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Abstract: Maduramicin (MAD) is widely introduced into aquatic environments and results in
the contamination of fish products. Worryingly, the consumption of MAD-contaminated crayfish
(Procambarus clarkii) may induce symptoms of Haff disease. In this study, to monitor this potential
contamination and to understand the residue and elimination characteristics of MAD in edible
tissues of crayfish, a sensitive and efficient ultra-performance liquid chromatography–tandem mass
spectrometry method was developed, validated, and applied. After extraction with acetonitrile
and purification by solid-phase extraction column, multiple-reaction monitoring mass spectrometry
with positive ionization mode was used to determine MAD’s residues. The limits of detection
and of quantification were 6 µg·kg−1 and 20 µg·kg−1, respectively. The fortified recoveries ranged
from 74.2% to 110.4%, with relative standard deviation of 1.2% to 10.1%. Furthermore, MAD was
completely eliminated after 3 and 5 days from abdominal muscle and hepatopancreas tissues of
crayfish, respectively. The maximum residue limits (MRLs) of MAD respectively was 200 µg·kg−1 in
muscle and 600 µg·kg−1 in the hepatopancreas, and its withdrawal time in both edible tissues was
25.8 ◦C·d. Collectively, the results of this study indicate the proposed method is an efficient tool to
evaluate the public health risk associated with crayfish consumption.

Keywords: maduramicin; ionophore antibiotic; UPLC-MS/MS; veterinary drug residue; crayfish;
Haff disease

1. Introduction

Veterinary antibiotics are used extensively to control infectious diseases and thereby
promote the safety and growth of animals in the livestock/poultry industry worldwide.
However, owing to the rapidly increasing demand for animal-derived protein foods, the
use of veterinary antibiotics in meat production is reaching very high levels. Although
China has partially banned the use of antibiotics as growth promoters in feed because of
increasing microbial resistance to drugs, coccidiostats are still approved as feed additives
for controlling coccidiosis and promoting chickens’ growth in China (Announcement No.
194, of the Ministry of Agriculture and Rural Affairs of the People’s Republic of China).
Among the approved coccidiostats, ionophore polyether antibiotics (IPAs) are now one of
the most extensively used globally [1]. However, because of poor absorption in the gut,
more than 80% of IPAs are excreted in the feces, and IPAs are then primarily introduced
into aquatic environments through the direct discharge of fecal wastes [2,3]. These IPAs
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are highly stable in animal feces and have strong potential for transport from manure to
soils and surface waters [4].

IPAs are considered as emerging environmental pollutants because of their intensive
use in the modern husbandry industry and are quickly becoming a problem of global
concern [5,6]. The presence of IPAs in environmental surface waters, soils, and sediments
has been reported from the USA [3], the EU [7,8], Argentina [6], Brazil [9], and China [10].
In addition, IPAs were detected in bottom-sediment samples at higher concentrations than
those present in water from the same streams [11]. These antibiotic pollutants not only
threaten the eco-environmental quality of waters but also pose a risk to humans with
transport through the aquatic food chain.

Among the approved IPAs, maduramicin (MAD) is the most toxic drug, frequently
inducing intoxication in domestic animals [12,13] and fowls [14,15] as well as humans [16].
Typical symptoms of MAD-induced intoxication of humans includes rhabdomyolysis and
acute renal failure, which are symptoms highly similar to those caused by Haff disease
within 24 h following the consumption of fishery products. Since first identified in 1924 in
Europe, Haff disease has now been reported in China, USA, Japan, Brazil, Sweden, and
Russia [17–19]. Fishery products such as buffalo fish, pomfret, and crayfish (Procambarus
clarkii) can deliver toxins that are in the aquatic environment and trigger the onset of
Haff disease [20–22]. In China and the USA from 2009 to 2018, Haff disease case clusters
appeared following the ingestion of cooked crayfish [18,22–26]. These outbreaks highlight
the risks of crayfish consumption to the public, because eating crayfish is undoubtedly
strongly linked to Haff disease. Although the toxin responsible for Haff disease remains
unknown, a new heat-stable, algal toxin similar to palytoxin is suspected.

With the number of Haff disease cases associated with crayfish consumption increasing
globally [25], it is urgent to identify the direct cause to correctly diagnose and control the
disease. Therefore, the relation between MAD in aquatic environments and crayfish
consumption-associated Haff disease needs to be investigated. However, to explore the
relation, a detection method for MAD in crayfish must be developed. Crayfish are very
important as components of aquatic ecosystems and also from a human health perspective.
Because crayfish tolerate polluted aquatic environments; they are suitable bioindicators
of toxic pollutants [27,28]. Moreover, crayfish consumption can be a key route by which
environmental antibiotics and heavy metals are transferred into humans [29]. Therefore,
to obtain information on this exposure route, monitoring MAD in aquatic environments
is required.

Considering the residue and potential risk of MAD to humans and environment,
numerous methods for the analytical determination of MAD and other ionophores in
biological matrices (e.g., feed (LC–MS/MS), eggs (HILIC–MS/MS and electrochemical
immunosensor), liver (LC–MS/MS), human plasma (LC–MS/MS), poultry tissue (LC–
MS/MS)) or environmental matrices (e.g., surface water and sediment (HPLC–MS, LC–
MS/MS)) have been widely reported in the literatures [2,11,30–35]. To our knowledge,
However, a method is not currently available to reliably detect MAD in crayfish.

Because of the emergence of Haff disease caused by crayfish consumption, likely
associated with the extensive use of MAD in livestock production and its increasing
frequency in aquatic environments, it is urgent to develop a detection method in order to
understand the relations between MAD and crayfish-related Haff disease. In this study, a
sensitive and reliable method was developed to determine MAD residues in edible tissues
of crayfish. The method used a cleanup by solid-phase extraction (SPE) coupled with
ultra-performance liquid chromatography–tandem mass spectrometry (UPLC–MS/MS)
with electrospray positive ionization (ESI+) under the multiple-reaction monitoring (MRM)
mode. With the method, the residue and elimination characteristics of MAD in crayfish
were investigated, in addition to determining the maximum residue limits (MRLs) and
withdrawal time (WT).
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2. Materials and Methods
2.1. Reagents and Materials

Maduramicin ammonium (maduramicin, MAD, C47H83NO17, 934.17 MW, purity > 92.3%)
was used as the standard compound, purchased from the China Institute of Veterinary Drug
Control (Beijing, China). Nigericin sodium (nigericin—NIG, C40H67NaO11, 746.94 MW,
purity > 98.0%) was used as the internal standard, was supplied by MedChemExpress
(Monmouth, US). The Esigmabio Co., Ltd. (Haining, Zhejiang, China) kindly donated the
maduramicin (purity > 91.9%, batch number 1701004) used to test crayfish exposure.

Deionized water was taken from the Milli-Q water purification system (Millipore,
France). Methanol (MeOH) and acetonitrile (ACN) were of LC-MS grade and purchased
from Merck (Darmstadt, Germany). Analytical purity grade citric acid monohydrate,
trisodium citrate dehydrate, anhydrous glucose, formic acid, n-hexane, sodium diacetate,
and sodium sulfate anhydrous, all of analytical purity grade, were bought from Aladdin
(Shanghai, China). The Oasis HLB solid-phase extraction (SPE) column was obtained from
Waters (60 mg, 3 mL; Milford, MA, USA). Blank crayfish used to analyze the specificity
of the UPLC-MS/MS method were purchased from local markets (Suguo supermarket in
Nanjing, China). These crayfish were acclimatized for seven days for seven days before
investigating the selectivity of the LC–MS/MS method to determine MAD.

2.2. Experimental Animals and Sample Pre-Preparation

Adult crayfish (weight, 21.65 ± 1.26 g) were purchased from the Freshwater Fisheries
Research Institute of Jiangsu Province (Nanjing, Jiangsu, China). All obtained crayfish were
antibiotic-free and in good health. These crayfish were acclimated to dechlorinated tap wa-
ter (20 ± 2◦C) with continuous aeration in plastic aquaria (730 mm × 560 mm × 230 mm)
under laboratory conditions for seven days (using a photoperiod of 14-h light/10-h dark).
They were fed once a day with commercial pellets free of any antibiotics or drugs. To avoid
cannibalism of crayfish, several polyvinyl chloride (PVC) tubes were placed in aquaria as
shelters. Water was replaced every 48 h to ensure a high-quality environment for crayfish
culture. Negative control tissue samples to establish the method were blank hepatopan-
creas and abdominal muscle tissues (i.e., without the intestine cord) dissected and stored
at −80◦C.

2.3. Standard Solutions

Stock solutions containing 1 mg·mL−1 MAD or 4 mg·mL−1 NIG were prepared
by dissolving standard chemicals in acetonitrile and then stored at −20◦C, in the dark.
Working solutions of MAD and NIG spanning a suitable range were obtained through a
gradient dilution of the stock solutions in acetonitrile and then stored at 4 ◦C in the dark.

2.4. Ultra-Performance Liquid Chromatography–Tandem Mass Spectrometry Conditions

Ultra-performance liquid chromatography–tandem mass spectrometry was performed
on a Waters Acquity UPLC system (Waters, Milford, MA, USA) coupled to a Xevo TQD
triple quadrupole mass spectrometer (Waters, Milford, MA, USA) equipped with an elec-
trospray ion source. The UPLC–MS/MS instrument was controlled by the software work-
station of MassLynx 4.1 (Waters, Milford, MA, USA).

2.4.1. Chromatography

An Acquity UPLC BEH C18 column (50 mm × 2.1 mm, particle size = 1.7 µm; Waters,
Milford, MA, USA) was used an oven temperature of 30 ◦C. The mobile phase consisted
of 10% elution A (ultrapure water that contained 0.1% formic acid) and 90% elution B
(acetonitrile with 0.1% formic acid), at a flow rate 0.35 mL·min−1. The injected sample
volume was 1 µL.
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2.4.2. Mass Spectrometry (MS)

To quantify MAD and NIG, tandem MS was conducted under the MRM mode and
in the ESI+ mode. The optimized parameters were as follows: capillary voltage, 3.0 kV,
ionization source temperature, 150 ◦C, desolvation temperature, 350 ◦C with a flow rate of
600 L·h−1; cone gas flow rate, 50 L·h−1. Mass spectrometric parameters of MAD and NIG
are provided in Supplemental Table S1. The MS parameters were optimized by injection of
individual standard solutions of MAD (200 ng·mL−1) and NIG (200 ng·mL−1). Analyte
identification was based on the relative retention time and the relative percent ion ratio of
the qualitative ion/quantitative ion.

2.5. Sample Preparation

Edible tissues of crayfish (i.e., hepatopancreas and abdominal muscle) were weighed
(1.00 ± 0.01 g) into 50-mL polypropylene screw-cap tubes and spiked with a 100-µL internal
standard working solution (4 µg·mL−1). After standing for 10 min, 3 mL of acetonitrile
was added to each sample. Samples were then homogenized for 30 s using an Ultra-Turrax
homogenizer (IKA, Staufen, Germany). The homogenizer shearing head was washed using
2 mL of acetonitrile to reduce the loss of standard working solution. Furthermore, the
wash was combined with the homogenate in the same 50-mL tube. Anhydrous sodium
sulfate (1 g) was spiked into each tested tube, followed by vertical vortexing for 3 min,
ultrasonic extraction for 10 min, and centrifugation for 5 min at 3387 g at 4 ◦C. The ensuing
supernatant was transferred into a clean 50-mL centrifuge tube. Then, the residue was
re-dissolved by adding 5 mL of acetonitrile and extracted twice, and the supernatants were
collected and mixed with the previously obtained extract. After the addition of 5 mL of
acetonitrile (containing saturated N-hexane) into each tube, the mixtures were shaken on a
vortex mixer for 2 min. After standing to allow for stratification, the N-hexane layer was
removed. The extracts were evaporated to dryness under N2 stream at 50 ◦C. The residues
were re-dissolved in 10 mL of a 50% methanol solution containing 0.5% sodium acetate
by weight.

In a comparison of acetonitrile, methanol, dichloromethane, and isooctane for use in
the MAD extraction phase, acetonitrile was selected as the optimum extracting-solvent
because of its good recovery and low matrix effects. The choice of acetonitrile is consistent
with a recent report that detected multiple pharmaceuticals in crayfish [28]. Furthermore,
in a comparison of the SPE Oasis HLB, Strata C18, and Sep-Pak Silica columns for use in
removing other impurities in the samples before loading them into the UPLC–MS/MS
system, the Oasis HLB columns had the highest purification efficiency and recovery for the
prepared MAD samples of crayfish tissues (Supplementary Materials Table S2). In the next
purification step, the re-dissolved supernatant was purified via a solid-phase extraction
(SPE) column (Oasis HLB, 60 mg, 3 mL; Waters, Milford, MA, USA). The SPE column
was activated with 3 mL of methanol and then 3 mL of deionized water. First, 2 mL of
re-dissolved supernatant was passed through the activated SPE column under the action
of gravity; then the column was washed using 3 mL of deionized water. Next, the column
was dried, using a vacuum pump. Last, the residues were eluted from the SPE column
with 3 mL of methanol, and the eluent was dried under N2 at 50 ◦C. Concentrated residues
were reconstituted in 2 mL of the mobile phase and filtered through 0.22-µm syringe filters
before subjecting them to UPLC-MS/MS.

2.6. Validation of The Method

The in-house validation of the proposed method was based on accepted criteria for the
quality control of laboratory chemical testing of food (GB/T 27404-2008) and for the quality
control of laboratories for the residue analysis of veterinary drugs (NY/T 1896–2010),
including specificity investigation, calibration curve, recovery (precision and accuracy),
limit of detection (LOD), limit of quantification (LOQ), stability, and matrix effects (MEs).
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2.6.1. Selectivity Investigation

To understand the selectivity of the proposed method, more than 10 blank samples of
crayfish obtained from several local supermarkets were analyzed. The chromatograms of
blank hepatopancreas and abdominal muscle tissues of crayfish were compared against
the chromatograms of standard solutions (1 ng·mL−1 MAD and 20 ng·mL−1 NIG) in a
pure solvent and blank tissues spiked with the target analytes (20 µg·kg−1 MAD and
400 µg·kg−1 NIG). The aim of this process was to avoid obtaining a false positive signal or
a false negative signal.

2.6.2. Linearity Range and Matrix Effects (ME)

Linearity was assessed in both standard working solutions, and also in the spiked
standard samples, which were obtained by spiking standards into the extract after sample
extraction. To construct a standard solution curve and matrix-matched calibration curves,
standard solutions of MAD (20, 100, 200, 400, 1000, 2000, 4000 and 8000 µg·L−1) and NIG
(400 µg·L−1) in the mobile phase were prepared. The final fortified MAD at eight concen-
trations (20, 100, 200, 400, 1000, 2000, 4000 and 8000 µg·kg−1) in crayfish hepatopancreas
and abdominal muscle tissues was analyzed by the proposed UPLC-MS/MS method. The
relative peak areas of analytes were plotted versus known concentrations, and the regres-
sion equations and their coefficients of determination (r) were calculated. The MEs were
investigated by analyzing the slopes of standard curves drawn between solvent-only and
matrix-matched standard samples. The ME was calculated as follows: ME (%) =B/A × 100,
where A is the slope ratio of calibration curves with standards prepared with solvent and B
is the slope ratio of matrix-matched calibration curves.

2.6.3. Recovery and Precision

The rate of recovery was obtained by calculating the percentage of measured drug
concentration versus the fortified drug concentration. Blank samples that received an
addition of MAD (20, 200, 1000, or 4000 µg·kg−1) and NIG (400 µg·kg−1) before extraction
were analyzed on three consecutive days (n = 6 for each concentration). Accuracy and
precision were evaluated on the basis of intra- and inter-day repeatability, presented here
as relative standard deviations (RSDs [%]).

2.6.4. Limits of Detection (LOD) and Quantification (LOQ)

The LOD and LOQ of the proposed method were calculated by measuring the ratio
of signal to noise (S/N) at the retention time of a given target analyte. In this study, an
S/N ≥ 3 was used for LOD and an S/N ≥ 10 was used for LOQ.

2.6.5. Sample Stability

To understand the stability of samples with MAD and ensure reliable data were
obtained, three storage methods for blank hepatopancreas and muscle tissues with a
range of MAD concentrations (20, 200, 4000 µg·kg−1) were investigated. Stability was
investigated with storage at room temperature for 6 h (short-term) and at −80 ◦C for 30 d
(long-term). The freeze–thaw stability was investigated in three cycles from −80 ◦C to
room temperature on three consecutive days. All samples were determined according to
the above-mentioned procedure and analyzed by UPLC-MS/MS. The recoveries and RSD
(%) of the tested samples were then calculated.

2.7. Applications in Crayfish Samples Exposed to MAD

To investigate the absorption and elimination characteristics of MAD in edible tissues
of crayfish, an exposure study was conducted using a two-stage process in a semi-static
manner. A total of 432 male crayfish were randomly divided into two groups, in triplicate,
which were treated respectively with either 7 mg·L−1 (1/10 the LC50) or 3.5 mg·L−1 (1/20
the LC50) of MAD (Figure 1). Their culture conditions were the same as those described in
the acclimation period. In the absorption phase, crayfish were exposed to MAD for 72 h.
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The duration was determined in a pre-study in which crayfish were exposed to MAD from
24 h to 120 h, and MAD levels in hepatopancreas and abdominal muscle tissues reached a
steady state in 72 h. During the exposure period, water with MAD was changed daily to
maintain the MAD concentration. After 2, 6, 12, 24, 48, and 72 h of exposure, the hepatopan-
creas and abdominal muscle of six crayfish per group were obtained and stored at –80◦C.
At these same time points during the MAD exposure, water samples were also collected.
The concentration of MAD in water was determined by using a previously established
UPLC-MS/MS method of our group [36]. This analysis demonstrated that a relatively
stable concentration was maintained throughout the absorption phase (Supplementary
Materials Figure S1).
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Figure 1. Experimental design for the absorption and elimination phases of maduramicin (MAD) in crayfish.

In the elimination phase, the remaining crayfish of each group were transferred into
freshwater without MAD for a total of 144 h. During this period, the water was changed
daily. The hepatopancreas and abdominal muscle of six crayfish in each group were
collected after 12, 24, 36, 72, 120, and 144 h to determine the elimination of MAD. Samples
were stored at −80◦C prior to their UPLC-MS/MS analysis.

2.8. Maximum Residue Limits (MRLs) and Withdrawal Time (WT)

On the basis of the MAD residue data, the MRLs in edible crayfish tissues were
established according to the Codex Alimentarius Commission. The MRLs were calculated
as follows:

MRLs =
ADI × Human weight

Daily food intake

where ADI is the abbreviation for acceptable daily intake, set to 1 µg·kg-1 body weight
for MAD as per the Scientific Committee on Animal Nutrition (European Food Safety
Authority, 2008), and human weight was fixed at 60 kg. For hepatopancreas and muscle
tissues, the daily food intake was 0.1 kg/day and 0.3 kg/day, respectively.

In addition, to calculate the WT of MAD in the hepatopancreas and abdominal muscles
of crayfish, the data on concentration vs. time from the elimination phase were used in a
statistical software program, WT1.4, adopted by the European Medicines Agency (EMA).
The WT values were determined as those times when the concentrations of MAD in
the crayfish hepatopancreas or abdominal muscles were below the MRL within a given
confidence level (95%). Because the pharmacokinetic dynamics of drugs in fish are altered
by water temperature, WT was expressed here as “◦C·d” by multiplying the mean daily
water temperature (◦C) tested during the entire experimental period.
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2.9. Data Analyses

Data were summarized in MS Excel. The MAD absorption and elimination data in
crayfish are expressed as the mean ± SD (standard deviation). Statistical analysis in the
experiments was performed using the SPSS 18.0.

3. Results and Discussion
3.1. Chromatographic Separation and Mass Spectrometric Optimization

The mobile phase, chromatographic column, and sample volume were selected to
optimize UPLC conditions. Four commonly used mobile phases were tested in a pre-
experiment: methanol and water, acetonitrile and water, methanol and formic acid, ace-
tonitrile and formic acid. Acetonitrile was selected as the most suitable solvent because it
provided good baseline separation, symmetrical peak shape, and a short retention time of
MAD (data not shown). The analysis time of the two target compounds was ca. 3.5 min
(Figure 2). To obtain greater separation efficiency of MAD, the Acquity UPLC BEH C18
column was selected. The addition of 0.1% formic acid in the aqueous phase improved the
MAD ion response signal, a result consistent with a previously reported UPLC–MS/MS
method to determine drug residues in crayfish tissues [28]. The most suitable injection
volume of MAD was identified to be 1 µL. In the quantification of MAD in food sam-
ples, nigericin is often selected as the internal standard substance [31]. In this study, the
performance of nigericin was validated in the analysis of crayfish tissues.

3.2. Specificity and Sensitivity

Firstly, to explore the specificity of the proposed method, more than 10 individual,
control crayfish samples from different sources were tested. These results indicated there
was no interference in hepatopancreas and abdominal muscle tissues affecting the retention
time of MAD and NIG (data not shown). Additionally, the LOD and LOQ in these two
crayfish tissues were 6 µg·kg−1 and 20 µg·kg−1, respectively. These values are higher than
those found in chicken meat (LOD= 0.08 ng g−1, LOQ = 0.28 ng g−1) [32] and sediment
samples (LOQ= 1 µg/kg) [11], which were determined by using different instrumentation
with a higher-level configuration. Nevertheless, the values are compatible with the LOQs
of compounds analyzed in crayfish samples at the µg·kg−1 level [28].

3.3. Linearity and Matrix Effects (ME)

The standard curve obtained from the standard MAD working solutions (20, 100, 200,
400, 1000, 2000, 4000, and 8000 ng·mL−1) and the calibration curve from blank crayfish
tissues spiked with MAD (20, 100, 200, 400, 1000, 2000, 4000, and 8000 µg·kg−1) showed
good linearity, with R2 > 0.99 for all tested samples. The regression equations and R2

values of MAD in the spiked hepatopancreas and abdominal muscle are presented in
Supplementary Materials Table S3.

To assess MEs, the slopes of mobile phase-only and the matrix-matched MAD stan-
dards were compared at the same concentrations. The calibration curve slopes of solvent-
only, hepatopancreas, and muscle were 0.095, 0.098, and 0.089, respectively (Figure 3).
According to the derived slope of the matrix-matched calibration curve, the MEs of hep-
atopancreas and muscle were 103.2% and 93.7%, respectively, which fell within the range
of 0.8 to 1.2 [37], indicating that the MEs could be ignored [38], a finding consistent with a
recent study [39]. Next, the standard solution curve was used to quantify the MAD residue
in this study. However, in the multi-residue analysis of feedstuff or animal-derived food
samples, matrix-matched calibration curves are commonly used in the quantification of
target compounds [31,34].
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Figure 2. Mass chromatograms of standard maduramicin (MAD) and nigericin (NIG) solutions,
blank tissues, and blank tissues spiked with MAD and NIG. Quantitative ion mass spectra of MAD
and NIG: (A) 1 ng·mL−1 standard MAD solution; 20 ng·mL−1 standard NIG solution. (B) Blank
hepatopancreas tissues of crayfish. (C) 20 µg·kg−1 MAD and 400 µg·kg−1 NIG spiked in the
hepatopancreas of crayfish. (D) Blank abdominal muscle of crayfish. (E) 20 µg·kg−1 MAD and
400 µg·kg−1 NIG spiked in the abdominal muscle of crayfish.
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Figure 3. Matrix effects of crayfish hepatopancreas and muscle tissues on the analysis of maduramicin.

3.4. Accuracy and Precision

MAD was spiked at four levels in the two edible tissues of crayfish, with every spiked
sample determined with six replicates (Table 1). The recovery rates of MAD at all levels
ranged between 82.3% and 92.4% in the hepatopancreas and between 78.5% and 110.4% in
crayfish muscle. The inter- and intra-level relative standard deviations (RSDs [%]) of MAD
were <15% for all detected samples and different levels of MAD, suggesting the method had
reliable within-laboratory reproducibility according to the accepted criteria for the quality
control of laboratory chemical testing of food (GB/T 27404-2008) and criteria on quality
control of laboratories for the residue analysis of veterinary drugs (NY/T 1896–2010).

3.5. Sample Stability

The stability of samples during preparation and UPLC-MS/MS was investigated by
spiking with MAD at three levels in the tested two tissues. The stability of MAD stock
solution was analyzed in a preliminary test, and MAD was stable for at least 30 days in
stock solution at −20◦C. Throughout the test period, the recovery of MAD at the three
levels under the three storage conditions was between 73.3% and 108.8% (Supplementary
Materials Table S4). Thus, the stability of MAD in crayfish hepatopancreas and muscle
tissues was good, making them suitable for subsequent analyses.
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Table 1. Recovery and precision of the ultra-performance liquid chromatography–tandem mass
spectrometry method to determine maduramicin in edible crayfish tissues (n = 6 at each tested
concentration, on three consecutive days).

Sample Spiked Concentration
(µg·kg-1)

Mean Recovery
(%)

Inter-RSD
(%)

Intra-RSD
(%)

Hepatopancreas

20 83.8 8.0 8.1
200 89.1 2.4 3.7

1000 90.5 2.0 2.9
4000 87.5 2.2 4.5

Abdominal
muscle

20 82.2 3.7 5.0
200 108.0 1.4 1.9

1000 106.7 2.0 2.7
4000 101.3 3.1 3.2

Note: RSD is the relative standard deviation percentage (%).

3.6. Absorption and Elimination of MAD in Crayfish Hepatopancreas and Muscle Tissues

To explore the residue and elimination characteristics of MAD, crayfish were exposed
to a solution spiked with MAD (low level: 3.5 mg·L−1 vs high level: 7 mg·L−1) in a 72-h
absorption phase, followed by a 6-d elimination phase without MAD exposure, based on
the findings of preliminary experiments (data not shown). In crayfish hepatopancreas and
muscle tissues, MAD rapidly reached a steady-state level after 72 h of exposure (Table 2).
With an increase in time of exposure in the absorption phase, the MAD residue levels
in the two tissues increased in concentration- and time-dependent manners. However,
in the elimination phase, the elimination rate of MAD in muscle was faster than that
in the hepatopancreas, with MAD residue undetectable on day three (low level) and
day five (high level) in muscle tissues. On day 6, MAD (low and high levels) was also
undetectable in the hepatopancreas. Thus, crayfish hepatopancreas tissue containing MAD
likely poses a greater risk to consumers than contaminated abdominal muscle, and this
information should be made known to the general public. The residue characteristics of
MAD in the edible tissues of crayfish are similar to those in broiler chickens, which have
the highest concentrations of MAD in the heart (285.8 ng·g−1) followed by those in the liver
(146.8 ng·g−1) after withdrawal on day 0 [30]. In addition, according to Chang et al., also
on day 0 after withdrawal, MAD residues in liver and breast are 627.0 ± 9.6 ng·g−1 and
52.9 ± 5.4 ng·g−1, respectively [32]. Both studies show rapid absorption and elimination
rates of MAD in chickens [30,32]. These results further indicate the proposed UPLC–
MS/MS method successfully determined the presence and amounts of MAD in edible
crayfish tissues.

Table 2. Residue and elimination characteristics of maduramicin (MAD) in abdominal muscle and hepatopancreas tissues
of crayfish (n = 6).

Treatment Time
(h)

MAD in Muscle
(µg·kg−1)

MAD in Hepatopancreas
(µg·kg−1)

Low High Low High

Absorption phase

2 35.22 ± 10.71 47.13 ± 11.89 87.65 ± 30.52 110.96 ± 73.00
6 40.41 ± 5.31 58.13 ± 10.26 107.73 ± 31.92 207.89 ± 48.36
12 56.13 ± 22.85 65.25 ± 10.58 185.99 ± 50.17 362.86 ± 72.63
24 49.47 ± 6.77 62.49 ± 9.71 280.89 ± 101.45 541.56 ± 158.18
48 69.75 ± 23.44 115.45 ± 18.09 369.10 ± 101.09 672.21 ± 134.29
72 75.63 ± 7.32 105.12 ± 37.01 364.90 ± 49.31 689.55 ± 162.84

Elimination phase

12 42.24 ± 19.48 51.80 ± 17.85 150.90 ± 59.66 224.04 ± 80.48
24 33.57 ± 17.27 47.83 ± 11.32 135.20 ± 44.72 245.01 ± 146.22
36 29.31 ± 9.66 46.58 ± 10.14 73.17 ± 24.25 152.05 ± 51.54
72 ND 20.80 ± 0.54 30.12 ± 8.40 68.29 ± 32.94

120 ND ND 28.89 ± 5.33 31.91 ± 7.39
144 ND ND ND ND

Note: ND indicates no detection, suggesting the residue concentration of MAD was lower than the limit of detection (LOD).



Foods 2021, 10, 301 11 of 13

3.7. Maxiumum Residue Limits and Withdrawal Times of MAD in Crayfish

The MRLs of MAD in food derived from broiler chickens have been established in
most countries, including China, the EU, the US, and Japan. However, for aquatic products,
to our best knowledge, there are currently no available MRLs for MAD anywhere in the
world. To better protect the health of consumers, MRLs should be established in accordance
with generally recognized principles of safety assessment from the Codex Alimentarius
Commission, taking into account toxicological risks and environmental contamination, as
well as the pharmacological effects of residues. According to the European Food Safety
Authority published ADI value (= 1 µg·kg−1 body weight) of MAD for humans, the MRLs
of MAD in crayfish tissues in this study were calculated as 200 µg·kg-1 in abdominal muscle
and 600 µg·kg−1 in hepatopancreas. The WTs of MAD at all tested levels and samples
are shown in Table 3. In the hepatopancreas with low and high levels of MAD exposure,
the respective WTs were 4.6 ◦C·d and 25.8 ◦C·d. However, WTs could not be calculated
for muscle tissue because MAD residues were lower than the MRL. These findings thus
provide useful information to avoid MAD contamination-induced harm to human health.

Table 3. Maximum residue limits (MRLs) and withdrawal times (WTs) of two levels of maduramicin
(MAD) in crayfish.

Group Sample MRLs (µg·kg−1) WT (◦C·d)

Low MAD
(3.5 mg·L−1)

Hepatopancreas 600 4.6
Abdominal muscle 200 –

High MAD
(7 mg·L−1)

Hepatopancreas 600 25.8
Abdominal muscle 200 –

Note: – indicates WT could not be determined.

4. Conclusions

In summary, the proposed UPLC-MS/MS method is a reliable way to determine MAD
in the edible tissues of crayfish (P. clarkii). Notably, the extraction and cleanup procedures
were optimized to obtain a high recovery of MAD and to yield results quickly. Validation
results showed the proposed method provided good linearity, sensitivity, repeatability,
acceptable stability, and negligible matrix effects, thus providing a valid and robust method
well suited for the purpose of detecting MAD at trace levels in crayfish. Thus, the method
was valid and robust and well suited to detect MAD at trace levels in crayfish. The method
successfully analyzed the residue and elimination characteristics of MAD in crayfish, deter-
mining that MAD was undetectable in abdominal muscle and hepatopancreas tissues after
three and six days of elimination, respectively. To help safeguard human health, the MRLs
of MAD in crayfish abdominal muscle (200 µg·kg−1) and hepatopancreas (600 µg·kg−1)
tissues were determined for the first time, in addition to its WT (25.8 ◦C·d). The method is
amenable to quantitative analysis and for the confirmation of MAD in foods of crayfish
and should prove useful in reducing the risk to personal health due to consumption of
MAD-contaminated crayfish.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-815
8/10/2/301/s1, Table S1: Mass spectrometric parameters of MAD and NIG, Figure S1: Concentration
of MAD in water sample, Table S2: Recovery rates of MAD in hepatopancreas and abdominal muscle
of crayfish using three solid phase extraction columns (n = 3), Table S3: Standard solution curve
and matrix-matched calibration curves of MAD, Table S4: Stability test results of MAD under three
storage conditions (n = 3).
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