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Abstract: Rongalite was reported illegally used as a food additive for bleaching purposes and
improving the tenderness of foodstuffs, which may endanger public health. At present, rongalite was
mostly detected by indirect methods via derivatization or determining its decomposition products. In
this study, we developed a new fluorescence sensor for the direct quantification of rongalite based on
the principles: (1) dopamine reacts with resorcinol and generates strong fluorophore (azamonardine);
(2) rongalite could inhibit the production of fluorophores and then result in lower fluorescence
intensity. Hence, the rongalite concentration was inversely proportional to fluorescence intensity
of fluorophore. Several crucial reaction conditions of fluorescence sensor were further optimized,
such as dopamine and resorcinol concentration, pH values, and reaction time. Under the optimal
conditions, the limit of detection of fluorescence sensor was 0.28–0.38 µg/g in vermicelli, wheat
and rice powder samples, exhibiting almost 3.5-fold improvement compared to that of lateral flow
immunoassay. Moreover, the detection time was substantially decreased to 20 min. The recoveries
in spiked samples were 80.7–102.1% with a coefficient of variation of less than 12.6%. In summary,
we developed a direct, high throughput, selective and accurate fluorescence sensor that poses a
promising application for the rapid detection of rongalite in foodstuffs.

Keywords: rongalite; fluorescence sensor; rapid detection; foodstuffs

1. Introduction

Rongalite, also known as sodium formaldehyde sulfoxylate, is a versatile and com-
mercially available reagent, which is typically used as an industrial bleaching agent for vat
dyeing as well as a green reagent in organic synthesis [1–3]. Although rongalite possesses
diverse applications, its addition to food as a decolourant is prohibited. This is because the
unstable rongalite in acidic solution and the heated condition is decomposed in equimolar
amounts into formaldehyde and sodium bisulfite [4,5], both of which are serious threats to
human health. As one of the decomposition products, formaldehyde plays a key role in
food preservation but is associated with pain, nausea, dermatitis, central nervous system
injury, and carcinogenic effects when the human body ingests formaldehyde in excessive
quantities [6,7]. Sodium bisulfite, another decomposition product, is used as a color sta-
bilizer and antioxidant in the food industry, however, it may generate harmful gas such
as H2S and SO2 under certain conditions [8]. Rongalite possesses similar physical and
chemical properties to both formaldehyde and sodium bisulfite, resulting in the motive for
the abusive and substitutional use of rongalite in the food processing industry. As reported,
the rongalite was illegally used as a food additive for bleaching purposes and to improve
the tenderness of wheat powder, rice powder, tofu, vermicelli, and other foodstuffs, which
caused adverse effects on human health in different countries [9,10]. Thus, it is urgent and
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necessary to develop a reliable, rapid, and sensitive detection method for rongalite analysis
in food samples.

Until now, the analysis method for rongalite includes indirect and direct methods. The
indirect methods generally defined the decomposition products (formaldehyde and sodium
bisulfite) as detection makers rather than rongalite directly, maybe leading to ambiguous
and inaccurate detection results [11,12]. In addition, the indirect methods mainly consisted
of instrumental methods such as capillary electrophoresis [13] and high-performance liquid
chromatography [14], which suffer from sophisticated instrumentation and tedious sample
preparation. Hence, the indirect methods were not a promising method for accurate and
convenient analysis of rongalite. Recently, several direct methods that adopted rongalite
itself as the detection maker were reported as alternative methods for the rapid detection
of rongalite. For instance, based on a rongalite-specific aptamer, Li et al. established a
sandwich lateral flow strip (LFIA) assay with the limit of detection (LOD) of 1.0 µg/mL [15];
Jing et al. developed a sandwich-type enzyme-linked immunosorbent assay (ELISA) with
the LOD of 0.57 ng/mL (Table S1) [16]. Although the aptamer-participated methods were
rapid and sensitive, the key reagent aptamer with high specificity and affinity was hard to be
prepared. Recently, Abubakar et al. reported a fast but low-flux electrochemiluminescence
(ECL) method for the detection of rongalite in foodstuffs with a LOD of 0.07 µg/mL
(Table S1) [9]. Nowadays, with the increasing demand for quicker and higher throughput
screening of rongalite, ongoing effort should be focused on developing new and generic
detection methods, and the rongalite residue in food should be timely assessed.

Fluorescence-based sensing platforms were a promising alternative system for achieving
rapid implementation, sensitive and high-throughput detection of chemical contaminants [17,18].
In fluorescent analysis, fluorophores serve as an important signal reporter and achieve
the goal of quantitative analysis through “turn on” or “turn off” responses. Recently, the
fluorophores that were prepared through a one-step bimolecular reaction attracted lots of
attention and were used in the analysis field [19,20]. For example, Acuna et al. described a
strong yield fluorophore (azamonardine product) that was prepared by a simple reaction of
resorcinol and catecholamines, and then the fluorophore could be used for analytical and
imaging techniques [21]. Based on the above study, some researchers employed dopamine
(or resorcinol) as the catalytic product of tyrosinase (or alkaline phosphatase), and then
added the incorporating substrate to induce a fluorescence response [22–25].

Inspired by the above research, we propose that the introduction of a strong reductant
(rongalite) could inhibit the introduction of fluorophores, achieving the quantification of
rongalite in foods. Herein, we explored the fluorescence intensity response between fluo-
rophore and diversity concentrations of rongalite and construct a simple on-site detection
system for the rapid detection of rongalite in vermicelli, wheat and rice powder. This
research provides a new strategy for the determination of rongalite in foods quality control.

2. Materials and Methods
2.1. Materials and Apparatus

Rongalite, dopamine hydrochloride and resorcinol were purchased from Macklin
Company (Shanghai, China). Formaldehyde solution (37–40%) was obtained from J &K
Scientific (Beijing, China). Glucose, sucrose, glutamate, prolamin and Ca2+ were supplied by
Aladdin Industrial Corporation (Shanghai, China). Sodium carbonate, sodium hydroxide
and hydrochloric acid were purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing,
China). All the reagents were analytical grade.

Sterile syringe filters (0.45 µm) were obtained from Merck (Merck Millipore, Burlington,
MA, USA). White opaque microplates were supplied by Corning Ltd. (Corning Life
Science, Hartford, NY, USA). Ultra-pure water was used in all aqueous solution and was
produced by Millipore purification system (MilliQ gradient A10, Millipore, Bedford, MA,
USA). Fluorescence excitation and emission spectra, absorption spectra, optical density,
and fluorescence intensity were measured using a microplate reader (SpectraMax M2e,
Molecular Devices, San Jose, CA, USA). The pH values were measured by a pH meter
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supplied by Thermo Fisher Scientific Inc. (Orion 4 Star, Beverly, MA, USA). The mass
spectrum analysis was performed on the electrospray ionization (ESI)-TRIPLE QUAD 5500
(AB SCIEX, Framingham, MA, USA.) in the negative ion mode.

2.2. Characterization of the Fluorescence Sensing Platform

Dopamine and resorcinol were dissolved in ultra-pure water at the concentrations of
50 and 20 µM, respectively. The dopamine (30 µL) and resorcinol (30 µL) solution were
injected into the microplates, followed by the addition of 200 µL NaOH solution (pH 9.5) or
rongalite standard solution (5 µg/mL, in NaOH solution, pH 9.5). The mixture solution was
incubated in a metal bath at 45 ◦C for 20 min before detection. The absorption spectrum,
fluorescence spectrum, optical density (OD), and fluorescence intensity of four solutions
(dopamine, resorcinol, mixture solution of dopamine and resorcinol, mixture solution of
dopamine, resorcinol and rongalite, 260 µL) were measured using a microplate reader.
Note that dopamine hydrochloride was abbreviated to dopamine in this paper.

2.3. Dopamine and Resorcinol Concentration-Response

The checkerboard assay and two-point (0 and 0.25 µg/mL rongalite) competitive
format was adopted to study the optimal concentrations of dopamine and resorcinol
solution. Briefly, the concentrations of dopamine solution were 5, 10 and 50 µM with
the resorcinol solution ranging from 1.25 to 40 µM. Then, the fluorescence intensity (λex,
420 nm, λem, 465 nm) was measured, and the inhibition ratio (Equation (1)) at different
concentrations was recorded to evaluate the response tendency.

Inhibition ratio (%) = (F0 − F1)/F0 × 100% (1)

where F0 and F1 are the fluorescence intensity of the wells in the absence of rongalite and
in the presence of rongalite, respectively.

2.4. Reaction Conditions Optimization
2.4.1. pH Values Optimization

The NaOH solution at different pH values (from 6 to 12, with a concentration gradient
of 1) was prepared to explore the relationship between fluorescence intensity and pH values.
The microplates were incubated at 45 ◦C for 20 min, and then the fluorescence spectrum (λex,
420 nm) and fluorescence intensity (λex, 420 nm, λem, 465 nm) were measured, separately.

2.4.2. Carbonate Concentration Optimization

The carbonate solution was more stable than the NaOH solution, thus we further
optimized the carbonate concentration at 0, 5, 7.5, 10, 12.5, 15, 17.5 and 20 mM. The detailed
experiment procedure was similar to the “Dopamine and resorcinol concentration-response”
section, except for replacing the NaOH solution with carbonate solution.

2.4.3. Reaction Time Optimization

The reaction time of the fluorescence sensing system was optimized to evaluate
whether the reactions reached equilibrium. In total, six time points from the reaction
process were selected (5, 10, 15, 20, 30 and 40 min), and the corresponding fluorescence
spectrum and intensity were measured.

2.5. Fluorescence Sensing Platform Development

Under the optimal conditions, various rongalite solutions (sample extracts or other
related compounds, 200 µL) at consecutive concentrations were added to the mixture
reaction system of dopamine (30 µL) and resorcinol (30 µL) and incubated for 20 min.
The fluorescence intensity (λex, 420 nm, λem, 465 nm) was measured and the sigmoidal
curve was fitted using a four-parameter logistic equation (Equation (2)) with the assistance
of OriginPro 8.0 (Northampton, MA, USA). Some agents were evaluated to explore the
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selectivity of our fluorescence sensing system at 0, 0.25 and 10 µg/L, such as formaldehyde,
sodium bisulfite, glucose, sucrose, glutamate, prolamin and Ca2+.

Y = (A − B)/[1 + (X/C)D] + B (2)

where A and B represent the responses at high and low asymptotes of the curve, C stands
for the concentration of the analytes resulting in 50% inhibition, D represents the slop factor,
and X is the calibration concentration.

2.6. Sample Preparation and Method Validation
2.6.1. Sample Preparation

The sample preparations of vermicelli, wheat and rice powder were operated ac-
cording to the previous study with some modifications [16]. 1.0 g wheat or rice powder
(vermicelli was ground into powder) was dispersed in 5 mL carbonate solution (2 mM, pH
10), and the mixture was maintained for 10 min under ultra-sonication (40 ◦C). After 15 min
of centrifugation at 10,000 rpm, the supernatant solution (1.0 mL) was collected and filtered
with sterile syringe filters (0.45 µm), diluted with carbonate solution 4 times, and then
subsequently submitted to the fluorescence sensing platform for the rongalite detection.

2.6.2. Limit of Detection

Negative samples were supplied and verified by Anhui Public Inspection Research
Institute Co., Ltd. (Hefei, China). The LOD was defined as the concentration corresponding
to the average fluorescence intensity of 20 negative samples plus 3 times the standard
deviation (three independent experiments) [26,27].

2.6.3. Method Validation

Three samples, including vermicelli, wheat and rice powder were spiked with rongalite
at different concentrations. After sample pretreatment, the samples were detected using
the fluorescence sensing platform. Subsequently, the recovery ratios and variations in intra-
and inter-assays were calculated.

3. Results and Discussion
3.1. Assay Principle for the Fluorescence Sensing Platform

According to the previous reports, under the alkaline condition, the dopamine could
react with resorcinol within several minutes, producing in situ azamonardine fluorophores
via a nucleophilic attack (shown in Scheme 1) [25]. In this research, we introduced a
rongalite solution in the reaction system, and a surprising decreased optical density and
fluorescence intensity were observed in Scheme 1. In detail, the absorption peaks of
dopamine and resorcinol were both 351 nm (Figure 1a). A new absorption peak for
the reaction product of dopamine and resorcinol was 415 nm with an optical density of
1.06, and its optical density was weakened with the addition of rongalite. Subsequently,
the fluorescence signal of the above solutions was further characterized. The maximum
excitation and emission wavelengths of the product solution were centered around 420 nm
and 465 nm (Figure 1b). It is obvious that the fluorescence intensity (1,3125) decreased to 625
since the addition of rongalite. Thus, the in situ system could be used for the quantification
of rongalite in samples. We finally selected the fluorescence system for the subsequent
research rather than optical signals because the fluorescence system has higher sensitivity
owing to its high signal-to-noise (S/N) ratio.
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Scheme 1. Reaction mechanisms of fluorescence sensor for rongalite detection. Resorcinol reacts with
dopamine and produces blue fluorophore (azamonardine) under alkaline conditions. The fluorescence
intensity of azamonardine sharply decreased with the addition of rongalite, and the standard curve
is constructed based on fluorescence intensity. Subsequently, the rongalite concentration in foodstuffs
is measured via microplate reader.
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Figure 1. The (a) UV-vis absorption spectra and (b) fluorescence spectra of four solutions (named
by 1, 2, 3 and 4), (c) fluorescence intensity and (d) inhibition ratio for dopamine and resorcinol
concentration-response. Four numbers (1–4) inserted in the figures means dopamine, resorcinol,
the mixture solution of dopamine and resorcinol, the mixture solution of dopamine, resorcinol and
rongalite, respectively.

We hypothesize that there existed two possibilities for the addition of rongalite to
reduce the fluorescence intensity: (1) the rongalite acts as a protective agent and prevents
the oxidizing of dopamine or reduce the reaction product, resulting in the decreased gen-
eration of azamonardine fluorophores; (2) the rongalite undergoes a reduction reaction
with dopamine or resorcinol, which reduce the concentration of reaction substrate and
inhibited the production of fluorophores. To illustrate the principle of the in situ fluores-
cence assays, the chemicals in the reaction system were characterized using HPLC-MS. The
dopamine hydrochloride and resorcinol exhibited ion peaks at 188.0 and 109.0 (m/z, [M-H]−)
(Figure S1a,b). The ion peaks of rongalite couldn’t be found at 117 (m/z, [M-H]−), because
of the high-temperature vaporization of rongalite. As shown in Figure S1c, the intense
ion peak at 258.1 (m/z, [M-H]−) was attributed to azamondardine (reaction product of
dopamine and resorcinol, without purification), which was consistent with the previ-
ous research [25]. The intensity of azamondardine sharply decreased from 8.9 × 107 to
4.0 × 103, when rongalite was presented in the reaction system (Figure S1d). Moreover, we
observed that the mixture of dopamine and rongalite, or resorcinol and rongalite wouldn’t
produce a new chemical reaction. This was because the ion peaks intensity of dopamine
and resorcinol remained almost unchanged, and moreover there didn’t exist new ion peaks
(Figure S2a,b). Herein, our first supposition, whereby rongalite served as a protective agent
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and prevented the yielding of azamonardine fluorophores, was true and proved to be a
new strategy for the detection of rongalite.

3.2. Dopamine and Resorcinol Concentration–Response

Dopamine and resorcinol concentration–response is closely related to the sensitivity
of the fluorescence sensing platform. In theory, the higher concentration of dopamine and
resorcinol would generate bright fluorescence, resulting in faint competitive affection of
rongalite and lower sensitivity. On contrary, rongalite at low concentrations could inhibit
the yield of fluorescence when a lower concentration of reactant was used. In this case,
the fluorescence sensor possesses excellent sensitivity but is unstable due to the obvious
variation coefficient of lower fluorescent intensity. Here, we explored the dopamine and
resorcinol concentration–response by analyzing the variation of fluorescent intensity via a
two-point competitive format.

The fluorescent intensity heightened evidently with the concentration of dopamine
varying from 5 to 50 µM and resorcinol changing from 1.25 to 40 µM, due to the reaction
product (azamonardine fluorophores) increased. However, the corresponding fluorescent
intensity also increased in the presence of rongalite (Figure 1c). It is hard to select the supe-
rior point of dopamine and resorcinol concentration–response. Subsequently, the inhibition
ratio was evaluated and described in Figure 1d. We found that dopamine concentration
has an obvious effect on the inhibition ratio at the same resorcinol concentration. The
lower inhibition ratio (6.7–29.7%) was observed when dopamine concentration was 50 µM.
There was no significant difference in terms of inhibition ratio (44.9–52.2%) when resorcinol
concentration ranged from 2.5 to 20 µM and dopamine concentrations were 5 and 10 µM.
Finally, the 5.0 µM and 10.0 µM were separately selected as the optimal response concentra-
tions for dopamine and resorcinol, considering the appropriate fluorescence intensity (388)
and the highest inhibition ratio values (52.2%).

3.3. Optimization of Reaction pH, Carbonate Concentration and Response Time

Three experiment parameters, including reaction pH, carbonate concentration and
response time, were further optimized for improving the stability, sensitivity and saving
the reaction time of the fluorescence sensor.

The pH values were a vital parameter for the reaction system because the formation of
azamonardine relies on a rigid alkaline condition. Here, we investigated the effect of pH
values on fluorescence intensity under the optimal dopamine and resorcinol concentration-
response. The fluorescence intensity raised following the increase of pH values (Figure 2a),
and its corresponding values at 465 nm were exhibited in Figure 2b. Briefly, the fluorescence
intensity was close to 0, when the pH values were 6 and 7. This result indicated the chemical
reaction between dopamine and resorcinol was hardly to occur under acidity or neutral
conditions, which was consistent with previous research [20]. Meanwhile, the inhibition
ratio was low (−2.2% to 28.9%, Figure 2c). In the absence of rongalite, the fluorescence
intensity increased from 117 to 488 when the pH values ranged from 8 to 12; however, the
fluorescence intensity in the presence of rongalite (0.25 µg/mL) also increased at the same
time (Figure S3). Thus, the inhibition ratios increased followed by a decrease. A higher
inhibition ratio usually means higher sensitivity. Hence, 10 was selected as the optical
reaction pH value for the fluorescence sensor with an inhibition ratio of 54.3%.
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Generally, the buffer solution plays a vital role in fluorescence analysis, which fur-
nishes stable and accurate detection conditions by sustaining the pH and ionic strength
at constant values [28]. In this research, the carbonate buffer solution served as the sys-
tem buffer solution, considering it was the frequently used alkaline buffer solution. We
hypothesize the ionic strength at different concentrations might interfere with the stability
of the fluorescence signal. Here, we explored the affection of ionic strength concentration
of carbonate buffer (pH 10) on fluorescence intensity and inhibition ratio. The discrete
degree of fluorescence signal was low at different ionic strength concentrations, illustrating
the ionic strength did not affect the stability of the fluorescent signal (Figures 2d,e and S4).
However, a slight variation in fluorescence intensity and inhibition ratio was observed,
which confused us. Finally, the ionic strength at 2 mM contributed to the higher inhibition
ratio (54.9%) and was selected as the excellent concentration (Figure 2f).

The fluorescence signal of the product will continue to rise or be unstable if the reaction
has not reached equilibrium. Consequently, we evaluated the response time to develop an
accurate and constant fluorescence sensor. As shown in Figure 3a,b, the fluorescence signal
sharply increased from 136 to 438 between 5 min and 20 min and tended to be balanced at
20 min. Aiming to improve detection efficiency, we choose 20 min as the optical response
time. Generally, a rapid detection method could provide a report in <25 min [29,30].
Therefore, our fluorescence sensor has obvious advantages in terms of saving time.
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3.4. Development of Fluorescence Sensor

Under the optimal conditions, a series of rongalite concentrations were prepared for
construct a standard curve, i.e., 0, 0.01, 0.03, 0.09, 0.27, 0.81, 1.30 and 2.43 µg/mL. The
fluorescence intensity faded with the increase of the rongalite concentration in the buffer
solution (Figure 4a,b). Subsequently, a standard curve was fitted using a four-parameter
logistic equation (Figure 4c) with the half inhibitory concentration of 0.22 µg/mL (R2, 0.993),
and its linear range was 0.05 µg/mL to 0.90 µg/mL (marked with the blue outline).

Foods 2022, 11, x FOR PEER REVIEW 8 of 12 
 

 

 

Figure 3. The (a) fluorescence spectra, (b) fluorescence intensity of the fluorescence sensor with the 

time ranged from 5 to 40 min. (c) The selectivity of the fluorescence sensor. 

3.4. Development of Fluorescence Sensor 

Under the optimal conditions, a series of rongalite concentrations were prepared for 

construct a standard curve, i.e., 0, 0.01, 0.03, 0.09, 0.27, 0.81, 1.30 and 2.43 μg/mL. The flu-

orescence intensity faded with the increase of the rongalite concentration in the buffer 

solution (Figure 4a,b). Subsequently, a standard curve was fitted using a four-parameter 

logistic equation (Figure 4c) with the half inhibitory concentration of 0.22 μg/mL (R2, 

0.993), and its linear range was 0.05 μg/mL to 0.90 μg/mL (marked with the blue outline). 

 

Figure 4. (a) Fluorescence photos and (b) fluorescence spectra of the fluorescence sensor exposed 

on a series of rongalite concentrations. (c) The standard curve of the quantification of rongalite. 

We explored the selectivity of fluorescence sensor by analyzing some reducing 

agents (formaldehyde, sodium bisulfite), and matrix factors (glucose, sucrose, glutamate, 

prolamin, Ca2+). As shown in Figure 3c, although formaldehyde and sodium bisulfite dis-

played a response to the fluorescence intensity, the response concentration that made the 

signal decrease in half was higher than 10 μg/mL. Hence, these interfering factors could 

be recognized as the negligible response. Other interfering factors would not generate the 

signal response, which indicated the fluorescence sensor was selective enough for the 

rongalite detection. 

Compared with the instrumental analysis, a simple and convenient sample prepara-

tion method was a crucial section for rapid detection [31,32]. Generally, for combined 

forms of analytes and samples, the analytes in samples were extracted using organic sol-

vent followed by dilution; otherwise, they were extracted with buffer solution for disso-

ciated forms of analytes and samples or analytes with higher water solubility. In this re-

search, the carbonate buffer solution (pH 10, 2 mM) was selected to extract the rongalite 

in samples. The matrix effect of the extract was expected to be removed by dilution and 

was explored in two steps. Firstly, the extraction solution of samples was diluted with 

carbonate solution for 2, 4 and 8-fold, and then its fluorescence intensity was measured 

using the fluorescence sensing platform. Owning to the matrix factors could interfere with 

the trigger of fluorescence signal, hence, the lowest dilution corresponding to the fluores-

cence intensity similar to that in buffer solution was preliminarily selected as the point 

Figure 4. (a) Fluorescence photos and (b) fluorescence spectra of the fluorescence sensor exposed on
a series of rongalite concentrations. (c) The standard curve of the quantification of rongalite.

We explored the selectivity of fluorescence sensor by analyzing some reducing agents
(formaldehyde, sodium bisulfite), and matrix factors (glucose, sucrose, glutamate, prolamin,
Ca2+). As shown in Figure 3c, although formaldehyde and sodium bisulfite displayed a
response to the fluorescence intensity, the response concentration that made the signal
decrease in half was higher than 10 µg/mL. Hence, these interfering factors could be
recognized as the negligible response. Other interfering factors would not generate the
signal response, which indicated the fluorescence sensor was selective enough for the
rongalite detection.

Compared with the instrumental analysis, a simple and convenient sample preparation
method was a crucial section for rapid detection [31,32]. Generally, for combined forms
of analytes and samples, the analytes in samples were extracted using organic solvent
followed by dilution; otherwise, they were extracted with buffer solution for dissociated
forms of analytes and samples or analytes with higher water solubility. In this research, the
carbonate buffer solution (pH 10, 2 mM) was selected to extract the rongalite in samples. The
matrix effect of the extract was expected to be removed by dilution and was explored in two
steps. Firstly, the extraction solution of samples was diluted with carbonate solution for 2, 4
and 8-fold, and then its fluorescence intensity was measured using the fluorescence sensing
platform. Owning to the matrix factors could interfere with the trigger of fluorescence
signal, hence, the lowest dilution corresponding to the fluorescence intensity similar to that
in buffer solution was preliminarily selected as the point eliminating the matrix effect of
samples. Compared with the fluorescence intensity in buffer solution (in the absence of
rongalite), 2-fold dilution of extraction solution exhibited obvious matrix effect along with
the decreased signal (Figure S5). Nevertheless, 4- and 8-fold dilution could avoid the matrix
effect. Obviously, a 4-fold dilution appeared to avoid the matrix effect. Secondly, the matrix
calibration curve was constructed via spiking rongalite at different concentrations in the
4-fold extraction solution. As shown in Figure S6, all the extraction calibration curves were
in good agreement with the standard curve in buffer solution, which indicated the 4-fold
dilution eliminated the matrix effect. Eventually, a 4-fold dilution of extraction solution was
selected as the preferred preparation method for samples considering the higher sensitivity
of the fluorescence sensor.

Detailed parameters about average fluorescence intensity of 20 negative samples and
standard deviation were displayed in Table S2. Subsequently, the calculation results were
submitted to the standard curve and obtained the LOD. Thus, the LOD was measured after
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sample preparation, and was calculated as 0.38, 0.28 and 0.32 µg/g for vermicelli, wheat
and rice powder, and the linear range was about 1–18 µg/g.

Despite possessing sensitive properties, the reported indirect assays generally quanti-
fied rongalite via derivatization or determining its decomposition products [11]. In contrast,
our research could achieve the goal of direct and rapid detection of rongalite. Here, we
summarized several direct and rapid detection methods for rongalite in foodstuffs and
compared them with our fluorescent assay (Table S1). The proposed fluorescence sensor
displayed an excellent performance in LOD (0.28–0.38 µg/g) compared with that of the
lateral flow immunoassay (1 µg/mL) but exhibited higher LOD compared with other
assays. Actually, LOD is not the only criterion for evaluating assay performance; therefore,
other parameters should be taken into accounts, such as the required materials and linear
range for the assay and the pretreatment procedure for samples. Among the assays, the
ECL method has the widest linear range (4.7–118 µg/mL) [9]. It was also observed that the
dilution factor was 40, which means the ECL method was susceptible to the matrix effect
of samples and the stability of the detection result might be interfered. Comparatively,
our proposed fluorescent sensor possessed higher matrix tolerance with a dilution factor
of 20. The reported ELISA displayed an excellent LOD of 0.57 ng/mL. However, the
experimental procedure was complex and the operation time was 110 min. Compared with
ELISA, our fluorescent assay possessed the advantage in terms of less time (20 min), and
saved 5.5-fold time. Actually, ELISA and LFIA both required aptamer as the recognition
material. As reported, aptamer was usually acquired through multi-round exponential
enrichment, its screening procedure being full of considerable workload. Preparing two
aptamers to recognize different sites of the small molecule was especially a challenge. Thus,
the ELISA and LFIA for quantification of rongalite based on aptamer both need a particular
material, which might restrict its wide application in foodstuffs safety testing. In contrast,
the fluorescent assay in this study adopted the traditional chemicals (dopamine, resorcinol)
as the substrate, and exhibited a satisfactory detection time, high throughput, sensitivity as
well as accuracy, possessing irreplaceable properties.

3.5. Accuracy of the Fluorescence Sensor

As previously reported, there are two main approaches to verify the accuracy of
the rapid detection method: (1) detecting real samples using both instrumental analysis
methods and rapid detection methods simultaneously, and comparing the consistency or
correlation of detection results; (2) spiking the analyte in negative samples at different
concentrations for preparing positive samples and measuring the recovery ratio using
rapid detection method [33,34]. In this research, the accuracy of the proposed fluorescence
sensor was analyzed by recovery ratios and the variations in intra- and inter-assays. The
rongalite-contaminated samples were prepared by spiking 1, 2, and 4 µg/g in vermicelli,
wheat and rice powder samples, respectively. The recovery ratio was 80.7–102.1% with a
coefficient of variation of less than 8.6% (Table 1), which illustrates the fluorescence sensor
was a promising method for rapid detection of rongalite in samples.



Foods 2022, 11, 2650 10 of 12

Table 1. Recovery, coefficient of variation of vermicelli, wheat and rice powder samples using
fluorescence sensor (n = 3).

Samples
Spiked Intra-Assay Inter-Assay

(µg/g) Recovery CV 1 Recovery CV 1

(%) (%) (%) (%)

Vermicelli
1 80.7 12.6 82.3 12.1
2 88.4 8.1 85.3 10.1
4 92.5 7.3 90.6 6.9

Wheat powder
1 86.9 7.5 84.1 9.7
2 95.3 10.4 88.7 8.3
4 102.1 6.9 95.8 5.4

Rice powder
1 89.6 9.1 81.2 10.8
2 95.4 4.2 87.7 8.6
4 100.5 5.4 90.5 7.2

1 means the abbreviation of coefficient.

4. Conclusions

In conclusion, we developed a fluorescence sensor for the detection of rongalite
within 20 min. This assay was constructed by introducing the chemical reaction system
of dopamine, resorcinol and rongalite, the higher concentration of rongalite could inhibit
the production of azocine fluorophores and then result in lower fluorescence intensity.
Hence, the rongalite concentration was inversely proportional to fluorescence intensity of
fluorophore, this detection mechanism was firstly proposed by our team. The fluorescence
sensor possessed the advantages of high throughput, easy operation and rapid, exhibited a
LOD of 0.28–0.38 µg/g in vermicelli, wheat and rice powder samples, respectively. The
recovery ratio was higher than 80.7% with a coefficient of variation of less than 12.6%,
which could satisfy the accuracy of the rapid detection. The novelty of this research was
that we constructed a new fluorescence sensor, which contributed to the superiority of
higher sensitivity, easy operation, time-saving and low cost for the detection of rongalite.
This fluorescence sensor could be a potential tool for the rapid measurement of rongalite
in foodstuffs.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/foods11172650/s1, Figure S1: HPLC-MS of dopamine
hydrochloride, resorcinol and mixture solution; Figure S2: HPLC-MS of the mixture of dopamine
hydrochloride and rongalite, the mixture of resorcinol and rongalite; Figure S3: fluorescence intensity
at different pH values; Figure S4: fluorescence intensity at different carbonate solution concentrations;
Figure S5: matrix effect of vermicelli, wheat and rice powder for the fluorescence sensor; Figure S6:
matrix calibration curve of vermicelli, wheat and rice powder; Table S1: an overview of the reported
method for the rapid detection of rongalite; Table S2: limit of detection of three samples using
fluorescence sensor.
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