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An anthracene carboxyimide derivative was synthesized as a colori-
metric and fluorogenic sensor to determine NO,  with a rapid
response (<4 min), excellent selectivity and a low detection limit
(84 nM). Paper strips containing the sensor were applied to visually
determine the NO, ™ content in food.

Nitrite (NO, ") is widely used as a color fixative and additive agent
in meat products. Leafy fruits and vegetables also produce
NO,™." However, excessive amounts of NO,” consumption are
associated with deleterious effects to human health. Elevated
NO,  results in methemoglobinemia, a disease in which the
intracorporal oxygen transport system is impaired, which is
known to be particularly harmful to pregnant women and
babies.” Furthermore, by reactions with amides and secondary
amines, NO, generates highly carcinogenic N-nitrosamines
under acidic conditions,® which are known to result in severe,
potentially lethal, hazards to fetal health, such as premature
delivery, teratogenicity and other birth defects as well as growth
retardation.” Therefore, monitoring the daily intake of NO,™ is
necessary, particularly during pregnancy.>*®

A variety of analytical techniques have been applied to the
detection of NO,  in recent years, such as capillary electro-
phoresis, chemiluminescence, chromatography, electrochemistry,
surface-enhanced Raman spectroscopy, and the use of micro-
fluidic devices.”® However, these techniques are associated with
some drawbacks, such as unsatisfactory sensitivity and selectivity,
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time-consuming procedures and complicated and expensive
instruments. Compared with these analytical techniques, fluo-
rescent sensors are emerging as a robust tool for the detection
of various analytes® "> because of their remarkable sensitivity,
excellent selectivity, low cost and simple operation."*™™ In the
past few years, many fluorescent sensors have been developed
for the determination of NO,~,'** but most of these operate in a
fluorescence “turn-off” mode,”* > which reduces the sensitivity
and increases the chance of artifacts. Other analytical parameters
of these sensors, most notably the response time and limit of
detection, need further improvement. Therefore, the development
of a fluorescent sensor for rapid, specific and sensitive determina-
tion of NO,~ is important. In particular compounds allowing both
colorimetric and fluorescence detection modes are highly sought
after, as the former method is straightforwardly translated for
household use, outside a laboratory environment, under the form
of dye-loaded indicator strips.

Vicinal aryl diamines show a high reaction efficiency towards
NO,™ to form triazoles. Vicinal aryl diamines with strong electron
donating abilities can quench the emission of adjacent fluoro-
phores due to an efficient photoinduced electron transfer (PET)
process.>*"?2 Upon triazole formation, the PET mechanism can
be inhibited, and thus the fluorophores recover their strong
emission. Recently, our group developed a family of anthracene
carboxyimides with multi-color emissions and high fluorescence
quantum yields, with a large degree of intramolecular charge
transfer (ICT) due to the strong donor-acceptor properties.*?
Considering the electron-rich character of vicinal aryl diamines
and the electron-poor character of triazoles, the implementation
of this transformation by NO, ™ on the anthracene carboxyimide
scaffold would likely result in an obvious color change.

Based on this principle, we synthesized a new fluorescent
sensor (AC-NO,, Scheme 1) by the reaction of an anthracene
carboxyimide derivative and 1,2-phenylenediamine. AC-NO,
was readily synthesized in two steps shown in Scheme S1 (ESIt).
The intermediate and the sensor AC-NO, are fully characterized
by '"H NMR, *C NMR and HRMS (Fig. $4-S9, ESIt), and the
detailed experimental procedures are described in the ESL.t
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Scheme 1 The proposed mechanism for sensing HNO.

Firstly, we investigated the fluorescence properties of AC-NO,,
in EtOH/HCI solution (v/v = 1/4, pH = 1), see Fig. 1. As expected,
AC-NO, is almost non-fluorescent (@ = 0.3%) due to an efficient
PET quenching effect from the phenylenediamine to the anthracene
carboxyimide. Upon the addition of NO, ™, an obvious fluores-
cence band appeared at 522 nm (140-fold enhancement,
Fig. 1b). The fluorescence quantum yield (@) of the resulting
AC-TAz after the addition of NO,™ was calculated to be 42%.
Concomitantly, the AC-NO, solution showed a brown color with the
maximum absorption wavelength at 500 nm (Fig. 1a and b).">?*22
Upon the addition of increasing amounts of NO, , the maximum
absorption wavelength gradually blue-shifted to 440 nm (Fig. 1a)
and the color of the AC-NO, solution turned from brown to yellow,
which could easily be observed by the naked eye, resulting from the
reduced ICT effect after the reaction with NO, . The absorbance of
AC-NO, as a function of the concentration of NO,  produced a
good linear curve (Fig. S1, ESIT). The fluorescence of the AC-NO,
solution also showed a good linear relationship (R* = 0.9919) with
the concentration of NO, ™ in the range of 0-75 uM (Fig. 1c and
Fig. S2, ESIt). The detection limit was measured to be 84 nM
based on the signal-to-noise ratio (S/N = 3), which is much lower
than the threshold of permission usage in food.'** In addition,
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Fig. 1 (a) UV-vis absorption spectra and (b) fluorescence spectral changes
of AC-NO; (10 pM) in an EtOH/HCL solution (v/v = 1/4, pH = 1) upon the
addition of an increasing amount of NO,~ (0-80 puM). (c) The linear
relationship between the fluorescence intensity of AC-NO, (10 pM)
and the concentration of NO,~ (0—75 pM). Inset: Fluorescence images of
AC-NO; solutions in the presence of different amounts of NO,™ under UV
light (365 nm). (d) Fluorescence response of AC-NO, (10 uM) towards NO, ™~
(80 uM) at different time points. Conditions: Aex = 440 NM; Aem = 522 nm.
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the pH-dependent fluorescence response of AC-NO, was
evaluated (Fig. S3, ESIf), and the sensor was very stable and
showed negligible fluorescence in a wide pH range, while NO, ™
greatly boosted the fluorescence of AC-NO, under acidic condi-
tions, especially at pH = 1. Under these conditions the fluores-
cence intensity could reach saturation within 4 min (Fig. 1d).
Such rapid response together with the excellent sensitivity make
AC-NO, suitable for detection of NO,™ in real samples.

Next, we evaluated the selectivity of AC-NO, for NO,  over
other potential interfering species. As shown in Fig. 2, some
common anions and metal cations caused negligible fluorescent
changes. Additionally, the fluorescence intensity of AC-NO,
also remained unchanged after the addition of reactive oxygen
species (ClO™, H,O, and TBHP), biothiols (Hcy, Cys and GSH)
and organic acids (CH;COOH, CH3;CH,COOH). In contrast, only
the addition of NO,  led to large fluorescence enhancements
under the same experimental conditions. These observations
clearly demonstrate the high selectivity of AC-NO, towards NO, .

To explore the working mechanism, we measured the
'"H NMR and HR-MS spectra of AC-NO, after its reaction with
NO, " (Fig. 3). Due to the strong electron donating ability of the
amino groups, the proton (H,, Hp,, H. and Hg) signals of the
vicinal aryl diamine appeared at a higher field in comparison
with those of the anthracene carboxyimide in AC-NO,. After
the reaction with NO, ™, the "H NMR signals of H, and Hq in
AC-NO, appeared at 7.12 and 7.01 ppm, respectively; meanwhile the
multiplet peak of H;, and H, shifted to 7.64-7.62 ppm, implying the
formation of an electron-withdrawing triazole derivative (AC-TAz).
The HR-MS spectra in Fig. S10 (ESIT), showed a dominant peak at a
mjz value of 423.1458 (CpsH1oN,4O5", [M + H]'), which was assigned
to the product AC-TAz (calculated data: 423.1452), confirming
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Fig. 2 (a) Fluorescence spectra and (b) selectivity of the sensor AC-NO,
(10 pM) towards NO,~ (80 uM) and other analytes (500 uM) in EtOH/HCI
solution (v/v = 1/4, pH = 1). Inset in (b): the color and fluorescence images
of AC-NO; in the presence of different analytes. Conditions: Aex = 440 nm;
Aem = 522 nm.
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Fig. 3 'H NMR spectra of AC-NO, (a) in DMSO-dg:D,O = 4:1 and
(b) after the reaction with NaNO, (8 equiv.) for 10 min.

the proposed detection mechanism in Scheme 1. Together
both the HRMS and "H NMR data support the hypothesis that
AC-NO, senses NO, by the formation of the triazole-based
product AC-TAz.

Encouraged by the efficient performance of the sensor
towards NO, , we prepared paper strips by immobilizing
AC-NO, on filter paper. The paper AC-NO,-loaded strips dis-
played a brown color and were almost non-fluorescent under
UV light (Fig. 4). Upon exposure to various amounts of NO, ,
the color of the test paper gradually changed from brown to
yellow, readily detectable by the naked eye. Meanwhile, the
green-yellow emission was also clearly enhanced with increased
concentrations of NO, under the excitation of a hand-held UV
light. Thus, AC-NO, immobilized paper strips could be poten-
tially used as a portable and equipment-free method for simple,
fast and reliable colorimetric detection of NO, .

Furthermore, we applied AC-NO, to determine the NO,™
content in real food samples, including sauerkraut, radish
strips, luncheon meat and ham sausage. Distilled water and
the food samples were spiked with different concentrations of
NO, (0, 5.0, 10.0, 15.0, 20.0 and 25.0 uM), and the fluorescence
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Fig. 4 Photograph of the (a) color and (b) fluorescence of AC-NO, deposited
on test paper upon exposure to different concentrations (0-50 pM) of
NO,™ under daylight and UV light (365 nm), respectively.
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response of AC-NO, towards these samples is depicted in Fig. 5a.
The fluorescence intensity of AC-NO, showed a good linearity
(R* of 0.9900-0.9930) versus the concentration of NO,~ in all food
samples (Fig. 5b). The average recovery rates of NO, were
obtained in the range of 83.4-108.6% for all food samples
(Table S1, ESIt), which is within a range deemed acceptable
for practical use. This sensor was further validated by comparing
the results with a spectrophotometric method,** showing a good
agreement between both methods (Table 1). Furthermore, we
used AC-NO,, and the literature spectrophotometric method to
calculate the NO, content in the food samples (Table 1).
Our measurements found that the natural NO,  contents were
34.20+2.81pugg ', 33.97+3.10 ugg ', 10.21 + 1.12 pg g~ ' and
4.83 4 0.86 ug g~ for the ham sausage, luncheon meat, sauerkraut
and radish strips samples, respectively. Taken together, these
results clearly indicate that AC-NO, is sensitive enough to enable
the quantitative determination of NO,™ in commercial food
samples. The rapid response, high sensitivity and selectivity
as well as practical applications of this dual-mode responsive
sensor make AC-NO, a great candidate for real-life applications
in the determination of NO,™ content in foods.

Furthermore, we compared the detection performance of
AC-NO,, towards NO,  with previously reported fluorescence
“turn-on” sensors. The chemical structures are shown in
Fig. S11 (ESIf) and the details are summarized in Table S2
(ESIt). AC-NO, exhibits the fastest response time among the
colorimetric and fluorescence dual-mode responsive sensors
for NO, . In addition, the use of paper strips for easy quantifi-
cation and determination of NO,™ in real food samples was
successfully realized by our sensor, while this methodology was
not realized using the other two dual mode-responsive sensors.
The rapid response, high sensitivity and selectivity as well as
clear practical applications of this dual-mode responsive sensor
AC-NO,, show its great potential for the detection of NO, .
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Fig. 5 (a) Fluorescence intensity of AC-NO; (10 uM) in sauerkraut, radish
strips, luncheon meat and ham sausage in an EtOH/HCl solution (v/v = 1/4,
pH = 1). Each condition was measured three times, and the sensor was
spiked with 0, 5, 10, 15, 20 and 25 pM, respectively. (b) Linear plot of
fluorescence changes of AC-NO; against the spiked concentrations of the
sensor from 0 to 25 uM for each food sample. Error bars are £SD, n = 3.
Conditions: Aex = 440 NM; Aem = 522 Nnm.
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Table 1 Determination of nitrite content in real food samples with the
sensor AC-NO, and spectrophotometry

AC-NO, fluorescence RSD Spectrophotometry RSD

Sample (hgg™) (%) (ngg™) (%)
Ham sausage  34.20 & 2.81 8.22 36.72 + 0.97 2.64
Luncheon meat 33.97 + 3.10 9.13 35.66 + 0.36 1.01
Sauerkraut 10.21 £ 1.12 10.97 10.95 £ 0.73 6.67
Radish strip 4.83 + 0.86 17.81 4.82 £ 0.26 5.39
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