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a b s t r a c t

A fluorescent chemosensor N-n-butyl-3,4-diamino-1,8-naphthalimide (DAN) for detecting NO was
developed on the basis of 1,8-naphthalimide with a similar structure of o-phenylenediamine as a NO
reaction site. Due to the interaction between the photoinduced electron transfer (PET) and the intra-
molecular charge transfer (ICT), the chemosensor exhibits a remarkable enhancement in the emission
intensity that is ca. 160-fold increase and a blue shift in the emission wavelength after the addition of NO.
Meanwhile, it displays a colorimetric response accompanied with a color change from yellow to color-
less. The chemosensor DAN shows a high selectivity for NO in the presence of various reactive nitrogen
species (RNS) and reactive oxygen species (ROS). Furthermore, DAN can be used for bioimaging of NO in
living cells.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Nitric oxide (NO) is a gaseous radical species with a half-life of
a few seconds [1]. It is a ubiquitous signal molecule which plays
a critical role in a wide range of physiological activities including
endothelial-derived relaxant factor (EDRF) in blood vessels [2],
neurotransmitter in the central nervous system [3] andmediator in
the immune system [4]. NO is also involved in various pathophys-
iological processes as a cytotoxic agent. Mis-regulation of NO leads
to a number of human diseases like cardiac disorders, gastroin-
testinal distress and neurodegeneration [5].

Owing to the biological significance of NO in human health and
diseases, several methods for the detection of NO have been
developed [6,7], among which optical detections have shown
a good prospect. Colorimetric detection could simplify the opera-
tion and minimize the costs of the instrumentation. Especially,
fluorescence has been proved to be an important detection method
owing to high sensitivity and, importantly, successful application in
biological imaging [8]. Until now, a great number of fluorescent
chemosensors for monitoring NO have been developed which can
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be cataloged into twomain types. One type is based on the reaction
of o-phenylenediamine with NO through the principle of photoin-
duced electron transfer (PET) [9]. Another one is using transition
metal complexes as NO receptors [10]. In our previous studies,
various ligands were conjugated to 1,8-naphthalimide which is
characteristic of an intramolecular charge transfer (ICT) chromo-
phore with desirable photophysical properties such as a large
Stokes’ shift and long emission wavelength [11,12] to form
a number of colorimetric and ratiometric fluorescent chemosensors
for transition metal ions such as Cu(II) [13,14], Zn(II) [15], Cd(II) [16]
and Ag(I) [17].

In this paper, our strategy is to introduce a similar receptor site
of o-phenylenediamine conjugated to 1,8-naphthalimide to make
a NO chemosensor. The fluorescent chemosensor for NO, N-n-
butyl-3,4-diamino-1,8-naphthalimide termed DAN, could be easily
obtained in a satisfactory yield through simple synthesis. In our
work, two amino groups are directly tethered to naphthalimide
fluorophore possessing a pushepull character to generate a similar
structure of o-phenylenediamine acting as a NO recognitionmoiety.
Upon selective reaction of DAN with NO to produce a triazole ring
(Scheme 1), the generation of the triazolate form of DAN-T under
physiological conditions inhibits the PET effect of 3-amino together
with the ICTof 4-amino in 1,8-naphthalimide to induce the changes
of fluorescence and absorption spectra.
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Scheme 1. The reaction process of DAN with NO.
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2. Experimental

2.1. Materials and instruments

Unless otherwise noted, all reagents were commercial and used
without further purification. Deionized water was used throughout
all experiments. Silica gel (100e200 mesh) was used for column
chromatography. Mass determination was made on a GC-TOF MS
spectrometry. NMR spectra were recorded on a Varian 400 MHz
with chemical shifts reported as ppm (in DMSO-d6, TMS as internal
standard). Fluorescence measurements were performed on a FP-
6500 spectrophotometer (Jasco, Japan) and the slit width were
5 nm and 2.5 nm for excitation and emission, respectively. Absorp-
tion spectra were measured on a Lamda LS35 spectrophotometer.

NO, ClO� were produced from the dissolution of NOC13 (awhite
solid acting as NO source, 13.7 min of the half-life) [18] and NaOC1
in the water, respectively. H2O2 was diluted from a stabilized 30%
H2O2 solution. The equivalent of NaOC1 and H2O2 was to generate
1O2. �OH was prepared from the reaction of the equivalent of H2O2
and Fe2þ. NaNO3, NaNO2, SIN-1 antibody were used as the source of
NO3

�, NO2
� and ONO2

�, respectively.
2.2. Synthesis of DAN and DAN-T

2.2.1. Synthesis of N-n-butyl-3,4-diamino-l,8-naphthalimide (DAN)
To a 50 mL round bottom flask equipped with magnetic stirrer,

3,4-diamino-1,8-naphthalic anhydride [19] (456mg, 2.0 mmol) and
dry 2-methoxyethanol 20 mL were added. The flask was placed in
an oil bath heated to 50 �C and the solution of n-butylamine
(439mg, 6.0 mmol) and 2-methoxyethanol (5 mL) was added. Then
the mixture was reflux for 8 h at 125 C. After the completion of the
reaction, the reaction mixture was poured into 40 mL ice water and
the red precipitate formed was filtered, washed with water and
dried. The residue was purified by silica gel column
(CH2Cl2:CH3OH ¼ 10:1) to give DAN 334 mg in 59% yield. Mp:
>300 �C 1H NMR (400 MHz, DMSO-d6) d 8.49 (d, J ¼ 8.4 Hz, 1H),
8.20 (d, J¼ 13.6 Hz, 1H), 7.92 (s, 1H), 7.55 (t, J¼ 10.6 Hz, 1H), 6.50 (s,
2H), 5.19 (s, 2H), 4.00 (m, 2H), 1.57 (t, J ¼ 11.2 Hz, 2H), 1.33 (m, 2H),
0.92 (d, J ¼ 7.3 Hz, 3H). 13C NMR (100 MHz, DMSO-d6), d 163.96,
163.18, 136.30, 130.43, 127.12, 123.65, 123.19, 121.65, 120.78, 119.55,
108.31, 38.85, 29.85, 19.82, 13.73. HRMS (EI): m/z 283.1322,
C16H17N3O2 requires 283.1321.

2.2.2. Synthesis of 1H-1,2,3-triazole fused N-n-butyl-naphthalimide
(DAN-T)

To a 25 mL round bottom flask equipped with magnetic stirrer,
DAN (142mg, 0.5mmol)was dissolved in amixture solvent of glacial
acetyl acid (3mL) andHCl (w¼ 36.5%,1mL) at 0 �C. Then the solution
of NaNO2 (69mg,1.0mol) in H2O (2mL)was added at 0 �C. After 1 h,
the ice bath was removed and the reaction mixture was stirred at
room temperature for another 2 h. After completion of the reaction,
the solvent was evaporated and the residuewas purified by silica gel
column chromatography (CH2Cl2:CH3OH ¼ 50:1) to obtain the
product DAN-T 30mg in 20% yield. Mp: 290.1 �C 1H NMR (400 MHz,
DMSO-d6), d 8.83 (m, 2H), 8.53 (d, J ¼ 7.4 Hz, 1H), 8.04 (t, J ¼ 7.8 Hz,
1H), 4.05 (m, 2H),1.63 (m, 2H),1.38 (m, 2H), 0.94 (t, J¼ 7.3Hz, 3H).13C
NMR (100 MHz, DMSO-d6), d 164.06, 163.48, 141.40, 137.03, 127.70,
137.92, 125.85, 124.49, 135.25, 127.38, 130.65, 117.81, 39.58, 29.85,
19.82, 13.73. HRMS (EI): m/z found 294.1118, C16H14N4O2 requires
294.1117.

3. Results and discussion

We first investigated fluorescent properties of DAN with the
addition of NO in a mixture of ethanol and TriseHCl buffer solution
(50 mM,1:1, v/v, pH 7.4). Kinetic profile of DAN (10 mM)with NOC13
solution (10 mM) displays that the fluorescent intensity ofDAN could
reach the maximum within 10 min partly as a result of gradual
release of NO. Therefore, all the spectroscopic figures were obtained
15 min later after the addition of NOC13 solution to ensure the
reaction reaching the equilibrium (Fig. S1, Supplementary Data).

3.1. The optical behavior of DAN with NO

ToexaminethefluorescentperformancesofDAN for thedetection
of NO, a fluorescent titration experiment was conducted. The free
chemosensor DAN exhibits a quite weak fluorescence under physi-
ological condition. With the addition of NOC13, the fluorescence
intensity peaked at 454 nm increased proportionally (Fig. 1a) which
was attributed to the interaction between the PETof 3-amino and the
ICT of 4-amino in the fluorophore. The PET effect of the 3-amino
group was inhibited leading to the increase in the emission inten-
sity.Meanwhile, the ICTeffect of the 4-amino group induced the blue
shift of the emission wavelength compared with around 530-nm
emission wavelength of 4-amino-1,8-naphthalimide [11]. When 1.6
equivalents of NOC13were added to the solution ofDAN (10 mM), the
emission intensity reached themaximum (Fig. S2) that is ca.160-fold
enhancement colored in bright blue. This is due to the slow release of
NO and the equilibrium of the reaction between NO and DAN. The
ratio in the emission intensity (F/F0) at 454 nm exhibits a good linear
relationship with the concentration of NO between 0 and 16 mM
(Fig. 1b). The ratio of F/F0 is also in an NO concentration-dependent
manner in lower concentrations of NO. The detection limit of DAN
for sensing NO is determined to bew19 nM (Fig. S3).

As displayed in Fig. 2, in the absence of NO, the free chemo-
sensor DAN (10 mM) displays a strong absorption band around
476 nm and a weak band around 371 nm. With the addition of
NOC13 solution, the absorption of DAN centered at 476 nm grad-
ually decreased and the peak at 371 nm increased simultaneously
with a distinct isosbestic point at 407 nm. When NOC13 solution
(16 mM) was added to the solution of DAN, the absorption peak at
476 nm disappeared entirely and the peak at 371 nm reached the
maximum value (Fig. S4) accompanied with a color change from
yellow to colorless which indicates that DAN could be used as
a colorimetric chemosensor to visualize NO by naked eyes under
physiological condition.

3.2. The selectivity of DAN for NO

The selectivity of DAN toward various reactive oxygen species
(ROS) and reactive nitrogen species (RNS) including NO, ClO�, H2O2,
1O2, �OH, NO3

�, NO2
�, ONO2

�, was also assessed in the fluorescent and
absorption spectra. As shown in Fig. 3a and b, none of these species
induced appreciably fluorescence or absorption change except NO.
This means DAN has a high selectivity for NO.



Fig. 2. Absorption changes of DAN (10 mM) upon addition of NOC13 (0e16 mM). Inset
shows the color changes of DAN (10 mM) in the absence of NOC13 (left) and in the
presence of 20 mM NOC13 (right) in ethanoleTriseHCl buffer (50 mM, pH 7.4) solution
(1:1, v/v, rt).

Fig. 3. (a) Absorption responses of DAN (10 mM) toward ClO�, H2O2, 1O2, �OH, NO3
�,

NO2
�, ONO2

� (50 mM) and NO (20 mM). (b) Fluorescence responses of DAN (10 mM)
toward ClO�, H2O2, 1O2, �OH, NO3

�, NO2
�, ONO2

� (50 mM) and NO (20 mM) in ethanole
TriseHCl buffer (50 mM, pH 7.4) solution (1:1, v/v, rt). Excitation at 370 nm.

Fig. 1. (a) Fluorescence changes of DAN (10 mM) upon addition of NOC13 (0e16 mM).
Inset shows the visible emission of DAN (10 mM) in the absence of NOC13 (left) and in
the presence of 20 mM NOC13 (right). (b) Fluorescence intensity changes (F/F0) at
454 nm of DAN (10 mM) upon addition of NOC13 solution (0e16 mM) in ethanoleTrise
HCl buffer (50 mM, pH 7.4) solution (1:1, v/v, rt). Excitation at 370 nm.

M. Wang et al. / Dyes and Pigments 96 (2013) 333e337 335
3.3. The effect of pH

Since most of fluorescent chemosensors with o-phenylenedi-
amine as NO binding site are pH-dependent, we next evaluated the
Fig. 4. Effects of pH on the fluorescence intensity of DAN (10 mM) and DAN-T (10 mM)
at 454 nm in 50 mM buffer solution (pH 2.60e5.29 sodium acetate/acetic acid, pH
5.91e9.18 disodium hydrogen phosphate/potassium dihydrogen phosphate, rt). Exci-
tation at 370 nm.



Fig. 5. Images of HT29 cells treated with the chemosensor DAN. (a) Bright field image of HT29 cells incubated with only DAN (10 mM) for 30 min; (b) Fluorescence image of (a)
excited at 405 nm; (c) The overlay image of (a, b). (d) Bright field image of HT29 cells incubated with DAN (10 mM) and NOC13 solution (40 mM); (e) Fluorescence image of (d) excited
at 405 nm; (f) The overlay image of (d, e).
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effect of pH on the fluorescence of DAN. As shown in Fig. 4, DAN
was nearly non-fluorescent from pH 2.6 to 9.3. We found that the
emission intensity of the product DAN-T was very weak below pH
5, but strikingly increased above pH 5 and remained stable above
pH 7 which demonstrated that DAN can work under physiological
condition. This result was attributed to the formation of the triazole
of DAN-T which inhibited the PET effect of the 3-amino group in
1,8-naphthalimide and that of the triazolate (the deprotonation
form of the triazole) [20] which increased the electron-donating
ability to induce the fluorescence enhancement.
3.4. Cell imaging of DAN with NO

Wenext applied the chemosensorDAN for fluorescence imaging
of NO in HT29 cells (Human colon adenocarcinoma grade II cell
line). After incubation with 10 mM DAN in culture medium for
30 min, HT29 cells showed a very weak fluorescence, as shown in
Fig. 5. In contrast, another group of HT29 cells was incubated with
10 mMDAN for 30min, thenwashedwith phosphate buffered saline
(PBS, 0.1 M, pH 7.4). After the addition of NOC13 solution (40 mM)
for another 30 min, a strong emission signal was observed. The
fluorescent signal from the cytoplasm of HT29 cells was verified by
the overlap of the bright field and fluorescence imaging. These
results demonstrate that the chemosensor DAN is cell-permeable
and could be used to image intracellular NO.
4. Conclusion

We have successfully developed a “turn-on” fluorescent and
colorimetric chemosensor for NO based on 1,8-naphthalimide. The
chemosensor can be obtained via simple synthesis which shows
high sensitivity and selectivity for NO and can be used to image NO
at cellular level.
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