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Abstract: It is crucial that simple and high-throughput methods for determining multiple, or groups
of, sulfonamides (SAs) be developed since they are widely used in animal husbandry and aquaculture.
We developed a paper-based multicolor colorimetric aptasensor to detect 3 SAs: sulfaquinoxaline
(SQ), sulfamethoxypyridazine (SMP) and sulfamethoxydiazine (SMD). Using a broad-specificity
aptamer as a bioreceptor, we reduced the growth of nicotinamide adenine dinucleotide I (NADH)–
ascorbic acid (AA)-mediated gold nanobipyramids (AuNBPs) to generate a multicolor signal. We
also used a paper-based analytical device (PAD) system to deposit AuNBPs for a sensitive color
signal read out. The aptasensor can detect more color changes corresponding to the concentrations of
SQ, SMP and SMD and has higher sensitivity, better specificity and stability. It can also be used to
determine SQ, SMP and SDM individually, or collectively, or any two together with a visual detection
limit of 0.3–1.0 µM, a spectrometry quantification limit (LOQ) of 0.3–0.5 µM and a spectrometry
detection limits (LOD) of 0.09–0.15 µM. The aptasensor was successfully used to determine SQ, SMP
and SDM in fish muscle with a recovery of 89–94% and a RSD n = 5) < 8%, making it a promising
method for the rapid screening of total SQ, SMP and SDM residue in seafood.

Keywords: aptasensor; antibiotics residue; seafood; sulfonamides; visual detection

1. Introduction

Sulfonamides (SAs), one of the oldest groups of synthetic antibiotics, offers low-cost
and broad-spectrum activity against bacterial infection [1,2], and up to now they have
been widely used as feed additives to treat infectious diseases in animal husbandry and
aquaculture [3–5]. However, the inappropriate or excessive use of SAs inevitably results
in excess residue in animal-derived food since animals cannot completely metabolize or
degrade SAs [6–8]. Such excess residue poses a danger to human health [9,10], and thus a
maximum SA residue limit (MRL) of 100 µg/Kg was established by the European Union
to ensure consumption safety [11]. At present, the groups contain 19 commonly used
SAs, and different SAs are usually used in rotation to avoid generating drug resistance.
(Their full names, abbreviations and chemical structures are summarized in Figure S1 in
Supporting Information, SI). Thus, it is essential to develop simple and high-throughput
assays to determine multiple SAs, preferably groups of SAs, to achieve the rapid screening
of residues in animal-derived food.

High-performance liquid chromatography–mass spectrometry (HPLC–MS) simultane-
ously determines groups of SAs with a high sensitivity, which makes it a main technique
for determining SA residues [12–15]. However, HPLC–MS requires time-consuming pre-
treatment of samples and a costly apparatus, which do not meet the requirements of rapid
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screening. An immunoassay, including enzyme-linked immunosorbent assay (ELISA), is
easy to use and does not require a costly apparatus. Thus, some immunoassays, including a
few high-throughput ELISAs that use broad-specificity anti-SA antibodies as bioreceptors,
have been developed for the rapid screening of multiple SA residues [16–21]. However,
immunoassays have obvious weaknesses such as poor thermal stability, higher cost and
risk of false positives. Compared to antibodies, aptamers offer advantages such as a similar
or higher affinity to target molecules, higher stability, lower cost, and ease of modification.
So far, some aptamer-based methods have been developed for the rapid determination
of SAs [22–32]. Unfortunately, most previous aptamer-based methods determined only
one kind of SA such as sulfadimethoxine (SDM) or sulfamethazine (SMZ) [22–32], not
multiple or groups of SAs, which means they did meet the requirements for the rapid
screening of SA residues in food. Recently, we isolated a broad-specificity SA aptamer
and further established a colorimetric method for the visual determination of multiple
SAs by using the isolated aptamer as bioreceptor together with dye displacement [33].
However, the high-throughput colorimetric method has poorer sensitivity because of the
dye displacement.

Gold nanobipyramids (AuNBPs) generate strong light absorption and vivid color
changes in response to the tunable aspect ratio due to localized surface plasmon resonance
(LSPR) [34,35]. Therefore, colorimetric assays based on AuNBPs can exhibit vivid multiple
color changes, which can be distinguished more easily by naked eye observation, giving
them higher visual sensitivity and accuracy [36,37]. In particular, AuNBPs with reduced
nicotinamide adenine dinucleotide I (NADH)–ascorbic acid (AA)-mediated growth have
more colorful and clearer color changes corresponding to AA concentrations in the lower
range [38], which provides a promising color signal for developing sensitive colorimetric
methods. Encouraged by the above results, we developed a paper-based multicolor col-
orimetric aptasensor based on a broad-specificity SA aptamer, the NADH–AA-mediated
AuNBP growth system with a paper-based analytical device (PAD), to provide a sensitive,
high-throughput assay for the rapid screening and semi-quantitative determination of
multiple SA residues in animal-derived food by naked eye observation.

2. Materials and Methods
2.1. Chemicals and Apparatus

The 19 commonly used SAs—sulfaquinoxaline (SQ), sulfamethoxypyridazine (SMP),
sulfamethoxydiazine (SMD), sulfachloropyridazine (SCP), sulfapyridine (SPD), sulfamet-
hazine (SMZ), sulfadimethoxine (SDM), sulfisomidine (SIM), sulfamonomethoxine (SMM),
sulfamerazine (SMR), sulfathiazole (ST), sulfabenzamide (SB), sulfadoxine (SDX), sulfadi-
azine (SD), sulfamethizole (SMT), sulfisoxazole (SIZ), sulfaguanidine (SG), sulfapyrazole
(SPA) and sulfacetamide (SAA)—and 6 other antibiotics—cefotaxime (CTX), tetracycline
(TC), enrofloxacin (ENR), kanamycin (KANA), ampicillin (AMP) and oxacillin (OXA)—
were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). All
oligonucleotides (see Table S1 in SI), which were purified with HPLC, were purchased from
Sangon Biotech Co., Ltd. (Shanghai, China). The ELISA Kit for detection of SQ and SMD
was obtained from Suzhou Kuaikang Biotechnology Co., Ltd. (Suzhou, China).

The buffers used in the experiment are as follow: TES buffer was a mixture of 10 mM
Tris, 1.0 mM EDTA and 2.0 M NaCl (pH 9.5); TEST buffer is the TES buffer contained 0.01%
Tween-20 (pH 9.5); binding buffer was a mixture of 10 mM Tris-HCl, 3.0 M NaCl, 10 mM
MgCl2 and 0.05% Tween-20 (pH 7.35–7.45); PBST buffer was a mixture of 2.0 mM KH2PO4,
10 mM Na2HPO4·12H2O, 137 mM NaCl, 3.0 mM KCl and 0.01% Tween-20 (pH 7.4); PBST–
BSA buffer was a PBST buffer containing 0.02% bovine serum albumin (BSA); substrate
buffer was a mixture of 0.6 M Tris-HCl buffer and 0.005% of BSA (pH 9.5). Other reagents,
materials and apparatuses used in the experiment are summarized in the SI.
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2.2. Fabrication of the Paper-Based Analytical Device (PAD) and Preparation of Gold Seeds

The PAD used in the experiment was fabricated according to the previous method
with a minor modification [39]. Briefly, a highly absorbent cotton layer and then a nylon
membrane were laid flat on an acrylic plate, and then a processed 96-hole acrylic plate was
placed on the top layer (see Figure S2 in SI).

The solution for the gold seeds was prepared using the previous method [40]. Briefly,
0.25 mL of 25 mM freshly prepared NaBH4 cold solution was fleetly added to a 10 mL
solution, of 50 mM hexadecyl trimethyl ammonium chloride (CTAC), 5 mM citric acid
and 0.25 mM HAuCl4, under vigorous stirring for 2 min. Subsequently, the solution was
incubated at 80 ◦C for 90 min to form gold seeds and then stored at 5 ◦C in the dark and
used within 60 days.

2.3. Detection of Multiple SAs with PAD-Based Multicolor Colorimetric Aptasensor

First, 1.5 µM of broad-specificity aptamer sequence (aptamer) and 1.5 µM of link
DNA 1 (cDNA-1) modified by a biotin on its 3’ end were mixed at equal volume in a TES
buffer, incubated for 10 min at 95 ◦C and naturally cooled to room temperature to form
the aptamer/cDNA-1 conjugate. Meanwhile, 3.0 µL of streptavidin-modified magnetic
beads (MBs, ~1 µm, 10 g/L) were taken, put into a vial, washed 3 times with 30 µL of
TEST buffer and re-dispersed in 30 µL of TES buffer. Then, 30 µL of aptamer/cDNA-1
conjugate was added, and the whole was incubated for 30 min at room temperature and
vigorously agitated to immobilize the aptamer/cDNA-1 conjugate on the MB surfaces
(aptamer/cDNA-1/MBs). The aptamer/cDNA-1/MBs were washed 2 times with 60 µL of
TEST buffer and then re-dispersed in 30 µL of binding buffer. The aptamer/cDNA-1/MBs
dispersion was stored at 5 ◦C for use within one month.

In another vial, 3.0 µL of the same MBs were added and washed 3 times with 30 µL of
TEST buffer and then re-dispersed in 30 µL of TES buffer. Subsequently, 30 µL of 2.0 µM
cDNA-1 solution (dissolved in TES buffer) was added, and the whole was incubated for
30 min under room temperature and vigorous agitation to immobilize cDNA-1 on the MB
surfaces (cDNA-1/MBs). The cDNA-1/MBs were then washed 2 times with 60 µL of TEST
buffer and then re-dispersed in 30 µL of binding buffer. The cDNA-1/MBs dispersion was
stored at 5 ◦C for use within one month.

To determine the target SAs (SQ, SMP and SMD), 30 µL of the above aptamer/cDNA-
1/MBs dispersion and 20 µL of target SAs standard or sample solution were mixed in
a vial for 45 min to perform the specific binding of the SAs and aptamer, which will
release SAs/aptamer complex into the solution from the aptamer/cDNA-1/MBs. The
solution was separated from the MBs by a magnet and collected into a vial. Subsequently,
30 µL of the cDNA-1/MBs dispersion, 50 µL of link DNA 2 (cDNA-2) modified with
biotin on its 5’ end, and 15 µL of binding buffer were added, and the whole solution was
incubated for 1 h under room temperature and vigorous agitation to obtain the conjugate
of cDNA-1/MBs, aptamer and cDNA-2 (cDNA-1/MBs/aptamer/cDNA-2), which was
separated and collected with a magnet. After being washed two times with 60 µL binding
buffer, the cDNA-1/MBs/aptamer/cDNA-2 was re-dispersed in 45 µL of PBST buffer.
Next, 15 µL of streptavidin-modified alkaline phosphatase (streptavidin-ALP) solution
was added, and the whole solution was agitated for 30 min to bind streptavidin-ALP
to cDNA-1/MBs/aptamer/cDNA-2 (cDNA-1/MBs/aptamer/cDNA-2/ALP), which was
washed 3 times with PBST-BSA buffer. Then 100 µL of 6.0 mM L-ascorbic acid 2-phosphate
trisodium salt (AAP) dissolved in substrate buffer was added, and the whole solution
was incubated for 20 min at 37 ◦C to perform the ALP enzymolysis of AAP to obtain AA.
Finally, 5 µL of 660 mM HCl was added to stop the enzymolysis, and the AAP solution was
separated and collected with a magnet.

In 86.4 µL of AAP enzymolysis solution, 86 µL of AuNBP growth solution (190 mM
cetyltrimethylammonium bromide, 730 µM HAuCl4, 200 µM AgNO3, 40 mM HCl, and
2.0 mM NADH) and 0.6 µL of the abovementioned gold seed solution were added. The
mixture was incubated for 15 min at 50 ◦C to obtain AuNBPs. After that, 120 µL of the
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AuNBPs solution was dropwise added to the PAD with 5 min standing to deposit AuNBPs
on a nylon membrane. After washing the membrane with pure water, the color of the de-
posited AuNBPs (in a wet state) was immediately observed by the naked eye and recorded
by a camera. Simultaneously, the AuNBP-deposited nylon membrane was positioned
in a 96-well plate frame, and the extinction spectra of the AuNBPs were measured by
a microplate reader in the range of 400–1000 nm. The concentration of target SAs was
calculated according to the AuNBPs color or the maximum localized surface plasmon
resonance absorption wavelength (λLSPR).

2.4. Detection of Fish Muscle Sample

The SAs in the fish muscle samples were extracted using the Industry Standards for
Entry-Exit Inspection and Quarantine of China (SN/T 5140-2019). Briefly, about 0.1 g
of dried fish muscle, vacuum freeze-dried at −46 ◦C, was extracted with 5 mL of ethyl
acetate for 10 min under ultrasonic agitation. Then, the extract was separated and collected
via centrifugation, and the residue was extracted once again in the same manner. The
two extracts were combined, and the total was evaporated to near dryness using a pressured
nitrogen blowing concentrator. After dissolving the residue with 2 mL of binding buffer,
5 mL of hexane was added, and the whole extract was fully vortexed for 2 min to remove
lipids by discarding the hexane solution. Finally, the remaining solution was filtered
through a 0.22 µm filter and then directly used for the colorimetric detection of SAs
according to the procedure in Section 2.3. The samples that spiked with SAs in advance
were also analyzed by the same procedure to investigate the recovery. The concentration
of each SQ, SMP and SMD in the sample was detected by using the corresponding SAs
as calibration. The sum of SQ, SMP and SMD or the sum of any two was screened or
semi-quantitatively detected using a mixture of SQ and SMD (1:1) as calibration.

3. Results and Discussion
3.1. The Principle of the PAD-Based Multicolor Colorimetric Aptasensor

The detailed strategy of the PAD-based multicolor colorimetric aptasensor is shown
in Scheme 1. A competitive aptamer-binding system was employed to recognize the
target SAs (SQ, SMP and SMD), a sensitive NADH-AA-mediated system was employed to
regulate AuNBP growth to generate vivid multicolor signals, and a PAD system was used
to deposit AuNBPs so that the color signals could be sensitively and stably read out. In the
competitive aptamer-binding system, Xu et al. [33] reported a broad-specificity SA aptamer
that was used as a bioreceptor and had binding affinity to SQ, SMP, SMD, SCP and SPD
(higher to SQ, SMP and SMD and lower to SCP and SPD). A link probe 1 (cDNA-1) modified
with biotin on the 3’ end, was designed to hybridize with part of the aptamer to form an
aptamer/cDNA-1 conjugate. This was immobilized on the MB surfaces (aptamer/cDNA-
1/MBs) via a specific interaction between the biotin and streptavidin to achieve convenient
separation/collection. Upon the addition of target SAs (SQ, SMP and SMD), the aptamer
specifically bound with the target SAs to form an SAs/aptamer complex and thus separated
from the aptamer/cDNA-1/MBs. By removing the excess aptamer/cDNA-1/MBs with a
magnet, the released SAs/aptamer in solution hybridized with the cDNA-1-modified MBs
(MBs/cDNA-1) and link probe 2 (cDNA-2), modified with biotin on the 5’ end, to form an
MB/cDNA-1/aptamer/cDNA-2 conjugate. It captured streptavidin-ALP via the biotin on
the 5’ end of cDNA-2 to form an MB/cDNA-1/aptamer/cDNA-2/ALP conjugate, which
specifically hydrolyzes AAP to generate AA. The presence of more target SAs resulted in
more MBs/cDNA-1/aptamer/cDNA-2-ALP, thus generating more AA.
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In the NADH-AA-mediated AuNBP growth system, the AA generated in a com-
petitive aptamer-binding system sensitively promoted AuNBP growth to generate AA-
corresponding colorful multicolor changes [38]. The PAD system was used to deposit
AuNBPs on a nylon membrane to concentrate and stabilize its colors to achieve a sensitive
read out of AuNBP multicolor changes. Thus, the combination of the above competitive
aptamer-binding system, NADH–AA-mediated AuNBP growth system and PAD system
provided high throughput and a sensitive and stable multicolor colorimetric sensing plat-
form to determine each SQ, SMP and SMD, or the sum of the 3 SAs or the sum of any two.

3.2. The Feasibility of the Experimental Strategy

In this study, the cDNA-1 and cDNA-2 were designed to hybridize from the 5′ and
3′ ends aptamer, respectively, to form the competitive aptamer-binding system. To con-
firm that the hybridization of the cDNA-1, cDNA-2 and aptamer was successful, gel
electrophoresis was used to characterize each hybrid product. The results in Figure S3
(see SI), show that, compared with cDNA-1 and aptamer separately, their hybrid products
showed a band on the site that had shorter migration distances (about 80 pb), indicating
that the hybridization was successful. Meanwhile, after the addition of a target SA (SQ), the
hybrid products of cDNA-1 and aptamer also showed a weak band on the near site of ap-
tamer, indicating that SQ could bind specifically with an aptamer to produce SA/aptamer.
Similarly, compared with cDNA-2 and aptamer separately, their hybrid products also
showed a band on the site with shorter migration distances of about 80 pb. The hybrid
products of cDNA-1, cDNA-2 and aptamer showed a band that had the shortest migration
distances (about 100 pb), indicating the successful hybridization among cDNA-1, cDNA-2
and aptamer. These experimental results demonstrated the feasibility of a competitive
aptamer-binding system.

The feasibility of the NADH-AA-mediated AuNBP growth system was confirmed by
regulating AuNBP growth with different AA concentrations and investigating the mor-
phologies of AuNBPs with transmission electron microscopy (TEM). The TEM images in
Figure 1 show that as the AA concentration increased from 38.5 to 227 µM, the shape of the
AuNBPs changed step by step from spheroid to rice-like oval, to truncated bipyramid, to
standard bipyramid. Correspondingly, the AuNBP solution exhibited vivid color changes
from pale pink to blue-green to brownish red. Meanwhile, the λLSPR of the AuNBP solution
gradually shifted from 504 to 796 nm, and the λLSPR showed a good linear relationship
with AA concentrations in the range of 56.0–90.5 µM (see Figure 2). All the above results
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demonstrated that the NADH-AA–mediated system can mediate AuNBPs growth sensi-
tively to generate many more color changes, which could make naked-eye observation
more accurate and sensitive.
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mediated growth system at different AA concentrations (0.0, 38.5, 56.0, 67.0, 72.5, 82.5, 90.5, 101, 114,
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3.3. Optimization of PAD-Based Multicolor Colorimetric Aptasensor

In the NADH–AA-mediated AuNBPs growth system, acidity lowered the reduction
ability of AA, which affected the growth rate of the AuNBPs, which on turn affected the
λLSPR of the AuNBPs, i.e., the sensitivity of the multicolor colorimetric aptasensor. In this
study, HCl was used to control acidity, and the concentration was optimized in the range
of 440–880 mM. The experimental results (Figure S4 in SI) showed that the λLSPR of the
AuNBPs increased when the HCl concentration increased from 440 to 660 mM, whereas
it decreased when the concentration was higher than 660 mM. Thus, the acidity of the
NADH–AA-mediated AuNBP growth system was controlled by adding HCl in a final
concentration of 660 mM.
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The streptavidin–ALP concentration in the competitive aptamer-binding system di-
rectly affected the ALP amount loaded onto the MBs/cDNA-1/aptamer/cDNA-2/ALP,
which was used to hydrolyze AAP to generate AA and affecting the sensitivity and linear
range of the aptasensor. The streptavidin–ALP concentration was optimized in the range of
21–27 µg/L. The experimental results (Figure S5 in SI) show the λLSPR shift of the generated
AuNBPs:

∆λLSPR = λLSPR(+) − λLSPR(−),

where λLSPR (+) is the λLSPR of the generated AuNBPs in the presence of target SAs, and
λLSPR (−) is the λLSPR in the absence of target SAs). The λLSPR shift had the largest value
when the streptavidin–ALP concentration was 25.3 µg/L, which was selected as the opti-
mal concentration.

3.4. Specificity of the Multicolor Colorimetric Aptasensor

As we mentioned above, the aptamer used in this study had a higher binding affinity
to SQ, SMP and SMD, and a relatively lower binding affinity to SCP and SPD [33]. To
evaluate the specificity of the multicolor colorimetric aptasensor to the targeted SAs (SQ,
SMP and SMD), it was used to test a 1.0 µM concentration of the 19 commonly used SAs
and a 100 µM concentration of the 6 types of antibiotics mentioned in Section 2.1. As
Figure 3 shows, only SQ, SMP and SMD induced an obvious λLSPR shift (∆λLSPR) of the
AuNBPs, and exhibited a blue or blue-green color. The other 16 SAs (SCP, SPD, SMZ, SDM,
SIM, SMM, SMR, ST, SB, SDX, SD, SMT, SIZ, SG, SPA and SAA) exhibited the same color
(pale pink) as that of the control AuNBPs with no λLSPR shift (∆λLSPR ≈ 0). In particular, the
6 other antibiotics also did not induce an obvious λLSPR shift, and they exhibited the same
color (pale pink) as that of the control AuNBPs even though the antibiotic concentrations
were much higher than those of the 3 target SAs (SQ, SMP and SMD). The above results
demonstrated that the proposed multicolor colorimetric aptasensor had good selectivity
for SQ, SMP and SMD, and thus could be used to detect them singly, or the sum of all three
or the sum of any two with no interference of other antibiotics.
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Figure 3. The photographs and ∆λLSPR of multicolor colorimetric aptasensor for detecting 19 com-
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that of the 6 other antibiotics was 100 µM.

3.5. Analytical Performance of the Multicolor Colorimetric Aptasensor

To investigate the analytical performance of the multicolor colorimetric aptasensor,
different concentrations of SQ, SMP and SMD were determined. As the photographs
and extinction spectra in Figure 4 show, when the SQ concentration increased from 0.0 to
2.5 µM, the colors of the AuNBPs changed step by step from pale pink to bluish violet, to
green-blue, to green, to atrovirens, to lime-green, to brownish red to deep brown, and were
accompanied by an AuNBP λLSPR of shift from 557 to 716 nm. When the concentration
of SQ was 0.3 µM, the color change int the AuNBPs could be clearly confirmed with the
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naked eye, i.e., the visual detection limit (LOD) of the aptasensor was 0.3 µM for SQ. The
good linear relationship between the λLSPR of the AuNBPs and SQ concentrations was
observed in the range of 0.3–1.0 µM; thus, the spectrometry quantification limit (LOQ)
was 0.3 µM (the lowest concentration in the linear range) and the spectrometry LOD was
0.09 µM (LOQ/3.3) for SQ (Table 1). As the concentrations of SMP and SMD increased, the
AuNBPs exhibited similar stepped color changes and were accompanied by a shift in the
AuNBP λLSPR from about 550 to 700 nm (see Figures S6 and S7 in SI). The visual detection
limit of the aptasensor was 0.5 µM for SMP and 1.0 µM for SMD. The spectrometry LOQ
was 0.3 µM for SMP and 0.5 µM for SMD, and the spectrometry LOD was calculated to be
0.09 µM for SMP and 0.15 µM for SMD (Table 1). The stability of the multicolor aptasensor
was investigated by repeatedly detecting 0.5 µM of SQ and SMP, and 2.0 µM of SMD 5 times.
The relative standard deviation (RSD, n = 5) was calculated to be 5% for SQ, and 6% for
SMP and SMD.
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Figure 4. The photographs and UV-vis extinction spectra (A) of the multicolor colorimetric aptasensor
for detecting different concentrations of SQ (0.0, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5 and 2.5 µM), and the variation
of the λLSPR of AuNBPs versus SQ concentrations (B). The insert in (B) is the linear relationship
between the λLSPR of AuNBPs and SQ concentrations in the range of 0.0–1.0 µM.

Table 1. Analytical performances of the proposed aptasensor for detecting SQ, SMP and SMD.

SAs Linear Equation Coefficient (R2) Linear Range Visual LOD
Spectrometry

LOQ LOD

SQ λ = 119.4 × C + 558.9 0.9912 0.3–1.0 µM 0.3 µM 0.3 µM 0.09 µM

SMP λ = 56.4 × C + 550.4 0.9941 0.3–1.0 µM 0.5 µM 0.3 µM 0.09 µM

SMD λ = 20.4 × C + 550.1 0.9951 0.5–5.0 µM 1.0 µM 0.5 µM 0.15 µM

As mentioned above, some aptamer-based colorimetric methods have been reported
for the rapid determination of SAs [22,32,33]. However, previous aptamer-based colorimet-
ric methods suffered from one or more following disadvantages: the ability to determine
only one kind of SA or color change and had lower sensitivity. Compared to previous
colorimetric methods, the multicolor colorimetric aptasensor developed in this study has
obvious analytical advantages such as the ability of determining multiple SAs and color
changes with a higher sensitivity (see Table S2 in SI).

3.6. Determination of SQ, SMP and SMD in Fish Muscle Samples

The applicability and reliability of the proposed PAD-based multicolor colorimetric
aptasensor was confirmed by determining SQ, SMP and SMD in fish muscle samples (Perca
fluviatilis) collected from coastal waters of Fujian in China. The samples, which previously
spiked with one or two or all three of SQ, SMP and SMD, were also determined in the
same manner to investigate recovery. The results from our method were compared with
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those obtained by the commercial ELISA kit. As Table 2 shows, SQ, SMP and SMD were
determined by naked eye observation or UV-visible spectrometry with a recovery of 89–94%
and an RSD < 8% (n = 5). The results from the proposed colorimetric aptasensor were
consistent with those from the commercial ELISA kit. All the above results indicated that
our PAD-based multicolor colorimetric aptasensor is reliable and can be used for the rapid
screening or semi-quantitative determination of SQ, SMP and SMD individually, the sum
of all three or as the sum of any two.

Table 2. Analytical results of SQ, SMP and SMD in dried fish muscle samples.

Added SAs 1 Added Con. (µg/g)

2 SAs Detected

Our Multicolor Aptasensor
5 ELISA Kit
Con. (µg/g)Color

UV-Vis Spectrometry

Con. (µg/g) RSD (n = 5) Rec.

None 0.0
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4. Conclusions

In summary, we developed a PAD-based multicolor colorimetric aptasensor to detect
3 different SAs (SQ, SMP and SMD) by using a broad-specificity SA aptamer, functionalized
magnetic beads as a bioreceptor, an NADH–AA-mediated AuNBP growth system to
generate color signals, and a PAD system that deposited AuNBPs more sensitively and
stably so that color signals could be read out. The colorimetric aptasensor had more color
changes corresponding to the concentrations of SQ, SMP and SMD; higher sensitivity;
better specificity and stability; and was used to determine SQ, SMP and SMD with a
visual detection limit of 0.3, 0.5 and 1.0 µM, respectively. The detection limits of UV-
visible spectrometry were calculated to be 0.09, 0.09 and 0.15 µM for SQ, SMP, and SMD,
respectively. By using the established aptasensor, we successfully determined SQ, SMP,
SMD, the sum of SQ and SMD, and the sum of all 3 SAs in the fish muscle samples with
a recovery of 89–94% and an RSD (n = 5) < 8%. This simple method provides multiple
color changes and higher sensitivity, which make it a promising method for the rapid and
instrument-free screening of the total residue of SQ, SMP and SMD in seafood.
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