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Discrimination and detection of sulfur dioxide residues in foods using a simple colorimetric array have been
achieved. The difference maps before and after the reaction showed that the specific color fingerprint was
related to the amount of sulfur dioxide. The results of principal component analysis (PCA), hierarchical

clustering analysis (HCA) and linear discriminant analysis (LDA) demonstrated that the as-fabricated
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Accepted 3rd September 2022 colorimetric sensor array have good performance for the discrimination of sulfur dioxide and other
interferents, as well as different concentrations of sulfur dioxide. Moreover, the array has been

DOI: 10.1039/d2ra04251g successfully applied to determine the concentration of sulfur dioxide residues in real samples and
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1. Introduction

Sulfur dioxide in food mainly comes from permissible, legal,
direct addition and sulfur-fumigation. Sulfur-fumigation,
a process of Traditional Chinese Medicine (TCM) to prolong
the storage period, mainly protects herbs from insects and
molds." In addition, sulfur-fumigation can also improve the
appearance of TCM or foods through a whitening effect. Exces-
sive sulfur dioxide residues lead to potential health risks through
excessive or irregular use of sulfur-fumigation. Studies that
indicate the excessive residues of sulfur dioxide not only induce
respiratory system damage,”> but also irreversible damage to
reproductive system,® digestive system,* circulatory system,’
nervous system® and immune system,” and even life-threatening.®
More significantly, residual sulfur dioxide is prone to chemical
reactions with ketones and hydroxyl groups in some herbs and
foods, resulting in the loss of active ingredients.**

As consumers pay more and more attention to food and drug
safety, there are more and more calls to cancel sulfur-fumigation.
Since the Chinese Pharmacopeia 2005 version, sulfur-fumigation
had been prohibited for all herbals during storage and process-
ing."* Further, the residue limit standard for sulfur dioxide was
firstly stipulated for herbals and tablets in China Pharmacopoeia
2010 edition (2nd supplement).”” Likewise, according to GB
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revealed good accuracy, precision and repeatability.

5009.34-2016 Chinese National Food Safety Standard-
Determination of sulfur dioxide in foodstuffs, sulfur-fumigation
was currently only permitted for several foods, and the
maximum residue limit (in terms of residual sulfur dioxide) was
clearly stated.® However, the attractive appearance of raw herbs
is easier to close the deal and bring additional benefits, and
improper use, abuse and even illegal use of sulfur-fumigation are
still not uncommon. In particular, in addition to TCM, it has
been reported that the sulfur-fumigation process has been ille-
gally used in many foods and food ingredients (e.g., star anise,
pepper, wolfberry, ginger, fungus and tremella).***

Currently, the pharmacopoeias and food laws of many
countries and regions have stipulated the limits of sulfur
dioxide residues and recommended a variety of detection
methods for sulfur dioxide residue, such as spectrophotom-
etry,”® acid-base titration,'® fluorescence method,"”** gas
chromatography-mass spectrometry,' high-performance liquid
chromatography,* electrochemical analysis,” enzyme-linked
immunosorbent assays* and Fourier-transform infrared spec-
troscopy.” Although the above-mentioned means exhibit high
sensitivity and selectivity, their popularization and application
are generally limited by high costs, unfriendly portability,
complex sample pretreatment, and specialized technical
training in some developing countries and regions.

Besides that, on-site detection has always been a difficult
problem and challenge for the above conventional analysis
methods. Therefore, it is necessary to develop a simple, sensitive
and easy on-site detection approach for sulfur dioxide residues.

Based on the principle of bionics,* a typical colorimetric
sensor array is designed as follows: a series of specific chro-
matic reactions are selected or designed to form a cross-
responsive colorimetric array, and the detection of the analy-
tes is achieved through the corresponding color fingerprints. At
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present, some studies reported that the colorimetric sensor
array has been successfully used for the detection of pesticide
residue and the analysis of sensory quality in food.*>*

In this work, an improvised and inexpensive colorimetric
sensor array for detecting sulfur dioxide was developed on the
base of six specific and high-sensitive color reactions. The
assessment of availability and practicability of the colorimetric
array was reached through principal component analysis (PCA),
hierarchical cluster analysis (HCA) and linear discriminant
analysis (LDA). And the determination of sulfur dioxide content
in real samples was achieved by the method of fitting curve.

2. Experimental details
2.1 Reagents and materials

All chemicals from commercial sources are of analytical grade
and used as received without further purification unless
otherwise specified. Sulfur dioxide detection kits (in view of
hydrochloric para-rosaniline method) were purchased from
Ruixin Technological Instrument Co., Ltd (Shanghai, China).
Sodium sulfite, brilliant green, malachite green, basic fuchsin,
O-phthalaldehyde, ammonium acetate, 1,10-phenanthroline,
ferric chloride, hexadecyl trimethyl ammonium bromide
(CTAB), phosphate-buffered saline (PBS), borax, sodium
acetate, acetic acid, sodium hydroxide and absolute alcohol
were provided by Aladdin Biochemical Technology Co., Ltd
(Shanghai, China). Deionized water was used throughout this
work.

1.0 mL brilliant green (80 pg mL™') and malachite green
(46.34 ng mL™ ") were prepared separately by directly dissolving
in PBS (10 mM, pH 7.0). 0.5 mL basic fuchsin (55 ug mL ") was
diluted to 2.0 mL with borax buffer (1.47 mM, pH 9.16). 0.5 mL
o-phthalaldehyde (1.34 x 1072 pg mL™") and 0.5 mL ammo-
nium acetate (3.85 x 10~° ug mL ") were mixed and diluted to
2.0 mL with potassium dihydrogen phosphate buffer (4 mM, pH
6.6). A mixture of 0.3 mL 1,10-phenanthroline (3.6 x 10~° pg
mL™ "), 0.05 mL ferric chloride (3.24 x 10> pug mL™') and
0.5 mL CTAB (0.5%) was diluted to 2.0 mL with sodium acetate
anhydrous solution (0.5 mM, pH 5.5). The reagents of the sulfur
dioxide detection kit were dissolved in PBS (10 mM, pH 7.0)
according to the kit instructions. Sodium sulfite was dissolved
in deionized water (5.0 g L™ ") before use and immediately mixed
with formaldehyde (1% final concentration). Note that all the
reagents mentioned above were freshly prepared before the
experiments to minimize their potential effects of hydrolysis.

Fritillaria cirrhosa D. Don is a common edible and medicinal
plant in many countries and regions. Fritillaria samples without
sulfur dioxide residue were purchased from a local traditional
Chinese medicine (TCM) pharmacy in Chongqing, China, and
analyzed by iodine titration (according to Chinese National
Standard GB 5009.34-2016) and proven to meet the
requirements.*®

2.2 Instrumentation

Image acquisition of the array was performed with a smart-
phone (Apple iPhone 13). Pipettors were bought from
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Eppendorf (Hamburg, Germany). A Costar 96-well EIA plate was
purchased from Corning Inc. (Corning, NY, USA). BSA224S-CW
electronic analytical balance was provided by Sartorius Scien-
tific Instrument Co., LTD (Goettingen, Germany). BA-FZL6
automatic distiller was from Bayue Instrument Co., LTD
(Changsha, China). L50-50-20 LED array light sources were
purchased from Machine Vision Light Sources Co., LTD
(Guangzhou, China).

2.3 Array response

Excess sulfur dioxide residues in food usually come from
exogenous addition and sulfur-fumigation, etc. Generally, the
residues of TCM and food raw material are mainly sulfur
dioxide and sulfate substances after sulfur-fumigation.
Residual sulfur dioxides are partially transformed to sulfites
when encountering moisture from raw materials. Conse-
quently, it is necessary to transform the remaining sulfur
dioxide to sulfite through a hydration reaction before detection.
Being very unstable, sulfite was protected by adding 1% form-
aldehyde and detected as soon as possible. The response points
on the array were designed based on six specific color reactions
that could occur with sulfite in conventional spectrophotom-
etry.*** These specific reactions were shown in Fig. S1.1 The
residual amount of sulfur dioxide represents the sum of the
residual amounts of sulfur dioxide and sulfite in the samples.

2.4 Array analysis procedure

As shown in Fig. 1, the array analysis system consists of an array
plate, an imaging system, and a personal computer. The
supplementary light of the image is achieved through an LED
array light source during image acquisition. The dimensions of
each hole on the plate are 6 mm in diameter and 8 mm in height.
The composition of the developed 1 x 6 array was summarized in
Table S1.f The workflow of the array was as follows: 200 uL of
each control solution was added to each well on the 1 x 6 array
(point-to-point, one reaction corresponds to one well on the
array) according to Table S1} and the “before” images were ob-
tained by smartphone. A series of work solutions with final
concentrations of 0, 1, 3, 5, 7, 10, 50, 100, 500 and 1000 pg mL "
of sulfur dioxide were prepared (formulated with sodium sulfite).
Similarly, work solutions were performed the same process as
control solutions and the “after” images were acquired. Five
replicates were performed separately. The correction of the image
before and after the reaction and the removal of the background
noise were performed through geometric correction and filtering.
A normalized array image was generated by taking the spectral
mean of the central region of each detected unit on the array as
its spectral information code. The difference maps were achieved
by subtracting the red, green and blue (RGB) values of the stan-
dard array images before and after. The RGB eigenvalues of each
sensor unit were extracted and a 3N-dimensional difference
vector was generated, where N was the total number of sensor
units (fora 1 x 6 array, this difference vector was 18 dimensions).
The total Euclidean distances (EDs) of the difference map were
defined by the square root of the sums of the squares of the
values of AR, AG and AB.

RSC Adv, 2022, 12, 25852-25859 | 25853
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Fig. 1 Schematic diagram of the detection system, consisting of EIA plate-based 1 x 6 colorimetric sensor array, smartphone-based colori-
metric reader and personal computer-based image data analysis system. Before image acquisition, the array plate was placed on the white
bottom plate of a self-made paper darkroom. Additional illumination was provided by a LED array light source when taking photos.

2.5 Analysis of real samples

1.00 g of Fritillaria was accurately weighed, crushed and trans-
ferred to 10 mL of PBS (0.01 M, pH 7.0). The supernatant of
Fritillaria was collected after 2 min of shaking, 20 min of
sonication, and 5 min of centrifugation at 12 000 rpm. The
detection solution of Fritillaria (i.e., real sample) was prepared
by adding sulfur dioxide to final concentrations of 30, 60 and 90
ug mL ™, respectively. The spiked real samples were analyzed by
the array analysis procedure described above. Simultaneously,
the determination of sulfur dioxide residue of real samples was
performed by iodine titration, which is the standard method
documented in GB 5009.34-2016."

2.6 Data processing method and software

The image pretreatment and extraction of RGB values were
performed using Matlab 2018a (Mathworks, Natick, MA, USA)
and Photoshop CS4 (Adobe, San Jose, California, USA). All data
statistics and diagram plotting were achieved based on SPSS
22.0 (IBM Corp., Armonk, N. Y., USA) and OriginPro 2021
Learning Edition (Origin Lab Corp., Northampton, MA, USA).

3. Results and discussion
3.1 Availability assessment of array

Based on the difference map of the array's six response points,
a 6 x 3-dimensional dataset was obtained by extracting the
color values of the RGB space, which could be seen as
a nonlinear mapping from low-dimensional space to high-
dimensional space. According to Cover's theorem, linear sepa-
rability is more likely to be achieved in high dimensional space,
which indicates that the proposed array has a high ability to

25854 | RSC Adv, 2022, 12, 25852-25859

achieve differentiation.*® Therefore, the as-fabricated array has
a high-resolution ability in theory, which has the ability to
achieve the discrimination of slight color differences.

Some components of real samples or reaction buffer solu-
tions are likely to affect the response of the colorimetric sensor
array. To evaluate the specificity of the colorimetric sensor
array, several common components, including PBS, organic
acids (e.g., vitamin C), amino acids (e.g., glutamic acid), sugars
(e.g., glucose) and metal ions (e.g., K" and Na'), were designate
as interferents and detected by the proposed array.*”** After
adding high concentration interferents, there is no visible
difference (i.e., AR, AG and AB approach zero) through the
comparison of the array response image before and after the
reaction [Fig. S2(a)f]. Compared with the difference maps of
interferents, the difference maps of the mixed group (interfer-
ents & sulfur dioxide) have obvious color changes, and the
colors of difference maps between mixed groups are visually
consistent [Fig. S2(b)f]. Moreover, the Euclidean distance of the
difference maps had no significant difference between different
interferents and between different mixed groups (Fig. 2). As
shown in Fig. 3, there are visible differences between the
difference maps of sulfur dioxide at different concentrations,
and the results of multiple repeated trials show that there is no
visible color change between the difference maps of the same
concentration of sulfur dioxide. It indicates that the as-
fabricated sensor exhibits a good availability and has a poten-
tial application for the detection of sulfur dioxide.

3.2 Qualitative analysis of sulfur dioxide by the array

To achieve a quantitative comparison of the color change of the
array, the R, G and B value was extracted and designated as
feature information. A 6 x 3-dimensional dataset was obtained

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Response of as-fabricated arrays to various potential interferents (final concentration of 100 ug mL™Y in the absence (orange bars) and presence
(yellow bars, final concentration of 10 ng mL™) of sulfur dioxide (X + S). The error bars show the standard deviation of quintuplicate experiments.
Different italic letters in the figure indicate significant differences between groups at the 0.05 level using one-way ANOVA and Tukey's test.

and used for subsequent analysis. Because of the dispersive and
nonlinear characteristics of image data, principal component
analysis (PCA) and hierarchical cluster analysis (HCA) were
respectively performed to explore the dispersion and aggrega-
tion tendencies of samples on account of the spatial structure of
eigenvalues.*>*

The scatter plot of PCA shows that there is a trend toward
clusters mainly along PC1 between sulfur dioxide and other
components (Fig. S31). The PC1 and PC2 explain 99.67% and
0.20% of total variance respectively, and the total cumulative
variance reaches 99.87%. From Fig. 4, similar to PCA, the

abcdef

1 ug/m

10 pg/m
50 ug/m
100 pg/m
500 pg/m
1000 pg/m
Trial 1

Trial 4

diagram of HCA has the ability to completely separate inter-
ferent groups from mixed groups (contains interferents with
a final concentration of 100 pg mL ™' and sulfur dioxide with
a final concentration of 10 pg mL™"). Similar results were ob-
tained by multiple random repeated sampling. In conclusion, it
suggests that the array shows good specificity and selectivity.
To evaluate the response and discrimination of capacity to
the amount of sulfur dioxide, a series of sample solutions of
sulfur dioxide with final concentrations of 0, 10, 50, 100, 500
and 1000 pg mL~" were accurately prepared and measured
through the array. As shown in Fig. S4, the 2-dimensional plot

Trial 2 Trial 3

Trial 5

Fig. 3 Color difference maps of the array for sulfur dioxide at different concentrations. (a) Hydrochloric para-rosaniline, (b) brilliant green, (c)
malachite green, (d) basic fuchsin, () OPA, (f) 1,10-phenanthroline and Fe3*. All of the experiments were performed in quintuplicate.
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Fig.4 Dendrogram of HCA of different interferents with and without sulfur dioxide. The final concentrations of interferents (e.g., blank, Na*, K*,
PBS, vitamin C, glutamic acid, glucose) and sulfur dioxide were 100 pg mL™* and 10 pg mL™%, respectively.

of PCA shows that the samples appear a clear cluster trend, just
associated with seven concentrations of sulfur dioxide. The PC1
and PC2 explain 98.63% and 1.35% of total variance respectively
and the total cumulative variance reaches 99.98%. From Fig. 5,
the same result is also observed through the HCA diagram.
Similar results were obtained with repeated sampling. It illus-
trates that the as-fabricated array has the ability to discriminate
different amounts of sulfur dioxide. Predictably, combined with
an automatic classifier based on a pattern recognition algo-
rithm, it reaches a rapid screening of whether the sulfur dioxide
residues of real samples exceed the standard.

As a common pattern recognition algorithm, the main idea of
linear discriminant analysis (LDA) is as follows: the labeled
training datasets are projected onto a straight line so that the
data projection points of the same type of label are as close as
possible and the data projection points of different types of labels
are as far away as possible.*! Then, the test data sets are projected
to the same line, and the label type of the test data is determined
according to the position of the projection point. Unlike PCA and

100
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500 pg/mL

Oug/mL 1 pg/mL 10 pg/ml

Fig. 5 Cluster diagram of the response of different sulfur dioxide
concentrations. All of the experiments were performed in quintuplicate.
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HCA, LDA takes full account of the label information of the
sample and has the ability to achieve predictive analysis.

A series of sulfur dioxide with final concentrations of 1, 10,
50, 100, 500 and 1000 pg mL~ " were p prepared, respectively.
Five samples and two samples were randomly selected from
each concentration of sulfur dioxide and designated as training
samples and test samples respectively. Therefore, thirty training
datasets (RGB values) and twelve testing datasets (RGB values)
were obtained by the as-fabricated array. As shown in Fig. 6, the
test samples are successfully assigned to the training sample
groups according to the different concentrations of sulfur
dioxide. The prediction performance of LDA is consistent after
multiple random sampling.

3.3 Quantitative analysis of sulfur dioxide by the array

The relationship between the color changes of the array [defined
by the total Euclidean distances (EDs)] and the concentrations of

40 1 @ Test samples
1 pg/mL
20 4 Hg
100 pg/mL
« @ 500 pg/mL
e
.S
R @
g 1000 pg/mL
-20 50 pg mL@
40 4 10 pg/mL
T T T T T
-100 -50 0 50 100
Function 1

Fig. 6 Discriminant diagram of response to different sulfur dioxide
concentrations. Five samples and two samples were randomly
selected from each concentration of sulfur dioxide, and there were
thirty training sets and twelve testing sets.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 A trend of total Euclidean distance (EDs) of the array and
different concentration of sulfur dioxide (X + S). Inset: the linear
relationship in the logarithm of sulfur dioxide concentration from 1 to
10 pg mL™L. Error bars shows five parallel measurements.
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Fig.8 Comparison of colorimetric senor array and distillation titration
for the detection of sulfur dioxide (X £ S). The same lowercase letter
indicates that the test results of the two methods are not significantly
different at the 0.05 level by paired t-test.

sulfur dioxide was observed by scatter plot. As shown in Fig. 7,
EDs versus sulfur dioxide concentration shows a linear range of 1
t0 1000 ug mL ', and a good linearity range from 1 to 10 pg mL ™"
(inset of Fig. 7). It indicates the as-fabricated colorimetric sensor
array has the potential to achieve the quantitative analysis of

Table 1 The results of accuracy, precision, and repeatability®
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sulfur dioxide through the corresponding fitting curve. A LOD of
0.406 ug mL™" calculated by the 3¢ rule was reach through the
literature.*> From Chinese National Standard GB 5009.34-2016,**
the limits of detection (LOD) of sulfur dioxide are 1.5 pg mL~" by
distillation titration. In addition, by comparison with the detec-
tion limit of conventional detection methods (Table S2}). It
demonstrates that the as-fabricated colorimetric sensor array has
an excellent linear region at low concentration range of sulfur
dioxide and a low LOD.

3.4 Comparison of detection of sulfur dioxide in real
samples by the array and distillation titration

Three real samples (Fritillaria) extracts containing the final
concentration of 30, 60, and 90 ug mL ™" of sulfur dioxide were
prepared and tested simultaneously by the proposed array and
distillation titration according to Chinese National Standard GB
5009.34-2016." The difference maps of spiked samples show
specific color fingerprints during repeated experiments
(Fig. S51). From Fig. 8, there is no significant difference between
the test results of the array and distillation titration by paired ¢-
tests. It indicates that the as-fabricated array shows a potential
application for the detection of sulfur dioxide. Although the
distillation titration is simple to operate, the analysis is time-
consuming and lead-containing detection reagents have the
risk of environmental pollution.** Due to simple operation, less
time-consuming, good specificity and relatively low risk of
environmental pollution, the as-fabricated array shows poten-
tial to replace distillation titration for sulfur dioxide detection.

3.5 Evaluation of accuracy, precision and repeatability

Extracts of Fritillaria with a final concentration of sulfur dioxide
of 30, 60 and 90 pug mL™' were prepared and determined
quantitatively by the array and fitting curve. Samples of the
same concentration were prepared in sextuplicate, and then
there were a total of eighteen spiked samples. Each spiked
sample was measured once to assess accuracy and precision,
and a spiked sample was randomly selected from different
concentration groups and measured continuously for six times
to assess reproducibility. Accuracy was expressed as mean value
+ standard deviation (STD/SD) and relative recovery (RR).
Precision (intra-assay) and reproducibility were evaluated via
relative standard deviations (RSD). As can be seen from Table 1,
the results show that the recovery and RSD value of sulfur
dioxide is in the range of 97-103% and 2.16-4.97%, respec-
tively. It states clearly that the array develops a cost-effective and

Accuracy

Spiked sulfur dioxide concentration

(ng mL™h) Mean + STD (ug mL ") Recover rate, % Precision RSD, % Repeatability RSD, %
30 28.86 £ 1.14 93.06-100.43 3.95 4.32
60 60.10 £ 2.75 95.93-105.05 4.58 3.27
90 91.93 £ 4.57 97.06-107.21 4.97 2.16

“ Note: STD, standard deviation; RSD, relative standard deviation.
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potential method for the quantitative analysis of sulfur dioxide
in real sample with the good performance of accuracy, precision
and reproducibility.

4. Conclusions

Excess sulfur dioxide residues in some food or TCM on the
market are possibly added by sulfur-fumigation. The main
residual components after sulfur-fumigation are divided into
sulfur dioxide and sulfites, and sulfur dioxide is easily trans-
formed to sulfites. Here sulfite was chosen as the detection
target for the proposed array reaction.

A simple, inexpensive and practical colorimetric sensor array
based on commercially available reagents and six specific
chemical reactions for the detection and discrimination of
sulfur dioxide was developed in this work. The results of PCA
and HCA reveal that the sensor array can achieve the identifi-
cation and differentiation of sulfur dioxide from other poten-
tially interferents. Moreover, semi-quantitative and quantitative
detection of sulfur dioxide also has the capacity to be achieved
through corresponding pattern recognition and curve fitting.
And crucially, the as-fabricated array also shows potential
applications for the detection of sulfur dioxide in real samples
and exhibits good accuracy, precision and repeatability.
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