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Fluorescence detection of malachite green in fish
based on aptamer and SYBR Green I

Jia Wang, Chengyi Hong, Zhengzhong Lin, Zhi-Yong Huang*

College of Ocean Food and Biological Engineering, Jimei University, Xiamen, China

Abstract

A simple fluorescence method to quantitatively monitor malachite green (MG) was introduced based on the confor-
mation switch effect of MG-aptamer (Apt) and the fluorochrome of SYBR Green I (SGI). SGI can embed in the stem-
loop structure of Apt to produce fluorescence. However, the fluorescence will be quenched when MG is introduced
because of the specific binding of Apt to MG. Under the optimal conditions, the fluorescence method displayed excellent
linear relationship between the fluorescence quenching efficiencies and the MG concentrations ranging from
0.02 mmol L¡1 to 1.0 mmol L¡1. The detection limit of the method was 0.67 mg kg¡1 (3a/k, n ¼ 9) which is lower than the
limit (1 mg kg¡1) specified in the national standard of China (GB/T 19857e2005) and the limit (2 mg kg¡1) specified by the
European Food Safety Authority (EFSA, 2016). Excellent recoveries between 87.1% and 106.9% tested by spiking stan-
dards were achieved with RSD less than 6.4%. The data were confirmed by the method of HPLC, and the results proved
that the established fluorescence method could be used for the rapid detection of MG in fish with high accuracy and
sensitivity.

Keywords: Aptamer, Conformation switch effect, Food safety, Malachite green, SYBR Green I

1. Introduction

M alachite green (MG) is a poisonous cationic
triarylmethane dye which has commonly

been utilized in the preparation of paper [1], leather
[2], and battery manufacturing [3] and food packing
[4]. The uncontrolled discharging of wastewater
containing MG has been regarded as one of the
main causes of MG pollution in water [5]. Mean-
while, MG has been widely used in the process of
aquaculture as a fungicide, disinfectant, and para-
siticide since 1933 [6]. However, MG is clearly listed
as a prohibited veterinary drug by most countries
[7], including the United States, Canada, and the
European Union, because of its potential carcino-
genic [8], genotoxic [9], teratogenic properties [10],
respiratory toxicity [11], in addition to other various
side effects toward humans and animals [12].
Nevertheless, MG has been illegally used due to its
low cost, availability, high efficacy against hard-to-
control parasites and fungal diseases, and lack of
proper supervision [13].

Numerous instrumental analytical techniques,
including liquid chromatography-mass spectrom-
etry (LC-MS) [14], high-performance liquid chro-
matography (HPLC) [15], and enzyme linked
immunosorbent assay (ELISA) [16], have been
developed for the measurement of MG. However,
the inherent defects of instrumental analytical
techniques such as complex extraction procedures
[17] and costly solid-phase extraction columns [18],
and rigorous analytical conditions [19], hinder the
application of these methods in the rapid detection
of MG in foods. Therefore, the development of a
rapid, low-cost, and sensitive method for MG
detection is highly desired.
Bio-probers have been employed as tools for MG

detection [20]. Aptamers (Apts), which are generally
derived from DNA and RNA [21], have been widely
employed in the fields of therapeutics [22], molec-
ular imaging [23], and biosensors [24]. Apts are
promising alternatives to antibodies in probes due
to their remarkable molecular recognition features
[25]. In particular, sensing strategies based on Apts
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have shown extraordinary advantages compared
with those of natural antibodies or enzymes [26],
such as small molecular size, low cost, specificity,
rapid response and conformational changes upon
targets/analytes binding [27,28]. In recent years,
methods of MG detection using aptamers have been
developed, such as colorimetric method based on
Aptamer/AuNP [29], electrochemical method [30],
fluorescence method based on split-type aptamer
[31], etc. However, these methods generally have a
narrow linear range, complex sample pretreatment,
high detection limits. Most importantly, these
methods usually use RNA as the recognition unit,
which is expensive and easily degraded by RNases
[32].
SYBR Green I (SGI) is a highly sensitive antho-

cyanin nucleic acid gel dye that can be used for the
quantitative detection of double- or single-stranded
DNA or RNA based on complementary base pairing
[33]. The advantages of low background noise, high
sensitivity, and simplicity make SGI promising in
sensing field based on photophysical properties [34].
The MG-DNA Apt has a unique stem-loop

structure with double-stranded complementary se-
quences at its head and tail [35]. Inspired by this
feature, we proposed a novel detection strategy
based on MG-DNA Apt and SGI in the present
study. The fluorescence signal of the detection sys-
tem can be observed when the Apt binds to SGI
because of the embedding effect of SGI in the
stem-loop of Apt. However, the fluorescence can be
quenched when MG is introduced, which may be
due to the occupation of MG in the specific recog-
nition site of the stem-loop of Apt. By measuring the
fluorescence quenching efficiency, the fluorescence
method can be developed to quantitatively detect
MG residues in fish samples.

2. Experimental section

2.1. Reagents

The MG-Apt sequence [35] is 5-CTCA-
GATCTAACCTTG TTAAATTGAG-30, SGI, Gel
Red, SYBR Gold, and ethidium bromide were pur-
chased from Shanghai Sangon Technologies Inc.
(Shanghai, China). MG, leucomalachite green
(LMG), sulfadimethoxine (SDM), sulfonamide (ST),
methyl orange (MB), methyl red (MR), chloram-
phenicol (CAP), crystal violet (CV), nitrofurazone
(NU), brilliant green (BG), tetracycline hydrochlo-
ride (TCT) and formaldehyde (FM) were all pur-
chased from Shanghai Aladdin Biochemical
Technology Inc. (Shanghai, China). Hydroxylamine
hydrochloride and 2-morpholineethanesulfonic acid

were purchased from Xilong Scientific Inc. (Shan-
tou, China).
The other aptamers included in the experiment

were shown in Appendix (Supplementary data).

2.2. CD spectroscopy and UV-vis characterization

The reaction of MG and Apt was characterized by
CD color spectroscopy using a JASCO J-815 circular
dichroism spectrometer (Light Corporation, Japan).
Three 10 mL centrifuge tubes were used and
marked as a, b and c, respectively. Each of 2.5 mL
1 mmol L�1 Apt solutions was added to tubes. Then,
1 mL of MG solutions with the concentrations of
0.5 mmol L�1 and 2 mmol L�1 was added to tube b
and c, respectively. Ultrapure water was used to
adjust a, b, and c to obtain 5 mL for each tube. After
incubating at room temperature for 30 min, 1 mL of
the reaction solution was pipetted and added to the
circular dichroism cuvette (optical path of 10 mm).
CD spectra of the reaction system were recorded in
the range of 220e320 nm at a scan speed of
100 nm min�1. The data collected were the average
of three scans.
UV-vis spectra were measured using a Lambda

265 UV spectrophotometer (Perkin Elmer, Amer-
ica). Four centrifuge tubes (2 mL) were used and
labeled as a, b, c, and d. Then, 100 mL of 1 mmol L�1

Apt solutions (prepared with ultrapure water) was
added to each tube. And each of 100 mL of MG with
different concentrations (0.5, 2.5, and 5 mmol L�1)
was added to tube b, c and d, respectively. The total
volume of each tube was adjusted to 500 mL with
ultrapure water. After incubation at room temper-
ature for 30 min, 200 mL of the solutions was taken
for UV-vis spectral scanning from 220 nm to
340 nm.

2.3. Fluorescent detection of MG

Fluorescent analysis was performed under the
following procedure. At room temperature, 100 mL
of 1 mmol L�1 Apt solutions (diluted with ultrapure
water) was mixed with 100 mL of MG standard so-
lutions or sample solutions. After vortex oscillation
at room temperature for 20 min, 30 mL of 10 � SGI
(diluted to 1000 times with ultrapure water) was
added. Then, 270 mL of ultrapure water was added to
obtain 500 mL of mixture. After continually incu-
bating for 10 min, the solutions were transferred to
cuvette for fluorescence measurement with the
excitation wavelength of 495 nm and the emission
wavelength of 530 nm. The fluorescence quenching
efficiency was evaluated by (F0eF)/F0, where F0
represents the fluorescence intensity in the absence
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of MG, and F represents the fluorescence intensity
in the presence of MG. At the same time, the mixed
solutions were photographed using a smartphone
under UV lamp. Three replicates were set for each
sample.

2.4. Selectivity and anti-interference test

The structural analogs of MG, LMG, CV, BG, MR
and MB were used to test the selectivity of the
method. In addition, several common veterinary
drugs, such as NU, SDM, ST, CAP, and FM, were
utilized for selective testing. The anti-interference
ability of the detection method was also determined
by measuring the binary mixtures including
MG þ LMG, MG þ CV, MG þ BG, MG þ MR,
MG þ MB, MG þ SDM, MG þ ST, MG þ NU,
MG þ TCT, MG þ CAP, and MG þ FM. The (F0eF)/
F0 values were measured for comparative analysis.
The final concentration of MG in the experiments
was set as 0.2 mmol L�1, and all of the concentrations
of interfering substances were set as 2 mmol L�1.
Each group of experiments was set at three
replicates.

2.5. Real sample analysis

Fish samples in the experiment came from the
Jiageng Farmers Market in Xiamen City, China. Sea
water was taken from local aquaculture farms. Fish
and shrimp samples were treated using the previous
processing method [29] with slight modifications.
Specifically, the live fish were first slaughtered, and
the head and tail were removed. About 5 g of meat
cut from back using a ceramic knife was accurately
weighed into a 50 mL centrifuge tube, and 2.5 mL of
1 mol L�1 ammonium acetate buffer, 0.5 mL of
0.25 g mL�1 hydroxylamine hydrochloride solution,
50 mL of 1 mol L�1 p-toluenesulfonic acid solution
and 7.5 mL acetonitrile were added. The resultants
were then transferred to an analytical grinder (IKA,
Germany) for crushing and homogenization. After
homogenizing for 5 min, the slurries were trans-
ferred to a centrifuge tube. Then, the mixtures were
shaken for 30 min, and the samples were centri-
fuged at 4 �C for 5 min (5000 rpm). The supernatants
were transferred to 200 mL pear-shaped separatory
funnels, and the precipitates were extracted again
using 25 mL of acetonitrile. Then, the combined
extracting solutions were further extracted twice
using dichloromethane each of 25 mL. The lower
layer solutions were collected and dried with ni-
trogen atmosphere at 50 �C. The residues were
dissolved in 2 mL of ultrapure water and filtered
through a 0.22 mm filter. Each of 190 mL of the filtrate

was collected and mixed with 10 mL of MG standard
solutions for recovery tests. Sea water samples were
filtered through a 0.22 mm filter and mixed with MG
standards for recovery tests.

2.6. HPLC detection conditions

The experimental conditions of HPLC were as
follows: Eclipse Plus C18 chromatographic column,
50 mmol L�1 of ammonium acetate buffer (pH 4.5)
as mobile phase A and acetonitrile as mobile phase
B (VA:VB ¼ 4:6), 20 mL of injection volume,
0.5 mL min�1 of flow rate. The separation was per-
formed at 25 �C, and the detection wavelength was
618 nm.

3. Results and discussion

3.1. Design strategies

Fig. 1 shows that the detection method is
designed according to the inherent stem-loop
structure and structure conversion effect of the
Apt. Given that SGI has a super-strong affinity for
double-stranded DNA molecules, it can intercalate
into the stem-loop region of MG-Apt, resulting in a
strong fluorescent signal [36]. However, when the
target MG exists, MG specifically binds to Apt and
occupies its stem-loop recognition region, which
causes the structure of Apt to undergo a distorted
transition [37]. The distorted conformation and
steric hindrance effect prevent SGI from entering
the groove of Apt, leading to the fluorescent
quenching. Therefore, MG can be quantitatively
detected according to the decreases of fluorescence
signals.
The fluorescence spectra of Apt/SGI, Apt/MG/

SGI, SGI, and SGI/MG were scanned at
510e700 nm under the excitation wavelength of
495 nm to verify the feasibility of the detection
method. As shown by the line c in Fig. 2, SGI alone
has nearly no fluorescence emission when Apt is
absent in the solution. However, SGI can quickly
embed into the double-stranded structure and
groove of Apt after mixing with Apt, and an obvious
fluorescence emission peak at 530 nm is observed as
shown in line a, which implies that SGI is bound to
Apt. As shown in line b, after adding MG the
fluorescence decreases sharply, which may be due
to the specific binding effect of MG to Apt. The
occupation of MG in the recognition site of Apt
leads to the conformational change of Apt, pre-
venting the fluorescent staining of SGI to Apt.
Therefore, the fluorescent method is proved to be
feasible for MG detection.
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3.2. Characterization of CD spectroscopy and
UV-vis

Circular dichroism (CD) is an important tool for
evaluating the conformational changes of Apts. As
shown the line a in Fig. 3(A), in the absence of MG
the Apt solution has an obvious negative peak at
245 nm and a positive peak at 275 nm, which is the
typical DNA double-helix structure due to the
member of right-handed B-DNA family [38]. After
adding of MG, the peak positions of Apt did not
change significantly, but the peak high changed.

Both of the positive peak and the negative peak
were enhanced, which might be due to the binding
effect of MG and Apt and results in the distortion of
double-helix structure of Apt. Therefore, the fluo-
rescence staining of SGI in the mixture of MG and
Apt disappeared. The UV-vis spectra in Fig. 3(B)
show that the Apt solution alone has an obvious
absorption peak at 260 nm, but the absorption peak
decreases with the increases in MG concentrations.
The result may be due to the disordered stacking
effects of Apt bases after the addition of MG [39].
The results further confirm that the fluorescence
staining of SGI in the mixture of MG and Apt is
unable to be carried on.

3.3. Apt specificity

As shown in Fig. 4A, the coloring of SGI dye oc-
curs with different Apts to generate fluorescent
signals. The fluorescence staining of SGI with
CAP-Apt, OTA-Apt and SDM-Apt may be due to
the G-quadruplex structures of these Apts. How-
ever, all the (F0eF)/F0 values are low except for MG-
Apt, which can be interpreted that the specific
recognition of MG to MG-Apt. In addition, MG
tailor-made Apts with different lengths of bases,
including 26 bases of Apt, 13 bases (Prope-1), 19
bases (Prope-2), and 33 bases (Prope-3) were
investigated in terms of (F0eF)/F0 values. As shown
in Fig.4B, the truncated or lengthened MG tailor-
made Apts result in obvious lower of fluorescence

Fig. 1. Scheme of the structure-switching fluorescence method for MG detection.

Fig. 2. Fluorescence spectra of SGI in different systems. (Concentrations
of SGI: 0.6 � , Aptamer: 0.3 mmol L�1, MG: 0.2 mmol L�1, inset: the
photofluorography under 365 nm UV light).
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quenching efficiencies compared with that of MG-
Apt with 26 bases. The length of MG-Apt may play
an important role on the binding ability between the
aptamer and SGI. In addition to the interaction
within the groove of MG-Apts, the intercalation
between base pairs and the stabilization of the
electrostatic SGI/DNA complex contributes to the
affinity of SGI to DNA [34]. Therefore, the MG-Apt
with 26 bases was used throughout the experiment
considering the strong fluorescence intensity and
the high fluorescence quenching efficiency.

3.4. Optimization of experimental conditions

Several parameters, including buffer and pH, Apt
concentration, SGI concentration, and reaction time,

were optimized based on the fluorescence and the
(F0eF)/F0 values. The concentration of MG was set
as 1 mmol L�1 in all the optimization.

3.4.1. Choice of nucleic acid dyes
Many dyes can specifically bind to double-

stranded DNA. As shown in Fig. S1, SGI has the
highest (F0eF)/F0 value compared with those of Gel
red, EB and SYBR gold. The combination of Gel Red
and Apt generates strong fluorescence (inset tube
B), but the (F0eF)/F0 value is the smallest (inset tube
b). It has been found that the binding ability of Gel
red to dsDNA was about two times stronger
compared with the binding to ssDNA. In addition,
about five times stronger of binding ability of Gel
red to ssDNA can be achieved compared with that

Fig. 3. (A) Circular dichroism spectra and (B) UV-vis spectra of Apt mixed with MG.

Fig. 4. Comparison of the fluorescence quenching efficiency ((F0eF)/F0) of different aptamers (0.3 mmol L�1) with MG (0.2 mmol L�1). Different kinds
of aptamers (A) and truncated or lengthened MG tailor-made Apts (B). (error bars represent the standard deviations of three replicates. Insets:
lowercases represent the photofluorography in the absence of MG, while capital letters represent the presence of MG).
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of SGI to ssDNA [40]. The strong fluorescence from
tube B might be interpreted that Gel Red solidly
inserted into the double-stranded and the groove of
Apt, which prevented MG from the specific binding
site in Apt and resulted in low fluorescence
quenching efficiency. High quenching efficiencies
were also obtained with EB and SYBR Gold, but
their fluorescence intensities were low (inset tube C
and D) which may seriously decrease the analytical
sensitivity. In addition, EB is a highly toxic nucleic
acid dye [41], and SYBR Gold is unstable and
expensive. Hence, SGI was finally employed as the
nucleic acid dye throughout the experiment.

3.4.2. Buffer selection
Appropriate reaction medium may be an impor-

tant condition for biochemical reactions because of
the ionization equilibrium and affinity capacity of
molecular [42]. As shown in Fig. S2 (A), highest
fluorescence intensity is obtained in ultrapure water
(ddwater), while HEPES buffer presents the lowest
which may be due to the electrostatic interaction
between HEPES and SGI. In addition, highest
(F0eF)/F0 value is observed in ultrapure water as
shown in Fig. S2 (B). Therefore, ddwater was
selected as the reaction medium in the detection
system.

3.4.3. Buffer pH
As shown in Fig. S3(A), pH value ranging from 6.3

to 7.5 has little effect on the fluorescence quenching
efficiency, but relative high (F0eF)/F0 values are
observed for pH above 6.9. The result in Fig. S3(B)
shows that the fluorescence intensity decreases
slightly with the increase of pH value. In order to
obtain high detection sensitivity, the optimum pH
was chosen as 6.9.

3.4.4. Apt concentration
As shown in Fig. S4(B), the fluorescence intensities

of detection system increase with the rises of Apt
concentrations. The reason may be that the suffi-
cient Apt can provide the plenty binding sites for
the intercalation of SGI and MG. When the Apt
concentration was 0.2 mmol L�1, the (F0eF)/F0 value
reaches the maximum as shown in Fig. S4(A).
However, continuously increasing Apt concentra-
tion could still increase the fluorescence intensities,
but the (F0eF)/F0 value decreased obviously.
Therefore, the concentration of Apt was set as
0.2 mmol L�1.

3.4.5. SGI concentration
SGI concentration is an important parameter

affecting the sensitivity of the fluorescence method

as shown in Fig. S5. The fluorescence intensities
significantly increased with the increases of SGI
concentrations until the growth rate slowed down
after 0.6 � . And the (F0eF)/F0 value reached the
maximum when the SGI concentration was above
0.4 � . In order to ensure the adequate concentration
of SGI, its dilution ratio was set as 0.6 � (diluted to
60000 times with ultrapure water).

3.4.6. Reaction time
As shown in Fig. S6, the (F0eF)/F0 values increase

with the binding time of MG and Apt until 20 min.
Therefore, the binding time of MG and Apt was set
as 20 min.
As shown in Fig. S7, the (F0eF)/F0 value reaches

an equilibrium stage after the incubation time of
SGI in the detection system is 600 s. Therefore, 600 s
(10 min) was chosen as the incubation time after SGI
was added in the detection solution.

3.5. Performance of the MG detection

Under the optimal conditions, MG standard so-
lutions and samples were analyzed with the con-
structed fluorescent method. As shown in Fig. 5(A),
the fluorescence intensities at 530 nm gradually
decreases with the increases of MG concentrations
in the range of 0.02 mmol L�1e1.2 mmol L�1. Fig. 5 (B)
shows that the concentrations of MG ranging from
0.02 mmol L�1 to 0.4 mmol L�1 and the (F0eF)/F0
values have an excellent linear relationship with a
linear equation of Y ¼ 1.756Xþ0.09 (R2 ¼ 0.992), and
another linear relationship of Y ¼ 0.226Xþ0.69
(R2 ¼ 0.928) is fit for MG concentrations ranging
from 0.4 mmol L�1 to 1.2 mmol L�1. The detection
limit (LOD, 3a/k, n ¼ 9) is 0.004 mmol L�1 tested with
the standard blank solutions. In order to test the
LOD of the detection method, nine blank samples
were used and the LOD of the fluorescence method
is 0.67 mg kg�1 (3a/k, n ¼ 9). The method's LOD is
lower than the limit (1 mg kg�1) specified in the
national standard of China (GB/T 19857e2005) and
the limit (2 mg kg�1) specified by the European Food
Safety Authority (EFSA, 2016).
Table 1 compared the present method with the

previous methods for MG detection. The LOD of the
present method is not as good as those of LC-MS
[43], HPLC [44], ELISA [45] and SERS [46]. Howev-
er, the present method is simple and low cost, time-
saving, and does not require expensive instrument.
Compared with the spectrophotometric method
[47], the present method not only has a lower LOD
value but also overcomes the disadvantages such as
the requirement of extraction columns for sample
preparation. The present LOD is similar to that of
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the electrochemical method [48], but the electro-
chemistry requires complex nanomaterials for
electrode preparation. Fluorescence and colori-
metric methods based on carbon dot, gold nano-
clusters and AuNPs have been developed for MG
detection [49e51]. But MG-RNA Apts or antibodies
were often used as recognition elements, which
might greatly increase the detection cost, and were
unstable for RNA Apt due to the RNase [52].

3.6. Specificity and selectivity

In order to investigate the selectivity and anti-
interference of the method, several drugs including
structural analogs of MG, LMG, BG, and CV, in-
dustrial dyes such as MR and MB, and some anti-
bacterial drugs such as CAP, SDM, ST, TCT, and
FM, which may be used in aquaculture were tested
[53,54]. Based on the fluorescence quenching effi-
ciencies, the drugs were tested for assessing the
selectivity of MG detection. In addition, several bi-
nary mixtures containing MG were used to

investigate the anti-interference abilities of the
fluorescence method. As shown in Fig. 6, compared
with these testing drugs only MG shows the excel-
lent (F0eF)/F0 value, which may be due to the spe-
cific binding of MG to Apt. LMG shows a little
interference which may be due to the similar
structure to MG, but there is no interference for MG
detection checked by paired t-test ( p＞0.05).

3.7. Real sample detection

In order to verify the practicability of the fluo-
rescence method, sturgeon, prawn, and seawater
were used for MG detection by spiked recovery
experiments, and were verified by HPLC method.
Data in Table 2 show that the recoveries of 87.1%e
106.9% (RSD 3.5%e6.4%) by the fluorescence
method are similar to those (recovery 88.5%e
103.2%, RSD 3.2%e8.1%) of HPLC method. There is
no significant difference ( p > 0.05) between the data
collected from the two methods, indicating that the
established fluorescence method can be used to

Fig. 5. (A) Fluorescence spectra of detection solutions containing different concentrations of MG (0.02e1.2 mmol L�1), and (B) linear relationship of
MG concentrations and fluorescence quenching efficiencies. (Inset: the photofluorography under 365 nm UV light).

Table 1. Comparison of analytical parameters of different methods in MG detection.

Methods Linear ranges (mg L�1) LOD (mg L�1) Recovery (%) Samples References

LC-MS 0.4e3.0 0.13 mg kg�1 103e110 Fish [43]
HPLC 0.3e15.0 0.15 mg kg�1 71.8e96.8 Fish [44]
ELISA 50.0e6250.0 0.37 76.2e82.9 Fish [45]
Spectrophotometric 60e600 2.2 90.0e115.0 Water [47]

1.0e1000.0 1 mg kg�1 96.6e111.5 Fish [46]
Electrochemical 3.6e363.5 1.22 98.5e102.2 Fish [48]
Fluorescence 6.6e23.2 6.5 Not mentioned Tea [49]

69.0e7270 109.1 96.4e106.0 Fish [50]
Colormetry 3.6e181.7 0.65 88.0e135.0 Water [51]

7.3e109.5 5.82 96e104.8 Fish [29]
Fluorescence 7.3e145.4

(0.02e0.4 mmol L�1)
1.46
(0.61 mg kg�1)

87.1e106.9 Fish/Water This work
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detect MG residues in fish samples with high ac-
curacy and reliability.

4. Conclusions

The rapid and sensitive method for MG detection
was realized based on the conformational changes
of Apt and the fluorescence staining of SGI. The
fluorescence quenching efficiency showed good
linear relationship for MG concentrations in the
range of 0.02e1.0 mmol L�1, the LOD of detection
method was 0.61 mg kg�1. The method was suc-
cessfully applied to the detection of fish samples
and seawater. The detection can be completed
within 40 min. The adding standard recoveries
ranged from 87.1% to 106.9% with RSD of 3.5%e
6.4%. The results were consistent with those of
HPLC method. The results showed that the

established fluorescence method was sensitive, ac-
curate, and convenient, and could be used to detect
MG in fish samples.
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Fig. 6. Selectivity (A) and anti-interference (B) tests of the fluorescence method to different interferents. (Apt 0.3 mmol L�1, SGI 0.6 � and MG
0.3 mmol L�1. Each of the concentrations of LMG, BG, CV, SDM, ST, MR, MB, NU, OTH, CAP and FM was set as 3 mmol L�1*: significant
difference ( p � 0.05) compared with MG. *: no significant difference at p > 0.05. Insets: the photofluorography under 365 nm UV light. Error bars
represented the standard deviations of three replicates.).

Table 2. Adding standard recoveries of MG detection in fish and water samples by fluorescence method and HPLC method.

Samples Added
(mg L�1)

Fluorescence method HPLC method

Found
(mmol L�1)

Recovery
(%)

RSD
(%)

Found
(mmol L�1)

Recovery
(%)

RSD
(%)

Sablefish (Gadus morhua) 0 Not detected e e e e

0.05 0.048 ± 0.002 96.4 3.9 0.047 ± 0.002 93.5 3.2
0.15 0.145 ± 0.007 96.7 4.4 0.142 ± 0.013 94.7 7.8
0.3 0.273 ± 0.009 91.3 2.4 0.271 ± 0.007 89.1 3.2

Prown (Penaeus chinensis) 0 Not detected e e e e

0.05 0.053 ± 0.005 106.9 4.3 0.051 ± 0.002 103.2 3.1
0.15 0.138 ± 0.009 91.5 6.4 0.136 ± 0.011 90.8 8.1
0.3 0.289 ± 0.004 96.5 1.5 0.290 ± 0.013 96.7 4.7

Sea water (from Longzhou
Pond in Jimei, Xiamen)

0 Not detected e e

0.05 0.049 ± 0.002 97.7 4.2 0.044 ± 0.010 88.5 4.9
0.15 0.136 ± 0.005 90.6 3.9 0.147 ± 0.008 93.3 5.4
0.3 0.261 ± 0.012 87.1 3.5 0.268 ± 0.019 89.3 5.9
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Appendix.

Aptamers:

KANA-Apt: 3-TGGGGGGTTGAGGCTAAGCC
GA-5,
CAP-Apt: 3-ACTTCAGTGAGTTGTCCCAC
GGTCGGCGAGTCGGTGGTAG-5,
SDM-Apt: 3-GAGGGCAACGAGTGTTTATA
GA-5,
OTA-Apt: 3-GATCGGGTGTGGGTGGCGTA
AAGGGAGCATCGGACA-5,
TCT-Apt: 3-CGTACGGAATTCGCTAGCCCCC
CGGCAGGCCACGGCTTGGGTTGGTCC-
CACTGCGCGTGGATCCGAGCTCCACGTG-5,
Prope‒1: 3-CTCAGATCTAACC-5,
Prope‒2: 3-CTCAGATCTAACCTTGTTA-5,
Prope‒3: 3- CTCAGATCTAACCTTGTTAAATT-
GAGAAAAAAA-5.

All of the aptamers supplied by Sangon Biotech
Co., Ltd. (Shanghai, China) were diluted to 10 mmol
L�1 with ddH2O and stored at � 20 ºC before use.

Fig. S1. Comparison of the fluorescence quenching efficiency ((F0‒F)/F0)
with different fluorescent dyes. (0.3 mmol L-1 Apt, 0.2 mmol L-1 MG,
0.6� SGI. Error bars represented the standard deviations of three rep-
licates. Inset: the photofluorography of SGI (A), Gel red (B), EB (C), and
SYBR Gold (D) in the absence of MG, while the lowercases represented
those in the presence of MG).
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Fig. S2. Comparison of different buffers on the fluorescence intensity (A) and the fluorescence quenching efficiency ((F0‒F)/F0) (B) in the detection
solutions. (50 mmol L-1 HEPES, pH 7.3; 20 mmol L-1 PBS, pH 7.3; 20 mmol L-1 Tris-HCl, pH 7.3. Concentrations: 0.3 mmol L-1 Apt, 0.2 mmol L-1

MG, 0.6�SGI. Error bars represented the standard deviations of three replicates.

Fig. S3. Effect of pH values on (F0eF)/F0 (A) and fluorescence (B). (0.3 mmol Le1 Apt, 0.6�SGI, 0.2 mmol Le1 MG. Error bars represented the standard
deviations of three replicates).

Fig. S4. Effect of the Apt concentrations on (F0‒F)/F0 (A) and fluorescence (B). (0.6� SGI, 0.2 mmol Le1 MG. Error bars represented the standard
deviations of three replicates).
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