H) (figure S1 in Supplementary information).
3C NMR (DMSO-dg) 145.03, 143.50, 142.85, 140.77,
137.45,127.33,124.61, 122.18, 115.84, 110.61, 101.62
(figure S2 in Supplementary information). MS (ESI-
MS): m/z calculated for C; HgN¢O;, 272.07, found:
[M-1]%,270.9. (figure S3 in Supplementary information).

2.3 Preparation of solutions

The stock solutions of each anion (5 mM) of S>~, HSO3,
S,037, NO;, F-, CI, Br, I, CO;", SO;", OH",

OAc~, SO;~, HCO;, HSO,, H,PO,, HPO; , PO;",
CN~ were prepared in deionized water from their so-
dium or potassium salts. Stock solution of 1 (1 mM) was
prepared in acetonitrile. PBS buffer solutions (10 mM)
were prepared by using proper amount of NaH,PO, and
Na,HPO, under adjustment by a pH S-3C meter.

In titration experiments, 1 was diluted to a certain
concentration (30 uM for absorption spectra and 10
uM for fluorescence spectra) with CH;CN-PBS (10
mM, pH=7.2, 3:1, v/v). Then 3 mL of 1 CH;CN-PBS
(10 mM, pH=7.2, 3:1, v/v) was put into a quartz opti-
cal cell with an optical path of 1 cm. The stock solution
of each anion was added into the quartz optical cell step
by step via a microsyringe and the solution was stirred
for 3 min before recording the spectra. For fluorescence
measurements, excitation wavelength was set at 470 nm
and emission was collected from 490 nm to 700 nm.
The bandwidth of excitation and emission slits were
both set at 5 nm. The quantum yields were measured
using quinine sulfate in 1 N H,SO, (¢ =0.54) as ref-
erence with excitation at 350 nm* using the following
equation:

ArFsn}
AS FRH%Q

¢s = Pr (D
where A and F are the absorbance and integrated fluo-
rescence intensity, respectively, 7 is the refractive index
of the solvent, and S and R represent the sample and
reference, respectively.

3. Results and Discussion
3.1 Absorption properties

The absorption responses of probe 1 to various anions
including S*-, HSO;, S,0;”, NO;, F~, CI-, Br-,
I-, CO3, SO;~, OH™, OAc™, SO; ", HCO;, HSO;,
H,PO;, HPO; , PO, ", CN~ in CH;CN-PBS (10 mM,
pH=7.2, 3:1, v/v) were explored. Compound 1 alone
showed a maximum absorption peak at 496 nm in
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Figure 1. Absorption spectra of probe 1 (30 uM) in the

presence of various anions (300 uM).
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Figure 2. (a) Absorption spectra ofl (30 M) in the pres-

ence of increasing concentrations of NaHSO; in CH3CN-
PBS (10 mM, pH=7.2, 3:1, v/v). (b) Absorbance at 531 nm
of 1 upon gradual addition of HSO5, inset: Absorbance at
531 nm of 1 vs HSO5 in the concentration range of 0 ~ 120
uM.
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CH;CN-PBS (10 mM, pH=7.2, 3:1, v/v). The peak at
496 nm could be assigned as its internal charge transfer
(ICT) absorption transition. The absorption spectrum of
probe 1 was bathochromically shifted in the presence
of HSO; However, the absorption profiles of probe
1 remained unchanged upon addition of other anions
(figure 1). Upon addition of HSO;, the absorbance
at 496 nm decreased gradually and was red-shifted
until a new absorption peak at 531 nm appeared and
increased, indicating structural change upon interaction
with bisulfite. Two isosbestic points at 368 nm and 516
nm appeared in the UV-vis spectra (figure 2a). The
red solution of 1 in CH3;CN-PBS (10 mM, pH=7.2,
3:1, v/v) turned to a purple-red color upon addition of
HSO;. The absorbance at 531 nm increased linearly
with the increasing of the HSO; concentration in the
range of 2.7 uM~ 120uM (inset in figure 2b). Then,
the absorbance increased only slightly with the increase
of the concentration of HSO5 (figure 2b). The relation-
ship between the absorbance at 531 nm and HSO5 con-
centration in the linear regime is:A = 385.8C+ 0.751,
with a correlation coefficient of R= 0.99, where Cis the
concentration of HSO; in mol/L. The detection limit,
based on the definition by IUPAC was found to be 0.74
uM from 11 blank solutions.

3.2 Fluorescence properties

The fluorescence responses of 1 with different concen-
trations of HSO; in CH;CN-PBS (10 mM, pH=7.2,
3:1, v/v) were measured (figure 3a). When excited at
470 nm, 1 showed a very weak fluorescence band cen-
tered at 540 nm (¢ <0.001). The titration of HSO; to 1
demonstrated an obvious emission increase of the band
with slight blue-shift to 537 nm. When 450 M bisul-
fite was added, nearly 10-fold fluorescent enhancement
was obtained (¢ = 0.237). The fluorescence intensity
increased linearly with increasing of the HSO; con-
centration in the range of 0~300 uM (figure 3b). The
relationship between the fluorescence intensity at 537
nm and HSO; concentration was:/ = 1.31x 10°C+
44.94, with a correlation coefficient of R= 0.9965,
where C is the concentration of HSO5 in M. The detec-
tion limit, based on the definition by [IUPAC was found
to be 50.6 nM from 11 blank solutions. The fluorescent
results indicated that compound 1 is suitable for use as
a fluorescent probe for bisulfite

Job’s plot analysis*’ using fluorescence method with
a total concentration of 40 M at 537 nm revealed a
maximum at about 0.5 mole fraction (figure 4), indi-
cating 1:1 binding stoichiometry of 1 and HSO; . The
association constant*' was calculated to be 1016 M!
by using a Benesi-Hildebrand plot according to the
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Figure 3. (a) Fluorescence spectra of of 1 (10 uM) in
the presence of increasing concentrations of HSO3 (0~57
uM) in CH3CN-PBS (10 mM, pH=7.2, 3:1, v/v). Excitation
wavelength is 470 nm. Bandwidth of both ex slit and em slit
were set at 5 nm. (b) Fluorescence intensity at 537 nm of 1
vs concentration of HSO; in the range of 29 uM~300 uM.

fluorescence titration profile (figure S4, Supplementary
material).

After adding 400 uM of anions, such as S*~, HSOy,
S,03", NO;, F-, CI-, Br, I, CO;", SO;, OH,
OAc~, SO;~, HCO;, HSO,, H,PO;, HPO; , PO;",
CN™ respectively to the CH;CN-PBS (10 mM, pH=7.2,
3:1, v/v) solution containing 10 uM of 1 for 3 min,
only HSO; induced a significant fluorescence enhance-
ment at 537 nm (figure 5). Other anions including
S?-, S,0;7, NO,, F-, CI-, Br, I, CO; ", SO;,
OH-, OAc™, SO3, HCO;, HSO,, H,PO,, HPO; ,
PO; ", CN~ showed little changes in fluorescence spec-
tra under the same conditions. The competition exper-
iments indicated that less obvious fluorescent changes
of probe 1 were observed in the presence of 40 equiv.
of other anions. Upon further addition of 40 equiv. of
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Figure 4. Job’s plot for determining the stoichiometry of 1
and HSO5 in CH3;CN-PBS (10 mM, pH=7.2, 3:1, v/v) with
a total concentration of 40 M. Excitation wavelength is 470
nm. Band width of ex slit and em slit were set at 5 and 10
nm, respectively.
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Figure 5. Fluorescence spectra of probe 1 (10 £M) in the
presence of various anions (400 uM).

HSO; to the solution which containing probe 1 and 40
equiv. of competing anions, the change of the emission
was similar to that as observed in the 1-HSO5 solution
(figure 6). As a result, probe 1 displayed high selectiv-
ity to detect HSO; even in the presence of 40 equiv of
other anions.

3.3 Molecular calculations

To understand the recognition process of 1 toward
HSO;, HOMO and LUMO distributions of 1 and 1-
HSO; (assuming that HSO; was bound to 1) were
determined by density functional theory (DFT) calcu-
lations at the B3LYP/6-31G* level using Gaussian 03
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Figure 6. Selectivity of 1 (10 uM) for HSO5 in the presence of other anions
(400 uM) in CH3CN-PBS (10 mM, pH=7.2, 3:1, v/v), red bars represent:
blank, $>~, S,037, F~, Cl~, Br, -, CO3~, NO;, SO} ", OH™, OAc™, HSO;,
SO\%*, HCO;3, HSO, , H,PO,, HPOZ*, POff, CN~. Green bars represent the
results for subsequent addition of HSO; (400 uM) to the solution. Excitation
wavelength is 470 nm. Bandwidth of both ex slit and em slit were set at 5 nm.

program.*? As shown in figure 7, the NBD moiety,
schiff base and pyrrole group of 1 were in the planar
structure. The HOMO distribution of 1 was mainly
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Figure 7. Calculated HOMO and LUMO distribution of
probe 1 and its complex 1- HSO; .

concentrated on the pyrrole group. The electron donor
property of the pyrrole group was responsible for fluo-
rescence quenching through PET effect (photoinduced
electron transfer). Furthermore, the C=N isomerization
would also contribute to the nonfluorescent property of
1 It could be found that the NBD hydrazine moiety and
the pyrrole group were frans to each other across the
C=N to keep its stable structure, after the formation of
1 HSOj . Before the formation of 1- HSO5, the N-N
o bond in hydrazine could be free to rotate. After the
addition of bisulfite, probe 1 had three sites for hydro-
gen bonding with the anion, one NH moiety on the
NBD hydrazine one NH on pyrrole and one N atom in
the schiff base to interact with the H atom of hydroxyl
in HSO; (scheme 2). The calculated hydrogen bond-
ing distances were 1.6204 A, 1.7634 A and 2.1757A
respectively. These hydrogen bonding interaction can
restrict the free rotation of the N-N o bond in hydrazine
and increase the structural rigidity of 1 The interac-
tion with bisulfite caused a non-coplanar structure of
probe 1 (The dihedral angle was changed from 0° to
1.2787° after its interaction with HSO3 ), which blocked
the PET process and induced the enhancement of its
fluorescence. Moreover, the energy gap between the
HOMO and LUMO of 1-HSO; was smaller than that of
probe 1, in good agreement with the red shift of absorp-
tion spectra of probe 1 upon reaction with HSO; . The
hydrogen bond-inhibited C=N isomerization-reduced
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Scheme 2. Possible structure of 1:1 binding of probe 1 with bisulfite.

quenching mechanism* could also be used to explain
the interaction between probe 1 and HSOy . In this case,
the NBD hydrazine moiety and the pyrrole group had
to keep trans to each other across the C=N for the
formation of three hydrogen bonds with HSO; .

3.4 MS analysis

The data of ESI mass spectrum provided further evi-
dence of the formation of a 1:1 1-HSO; complex in

Table 1. Determination results for bisulfite in real samples®.

Added Found Recovery RSD
Sample (uM) (uM) (%) (%)
White wine 0 6.2 - 3.1
10 16.8 103.7 3.0
50 55.9 99.3 2.8
100 105.0 98.9 2.9
Red wine 0 13.7 - 2.8
10 23.2 97.9 2.5
50 63.1 99.1 2.7
100 116.2 102.2 2.4
Beer 0 7.1 - 2.7
10 17.7 103.5 3.1
50 56.1 98.2 3.0
100 109.0 101.8 2.8

¢ Bisulfite concentrations were determined using a standard
addition method**~* by measuring increase of the fluores-
cence intensity of 1 at 537 nm. The standard curve in figure
S6 was used to extrapolate the unknown amount of bisulfite.
Aliquots of the sample solution which was diluted 10-fold
were added to CH;CN-PBS (10 mM, pH=7.2, 3:1, v/v) con-
taining probe 1 (5 uM), and the emission intensity at 537
nm was recorded, whereby the unknown concentrations of
bisulfite were determined. For recovery studies, known con-
centrations of bisulfite were added to each sample and the
total bisulfite concentration was determined following the
method described above. Relative standard deviations were
calculated on the basis of five measurements.

CH;CN/H,0 (3:1, v/v) solution (figure S5 in Supple-
mentary information). The peak at m/z=358.97 (calcd.
359.02), corresponding to [14+HSO;-OH+Na]t, was
observed when HSO; (4 mM) is added to 1 (0.1 mM),
whereas free 1 exhibited a peak at m/z=270.9, which
corresponds to [1-H]™ (figure S3 in Supplementary
information). The MS data was considered to support
the proposed recognition mechanism, indicating the
two NH groups and N atom in C=N as anion binding
sites.

3.5 Real sample analysis

Probe 1 was used to examine the content of bisulfite in
real life samples. White wine, red wine and beer bought
from a supermarket were diluted 10-fold with deionized
water and analyzed by standard addition and recovery
experiments. As shown in table 1, probe 1 was found
to be suitable to determine the concentration of bisul-
fite with good recoveries in these samples. The bisulfite
content in white wine, red wine and beer were 6.2, 13.7
and 7.1 uM, respectively.

4. Conclusion

A simple novel fluorescent probe based on NBD chro-
mophore (probe 1) for turn-on and selective detection
of bisulfite was developed. The absorption spectrum of
probe 1 was bathochromically shifted and the fluores-
cence of 1 was greatly enhanced in the presence of
HSO;5. From the MS analysis and DFT calculations,
two NH moieties and one N atom in C=N of probe 1
were considered to interact with bisulfite through three
hydrogen bondings. These hydrogen-bonding interac-
tions would restrict the free rotation of the N-N o bond
in hydrazine and increase the structural rigidity of 1,
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block the PET process and inhibit C=N isomerization,
resulting in significant fluorescent enhancement of 1.

Supplementary Information

All additional information about '"H NMR (figure S1),
BC NMR (figure S2), MS spectrum (figure S3) of com-
pound 1, Benesi-Hildebrand plot (figure S4), MS spec-
trum of 1 HSO; (figure S5) and the standard curve in
figure S6 are given in the supplementary information.
Supplementary information is available at www.ias.ac.
in/chemsci.
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