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Sulfur dioxide and its derivative sulfite widely existed in air, water as the environment pollutant. Sulfite
is also commonly used as preservative and additive in fresh fruits, vegetables, wines and pharmaceutical
materials. Due to sulfite is closely related with human diseases, it is very urgent for the sensitive and
rapid quantification of sulfite in various samples. In our study, a turn-on near infrared (NIR) fluorescent
probe (MDQ) was developed for sulfite detection based on a Michael addition reaction, with high sensitiv-
ity (LOD 4.16 nmol/L), selectivity and fast response time (400s). Using MDQ, a quantify method for sulfite
in traditional Chinese medicines (TCMs) was developed with the advantages of high precision, accuracy
and convenient operation. Furthermore, according to the photophysical property of MDQ, a portable flu-
orescence detector is designed to quantify sulfite for TCMs and surface water in Dalian city of China.
Therefore, the developed fluorescent probe MDQ and portable fluorescent detector as a rapid inspection
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instrument were successfully used to real-time monitor the sulfite in various complex samples.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Sulfur dioxide (SO;) and its derivatives (e.g., sulfite) are widely
distributed in environment and biology, which are probable to
cause serious diseases, such as difficulty in breathing, some res-
piratory illnesses, lung cancer, and wheezing [1,2]. Therefore, the
amounts of sulfite in foodstuffs, water, and pharmaceutical prod-
ucts have been rigorous controlled and limited in many coun-
tries. The Joint FAO/WHO Expert Committee on Food Additives
has issued that an acceptable daily intake of sulfite should be
lower than 0.7 mg/kg of body weight for human [3]. The United
States Food and Drug Administration (FDA), UK, and European
Union require sulfite warning on the label of foods in concentra-
tions of 10 mg/kg sulfite or more. In China, several Chinese herbal
medicines have been restricted the SO, as no more than 400 mg/kg
and the SO, level in Dioscoreae Rhizoma slices should be no more
than 10 mg/kg.

Thus, the quantification of SO, and its derivatives in various
samples is performed in the safety control for food, pharmaceu-
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tical products, and water. On the basis of electrochemistry, spec-
trophotometry, chromatography, etc., several methods have been
extensively used for the determination of sulfites [4-6]. However,
these conventional methods for sulfite determination usually re-
quire troublesome sample pretreatment, sophisticated instrumen-
tations, and longtime analysis. As now, benefited from the advan-
tages of high sensitivity and selectivity, the activatable fluorescent
probes have been widely used to sense target molecules [7-12].
Thus, several colorimetric and fluorescent probes have been devel-
oped for sulfites detection on the basis of the coordination to metal
ions [13], selective deprotection of levulinate group [14,15], and
Michael-type additions [16-18]. In contrast to the existing ratio-
metric or turn-off fluorescent probes [19-21], a near-infrared (NIR)
fluorescent probe with large Stokes shift is designed for sensing
sulfite in our present study.

In this study, dicyanoisophorone was used for the designa-
tion of the fluorescent probe, as a chromophore with the hope-
ful near infrared fluorescence emission (Ae; > 650 nm), which is
beneficial to reduce background fluorescence [22,23]. On the other
hand, 1-methylquinolinium cation was used as the active moi-
ety for the assumed Michael addition with sulfite. Furthermore,
compared with some lipid soluble fluorescent probes for detect-
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Fig. 1. (A) Illustration for the reaction between MDQ and sulfite. (B) The absorption
spectra of MDQ in presence/absence of SO3%~. (C) The fluorescence spectra of MDQ
in presence/absence of SO32~. [SO3%~ | =6 pmol/L, Aex =580 nm.

ing SO, [14,24], the quaternary ammonium salt increases the wa-
ter solubility of designed probe, improving the application for sul-
fite detection. Finally, the conjugate of dicyanoisophorone and 1-
methylquinolinium cation was synthesized (MDQ), which was as-
sumed the Michael addition with sulfite as well as the turn-on
NIR fluorescence signal based on the intramolecular charge trans-
fer (ICT) process (Fig. 1A).

As shown in Fig. 1B, the addition reaction between MDQ and
sulfite afforded a new absorbance peak (Amax =590 nm) in compar-
ison with the original absorption of MDQ (Amax =386 nm), which
was induced by the supposed product MDQ-SO5 from the Michael
addition reaction between MDQ and sulfite, and accompanied by a
strong NIR fluorescence signal (Aem =670 nm). In contrast, no fluo-
rescence signal was observed for MDQ excited by laser at 580 nm
(Fig. 1C). So, MDQ as a substrate can be activated by sulfite along
with distinct turn-on fluorescence signal, showing the potential ap-
plication for sulfite detection.

As a designed fluorescent probe, the fluorescence behavior of
MDQ and responses of MDQ toward sulfite was evaluated in the
presence of various interference factors. For the pH values of
HEPES buffer, significant fluorescence signal was observed for MDQ
in alkalinous HEPES buffer (pH > 8). Meantime, the addition re-
action of MDQ and sulfite displayed strong fluorescence signal in
HEPES buffer with pH values more than 7 (Fig. S7 in Support-
ing information). Above all, HEPES buffer was optimized as pH 8
for the detection of sulfite using MDQ. In contrast to the pH val-
ues, the detection of sulfite by MDQ is insensitive to temperature
(Fig. S8 in Supporting information), which indicated its broad ap-
plication for SO32~ detection (20-40°C). Additionally, the speci-
ficity of MDQ toward sulfite was also investigated in the presence
of various species, such as amino acids, metal ions, and common
anions. As shown in Fig. S9 (Supporting information), the simi-
lar fluorescence intensities suggested a good selective detection of
sulfite by MDQ, which means that the presence of amino acids,
ions display little interference on the fluorescence signals. Finally,
the time-dependent stability and fluorescence response of MDQ
toward sulfite has been studied (Fig. S10 in Supporting informa-
tion). First, MDQ showed a good stability with no fluorescence sig-
nal in HEPES buffer in 1000 s. Secondly, the fluorescence inten-
sity (Aem =670 nm) of the addition reaction between MDQ and sul-
fite promptly increased and reached a plateau at about 400s, in-
dicating a fast response of MDQ toward sulfite. As the incubation
time ranged to 1000s, the fluorescence intensity exhibited negli-
gible changes, suggesting the stability of addition product, along
with the maneuverability of the sulfite detection.

Using MDQ as a fluorescent molecular tool, the quantify
method for environmental sulfite was developed in this study.
In HEPES buffer, the fluorescence responses of MDQ (10 pmol/L)
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Fig. 2. (A) Fluorescence spectra of MDQ toward SO;2~ at different concentrations
(0-6 pmol/L). Aex =580nm, Aem =670 nm. (B) Linear relationship between fluores-
cence intensities and SO32~ concentrations. n=3. Imaging of MDQ toward SO3%~
under fluorescence imager (C, Aex=532nm, Aem =670+15nm), UV (D, 365nm),
and sun light (E). The quantification repeatability of SO32~ by MDQ. (F) Precision
(n=6) and (G) accuracy evaluation (n=3) for the quantification of SO32~ by MDQ
in different solvent system. All data points are mean + SD.

toward sulfite with concentrations ranged from 0 pmol/L to 6
umol/L were investigated, giving successive fluorescence spectra
corresponding to the sulfite amount (Fig. 2A). An excellent lin-
ear relationship was obtained between the fluorescence intensity
(Aem=670nm) and sulfite amount (Fig. 2B), together with the
highly sensitive LOD (4.16 nmol/L, 3o /k), suggesting the quantify
concentrations for sulfite determination in tested samples. Fur-
thermore, the fluorescence behavior of MDQ toward the concen-
tration changes of sulfite could be observed by imaging experi-
ments. As can be shown in Fig. 2C, imaging results exhibited grad-
ually increasing fluorescence signal along with the increased sulfite
amount. Under the portable ultraviolet lamp (365 nm), the wells
with the existence of sulfite displayed distinct red fluorescence sig-
nals in comparison with the colorless image of MDQ without sul-
fite (Fig. 2D). Even under the naked eye, a noticeable color change
from yellow to purple was observed for these wells in the presence
of different sulfite amounts (Fig. 2E). The distinct color alteration
of MDQ solutions induced by different sulfite levels displayed the
potential application of MDQ for preliminary sulfite detection by
naked eye.

For the quantify method of sulfite by MDQ, it was validated sys-
tematically based on various indicators. As shown in Fig. 2F, the
fluorescence intensities corresponding three sulfite amounts were
measured, which indicated a good repetitiveness. The intra preci-
sion and inter day precision about the sulfite determination were
evaluated by the fluorescence intensity measurement. As a result,
the sulfite determination method by MDQ displayed an excellent
precision about both intra-day (RSD < 1%) and inter day (RSD <
3%) (Table S1 in Supporting information). The accuracy about sul-
fite determination by MDQ was also investigated by recovery eval-
uation. In different tested medium (tap water, sea water and HEPES
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Fig. 3. Sulfite determination in various TCMs using MDQ. (A) Illustration for the procedure. (B) Sulfite content of various TCMs: Paeoniae Radix alba (1), Bletillae Rhizoma
(2), Atractylodis macrocephalae Rhizoma (3), Codonopsis Radix (4), Puerariae Thomsonii Radix (5), Achyranthis bidentatae Radix (6), Dioscoreae Rhizome (7), Asparagi Radix (8),
Trichosanthis Radix (9), Gastrodiae Rhizoma (10). n=3 each group. All data points are mean =+ SD.

buffer), good recoveries (95%—105%) were achieved for these sul-
fite spiked samples (0.4, 1.2 and 3.0 pmol/L) (Fig. 2G, Table S2 in
Supporting information), which indicated that the concentration of
sulfite in real samples could be accurately determined by MDQ.
Therefore, using MDQ as the fluorescent probe, a sensitive and re-
liable quantify method was established for sulfite.

For the safety control of traditional Chinese medicines (TCMs),
sulfite should be determined accurately. In general, SO, in TCMs is
determined by ion chromatography, gas chromatography and other
analysis methods [25-27]. Herein, ten TCMs (each 5-6 batches)
were determined the sulfite levels using the present fluorescence
method based on MDQ. A standard operation procedure was es-
tablished for sulfite quantification of TCMs in combined with mate-
rial preparation, Michael addition reaction, and fluorescence inten-
sity measurement (Fig. 3A). In general, the powdered TCMs were
extracted with HEPES buffer, which were further incubated with
MDQ for the determination of sulfite by the fluorescence intensity.
Meantime, non-fluorescence signal was observed in these tested
samples excited by laser at 532 nm, indicating little interference
of endogenous molecules, such as peptides, secondary metabolites
(e.g., flavones, saponins, and polyphenols). Analysis of the fluores-
cence intensity of tested samples and standard sulfite samples has
been performed to determine the sulfite concentration. It can be
shown that the sulfite levels of all tested samples were no more
than 700 pmol/kg, most of which were lower than 100 umol/kg
(Fig. 3B, Table S3 in Supporting information). In addition, the fluo-
rescence images of tested samples were obtained, displaying differ-
ent fluorescence intensity corresponding to the sulfite amounts in
these TCMs. The fluorescence images reflected the sulfite amounts
visually, which can be used to determine the sulfite levels in an
intuitive way. Therefore, using MDQ as the sensitive probe, a vali-
dated method has been established for the quantification of sulfite
in TCMs.

According to the optical property of MDQ and the fluorescence
behavior of the detection of SO32~ by MDQ, a portable fluores-
cence detector was equipped for quantifying SO32~. As shown in
the schematic diagram (Fig. 4A), the portable detector was mainly
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Fig. 4. (A) Schematic diagram of the portable fluorescence detector for the sulfite
determination. (B) Photograph of the portable fluorescence detector. (C) The correla-
tion analysis of the sulfite determination in various TCMs by the microplate reader
and the portable fluorescence detector.

equipped with a laser (Aex =525nm), a filter (Ae, > 650nm) and
a photoelectric converter. When the tested solution was subjected
into the tested cell, the fluorescence intensity could be measured
under the excitation at 525nm. Then, delivered by Bluetooth, the
fluorescence signal was exhibited and stored in a mobile termi-
nal. Thus, the present portable fluorescence detector can be car-
ried and operated by one person for SO;2~ determination in real
time and position. Using the portable detector (Fig. 4B), SO32~
was determined in eight TCMs, exhibiting excellent correlation
with the quantification analysis by the commonly used microplate
reader (Fig. 4C), which suggested the application of the developed
portable detector for accuracy quantification of SO32~.
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Fig. 5. The SO32- content in surface water distributed in three districts of Dalian
city (China) determined by the portable fluorescence detector. n=3. All data points
are mean =+ SD.

Sulfite amount is an important factor for water quality, which
mainly derived from the air pollution (SO,), domestic and indus-
trial wastewater. Some methods have been developed (e.g., LC-
MS/MS method, spectrophotometric method, test strip method and
spot test method) for sulfite determination in water, beverages,
wine, and beer [6,16]. In contrast to previous methods, we aimed
to perform a rapid and portable determination of sulfite in water
samples. Herein, ten surface water samples (river, lake and pool)
collected from three districts in Dalian city were quantified sulfite
using the present portable fluorescence detector together with the
method based on MDQ. As a result, the sulfite level was no more
than 30 pmol/L for all water samples (Fig. 5). Especially, there were
three water samples containing few sulfites (<5 pmol/L). Thus, the
portable fluorescence detector together with a new fluorescence
tool (MDQ) was developed for sulfite determination, with some
advantages of convenience, maneuverability, and high sensitivity.
It also displayed the potential application for field-test of sulfite
amount in water sample.

In summary, the conjugate of dicyanoisophorone and 1-
methylquinolinium cation as a fluorescent probe (MDQ) was ap-
plied to develop a quantifying method for SO32~ in real sam-
ples with high sensitivity and selectivity, fast response and low
detection limit. Additionally, a portable fluorescence detector has
been designed and equipped for SO32~ detection based on the es-
tablished method using MDQ. The present portable detector to-
gether with a sensitive and selective fluorescence tool (MDQ) dis-
played potential application for the rapid quality control of various
samples, such as water, traditional Chinese medicines, foods, and
wines.
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