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Abstract

Moenomycin A, an antimicrobial growth promoter widely used as an additive in aquaculture feedstuffs, has been restricted
for use in the European Union and China due to its potential risk of promoting resistant strains of pathogenic bacteria and
causing residues in aquatic animal products. Although methods for analyzing moenomycin A in feedstuffs have been devel-
oped, no established method exists for aquatic matrices. In this study, we present, for the first time, a sensitive and validated
high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) method for the determination of
moenomycin A in aquatic animal products. Samples were extracted using methanol and purified with the QUEChERS method
employing C18 sorbent. The aliquot was dried under a nitrogen stream, reconstituted with methanol-water solvent, and
analyzed by HPLC-MS/MS. The developed method exhibited good linearity (+*>0.995) over a wide concentration range
(1-100 pg/L) and a low limit of detection (1 ug/kg). Average recoveries ranged between 70 and 110% at spiked concentra-
tions of 1, 50, and 100 pg/kg, with associated intra- and inter-day relative standard deviations of 1.25 to 7.32% (n=6) and
2.91 to 10.08% (n=3), for different representative aquatic animal production, respectively. To the best of our knowledge,
this is the first reported HPLC-MS/MS method for the quantification of moenomycin A in aquatic animal products. The new
approach was effectively employed in the analysis of moenomycin A across various aquatic samples.

Keywords Moenomycin A - Aquatic animal products - HPLC-MS/MS - Drug residues - Dispersive solid-phase extraction -
Validation

Introduction

Moenomycin, also known as flavomycin, bambermycin, or
flavophospholipol, is a phosphoglycolipid antibiotic pro-
duced by various Streptomyces spp. strains. The compound
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inhibits bacterial growth by disrupting peptidoglycan syn-
thesis and subsequently interfering with the formation of
bacterial cell walls [1]. Although moenomycin is gener-
ally effective against most gram-positive and some gram-
negative bacteria, certain protective bacteria, such as lac-
tobacilli and bifidobacteria, demonstrate resistance [2, 3].
In 2002, the Ministry of Agriculture of China approved
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moenomycin as a new veterinary drug. It has been used as
a feed additive in aquaculture for growth promotion and
to improve digestion and assimilation of animal nutrition
[4-6]. However, the use of antibiotics can lead to residues
in animal products and induce cross-resistance of human
pathogens to related antibiotics [7]. Furthermore, unme-
tabolized drugs can enter the environment through animal
waste, contaminating soils, and water sources [§—10]. As
a result, the European Commission restricted the use of
moenomycin as a feed additive in 2006, and the Minis-
try of Agriculture and Rural Affairs of China banned it
in 2019, with the effectivity from 2020. Over-exploited
domestic fisheries with intensive and high-density culture
practices potentially increase the risk of moenomycin mis-
use in aquaculture [11]. This raises concerns about the
potential health risks associated with the accumulation of
moenomycin in humans, emphasizing the need for accu-
rate monitoring of moenomycin residues in aquatic animal
products intended for human consumption.

Five major components of the moenomycin complex
have been structurally characterized: moenomycin A,
moenomycin Al12, moenomycin C4, moenomycin C3,
and moenomycin C1 [12-16]. The moenomycin premix
available in markets consists of these five chemicals, with
moenomycin A comprising more than half of the mix-
ture. Consequently, a confirmatory method for determin-
ing moenomycin A can effectively indicate the use of
moenomycin drug in farming.

Previous publications have reported methods for ana-
lyzing moenomycin and moenomycin A [17, 18]. Official
methods, such as microbiological tests, have been utilized
by state-owned laboratories to assess moenomycin pres-
ence in medicated feed and soil environments [19, 20].
However, these tests are more suitable for sample screen-
ing and lack the necessary selectivity for complex matrices
and explicit drug identification. High-performance liquid
chromatography (HPLC) coupled with ultraviolet (UV)
detection has also been employed for detecting moenomy-
cin residues in feedstuffs [21]. While more effective than
microbiological approaches in determining the fate and
distribution of the five moenomycin components, HPLC
methods still lack the required selectivity and sensitivity
for quantitative analysis. Fast-atom-bombardment mass
spectrometry (FAB-MS) and high-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/
MS) with electron spray ionization (ESI) have been used
to analyze moenomycin residues in feeds and animal
excrements [18, 22, 23]. However, FAB-MS requires
high moenomycin concentrations, rendering it unsuitable
for practical trace analysis. As a result, HPLC-MS/MS
has been widely adopted for moenomycin analysis. Nev-
ertheless, most HPLC-MS/MS methods primarily focus
on determining moenomycin in feeds, rendering them
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unsuitable for analyzing aquatic matrices due to their
complexity and diversity.

To address this gap, we developed and validated an
ultratrace method for the analysis of moenomycin A in
aquatic animal products using HPLC-MS/MS. This novel
method represents the first of its kind and features easy
sample extraction, rapid purification with QuUEChERS, and
minimal matrix interference. Furthermore, our approach
exhibits a wide linear range, high specificity and sensitiv-
ity, and precise quantification for measuring moenomycin A
residue in aquatic animal products. Lastly, we successfully
applied the newly developed method to analyze moenomycin
A in real samples across various aquatic animal products,
demonstrating its potential for use in monitoring programs
and risk assessments for official control focusing on animal
drug residue analysis.

Materials and methods
Chemicals and reagents

All chemicals and reagents used in this study were of ana-
Iytical or chromatographic grade. Moenomycin A standard
(>95% purity) was procured from FUJIFILM Wako Pure
Chemical Corporation (Osaka, Japan). A stock solution
of moenomycin A was prepared at 1 ug/mL in methanol,
with further dilutions for recovery experiments and cali-
bration curve preparation. Methanol (MeOH) and ace-
tonitrile (ACN) of chromatographic grade were purchased
from Merck (Darmstadt, Germany). Ammonium hydroxide
(28% in H,0) and ammonium acetate were sourced from
Sinopharm Group Chemicals Limited (Shanghai, China).
Ultrapure water (18.2 MQ) was produced using a Milli-Q
water purification system (Millipore Co., Bedford, MA,
USA). The octadecyl silicon dioxide (C18, 50 pm, 60 A) and
ethylenediamine-N-propyl silane silica gel (PSA, 40—-63 mm,
6 nm) were obtained from Agela Technologies (Tianjin,
China). Enhanced matrix removal-lipid (EMR-Lipid) was
acquired from Agilent Technology (CA, USA). Hydropho-
bic polytetrafluoroethylene (PTFE) filters (0.22 pm) were
purchased from Tianjin Branch Billion Lung Experimental
Equipment Co., Ltd. (Tianjin, China).

Sample preparation

Aquatic animal products were procured from local super-
markets in China. The sampling procedures for all species
were prepared according to the National Standard of the
People’s Republic of China, Practice of sampling plans
for aquatic products (GB/T 30891-2014) [24]. For grass
carp and large yellow croaker, the edible parts were sliced
and combined as one sample after the head, fishbone, and
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guts were removed. The edible parts of Chinese mitten
crab and soft-shell turtle were extracted and collected.
The whole soft tissues and body fluids of mussel should
be assembled. The muscles of shrimp were picked up
without the shrimp head, shell, and intestinal gland. Then,
the collected tissues were mixed, homogenized for 5 min
by a high-pressure homogenizer (Genizer, Los Angeles,
USA; 1.5 kW) and stored at —20 °C in the dark prior to
the analysis.

A homogenized sample (2 g) was weighed into a 50-mL
centrifugal tube and extracted with 5 mL of 10:90 (v:v)
ammonium hydroxide—methanol solution via vortex mix-
ing for 5 min. The sample was then sonicated (160 W) in a
water bath at 50 °C for 10 min and centrifuged at 5000 g for
10 min at 4 °C. The supernatant was decanted into another
tube, and the residue was re-extracted following the same
procedure. The combined supernatant was subjected to dis-
persive solid-phase extraction (d-SPE) using 200 mg of C18
sorbent, vortexed for 30 s, and centrifuged at 3000 X g for
5 min. The supernatant (5 mL) was transferred to a glass
centrifuge tube, cleaned with 5 mL of n-hexane, and dried
under a gentle nitrogen stream at 40 °C. The residue was
reconstituted in 1 mL of MeOH/water (1:1) and filtered
through a 0.22-pm hydrophobic PTFE filter membrane for
HPLC-MS/MS analysis. The blank samples of all species
were initially tested for the absence of moenomycin A.
Moreover, the blank sample of grass carp was used in the
method optimization.

Matrix-matched calibration solutions were prepared
alongside the samples. Appropriate standard solutions were
added to the extraction solution of the blank samples before
drying with nitrogen. The solutions were then concentrated
and dissolved in MeOH/water (1:1, 1 mL) to generate final
concentrations of 1, 2, 10, 20, 50, and 100 ug/L for the
matrix-matched calibration standards.

LC-MS/MS analysis

The HPLC-MS/MS system, consisting of an HPLC
(LC-20A, Shimadzu Corporation, Japan) and an AB
Sciex Qtrap 5500 tandem quadrupole mass spectrometer
(Danaher Corporation, Washington, DC, USA) with an
electrospray ionization (ESI) source, was used for deter-
mination of moenomycin A in multiple reaction monitor-
ing (MRM) mode. The highest intensity of product ion
was used as the quantitative ion, and the second one was
applied to confirm the analyte. The MS/MS parameters
for moenomycin A are summarized in Table 1. Chroma-
tographic separation was performed on an ACQUITY
HSS T3 column (2.1 mm X 100 mm, 1.8 pm, Waters,
Milford, MA, USA) with an injection volume of 10 pL.
Chromatographic analysis was conducted at a flow rate

Table 1 MS/MS parameters of moenomycin A

Compounds  Precursor ion Productions Collision Retention
(mlz) (mlz) energy (eV) time (min)
Moenomy-  789.9 575.6% -36 2.73
cin A 554.1 —45

*Quantitative ion

of 0.4 mL/min and a column temperature of 40 °C, using
mobile phase A (water containing 10 mmol/L ammo-
nium acetate) and mobile phase B (acetonitrile). The
gradient elution was as follows: maintain 10% B for
0.5 min, increase to 95% B over 2.5 min, hold at 95%
B for 1.0 min, decrease to 10% B in 0.5 min, and allow
1.5 min for re-equilibration.

Negative ionization mode mass spectrometry parameters
included a spray voltage of —4500 V, a CUR pressure of 40
psi, GS1 and GS2 pressures of 55 psi, an ion source tem-
perature of 550 °C, and a CAD of medium.

Method validation

The method’s linearity, accuracy, precision, limit of
detection (LOD), limit of quantification (LOQ), and rug-
gedness were evaluated and validated in-house according
to SANTE/11312/2021 guidelines [25]. Matrix calibra-
tion curves for six aquatic animal product varieties (grass
carp (Ctenopharyngodon idella), large yellow croaker
(Larimichthys crocea), shrimp (Penaeus vannamei), Chi-
nese mitten crab (Eriocheir sinensis), mussel (Mytilus
edulis), and soft-shell turtle (Pelodiscus Sinensis)) were
constructed by plotting the peak area against the concen-
tration of the corresponding calibration standards at six
concentration levels in a range of 1-100 pg/L. Linearity
was assessed using the coefficient of determination ()
and regression analysis, employing a linear regression
model with 1/x* weighting. Accuracy was determined by
calculating mean recoveries at three different spiked con-
centrations (1, 50, and 100 pg/kg) with six parallel meas-
urements in each aquatic matrix. Precision was assessed
by calculating relative standard deviations (RSDs) for
intra-day and inter-day variations. The intra-assay preci-
sion is presented over three concentrations (n =6), and
the inter-assay precision is calculated at each spiking con-
centration in triplicate. LOD and LOQ were determined
based on peak-to-peak signal-to-noise (S/N) ratios of 3
and 10, respectively, by measuring blank samples spiked
with varying concentrations of moenomycin A from low
to high, ensuring detectable quantitative and qualitative
ions. Method ruggedness study was tested by altering
eluent concentration (+2 mM), column oven tempera-
ture (+3 °C), vortex time in extraction (=1 min), and
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the amount of n-hexane (+ 1 mL). The ruggedness was
assessed by monitoring deviations on chromatographic
peaks, retention time, and recovery.

Matrix effect (ME) was evaluated by comparing moeno-
mycin A signals at 10 pg/kg in matrix and solvent using a
standard solution prepared in the sample solution and pure
solvent, according to Eq. 1 [26]. ME% values of 0 were con-
sidered to have no matrix effect, while positive and negative
values indicated matrix-induced enhancement and suppres-
sion, respectively. Response,,..ix and Response,; en rep-
resent the signal of standards in matrix and pure solvent,
respectively.

Response —Response

‘matrix

ME% = sohent 5 100% )

Responsesolvem

Results and discussion
HPLC-MS/MS conditions

To obtain sufficient signals for mass characterization, a
500 pg/L standard solution was utilized for parameter
optimization. In previous reports, the negative ion mode
displayed more intense signals than the positive ion mode
[18]. In our study, mass scans were performed in negative
ion mode with a flow rate of 10 pL/min. Considering that
the singly charged precursor ion [M-H]™ at m/z 1580.7
exceeds the mass range of MS instrument (5 ~ 1000 amu),
the double-charged precursor ion [M—2H]?>~ at m/z 789.9
was adopted. The characteristic product ions were detected
atm/z 575.8,554.1, 566.9, and 545.4 (Fig. 1¢). The product
ions at m/z 575.8 and 554.1 were selected as quantitative
and qualitative ions based on their signal intensity, and the
corresponding chromatograms are shown in Fig. 1a and b,
respectively. Moreover, ionization conditions and collision
energy were optimized, with detailed information presented
in Table 1.

To achieve high sensitivity and good peak shape, the per-
formance of ACQUITY HSS T3 (100 mmXx2.1 mm, 1.8 pm)
and Kinetex F5 (100 mm X 2.1 mm, 2.6 pm) columns was
evaluated. Due to the enhanced retention capability of the
reverse-phase interface, these two columns are more suitable
for highly polar compounds. Both columns exhibited higher
sensitivity for moenomycin A and excellent peak shape,
while low stability was observed using the F5 column. This
effect resulted in a calibration curve with a poor coefficient
of determination (> =0.97868) in solvent (Fig. 2a). How-
ever, a satisfactory calibration curve with *>0.999 was
obtained using the T3 column (Fig. 2b). Therefore, the T3
column was selected for the chromatographic separation of
moenomycin A.

@ Springer

Sample extraction conditions

The choice of extraction solvent is critical in the pretreat-
ment of samples, as it influences the extraction efficiency
of the analyte. Considering the properties of moenomycin
A, we examined methanol, 80% methanol-water, acetoni-
trile, and various ratios of ammonium hydroxide/metha-
nol solutions, as they can dissolve polar substances and
achieve high extraction efficiency in complex substrates
like aquatic animal products.

A 50-pL aliquot of 1 pg/mL moenomycin A was spiked
into blank samples, followed by vortex mixing for 1 min.
The samples were then extracted with 10 mL of reagents,
and the solution was filtered for HPLC-MS/MS analysis.
These results were compared to moenomycin A spiked
in the blank matrix solution. The chromatographic peak
area was analyzed to determine the optimum extraction
reagent (expressed as recovery). As depicted in Table 2,
the extraction recoveries of methanol and acetonitrile were
52.5% and 44.6%, respectively. Although moenomycin
A can dissolve in water, the recovery rate of methanol-
water was decreased to 46.9%. This observation may be
ascribed to that the interaction force between the hydroxyl
group of water and moenomycin A is lower than that of
methanol due to the weakly ionized characteristic of water.
Remarkably, the presence of ammonium hydroxide signifi-
cantly improved the recovery of moenomycin A, reach-
ing 87.4~90.9%. This improvement can be attributed to
ammonium hydroxide promoting ionization of moenomy-
cin A in the solution and enhancing its solubility in metha-
nol. Consequently, a 10% ammonium hydroxide/methanol
solution (10 mL of 28% NH,OH solution to 90 mL of
methanol) was selected as the final extraction solvent for
moenomycin A in aquatic animal products.

Additionally, the volume of the extraction reagent and the
number of extraction repetitions were evaluated to achieve
optimal extraction efficiency. First, 5, 10, 15, and 20 mL
of 10% ammonium hydroxide/methanol were employed
to extract moenomycin A spiked into blank samples once.
These volumes were also tested by dividing them into two
equal parts to perform the extraction twice. As depicted
in Fig. 3, the recovery using a 5 mL extraction solution
was considerably low due to its limited volume. For sin-
gle extractions using 10, 15, and 20 mL of ammonium
hydroxide/methanol solution, the recoveries progressively
increased from 90.9 to 93.9%. Although not a substantial
improvement, it can be inferred that a larger volume of the
solution can dissolve more analyte from the samples. Using
10 mL of 10% ammonium hydroxide/methanol for dou-
ble extraction yielded the highest extraction efficiency of
96.4%, indicating that adding more solvent may help extract
residual analyte from the sample [27, 28]. Wang reported
that the extraction of virginiamycin M1 in various tissues
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Fig. 1 Extracted ion chromatograms of moenomycin A (10 pg/L) at m/z 575.6 (a), m/z 554.1 (b) with ACQUITY HSS T3 column, and MS2

spectrum in the negative ion mode (c)

of chicken and swine exceeded 70% for a single extraction
and more than 90% for double extraction [28], consistent
with our observations in this study. Consequently, 10 mL of
10% ammonium hydroxide/methanol used in two extraction
steps was chosen to achieve high-efficiency extraction of

moenomycin A from the sample.

Sample cleanup conditions

Methanol, the extraction solvent, tends to introduce numer-
ous interfering substances, such as pigments and proteins, in
aquatic animal products due to its high polarity. Therefore, it
is essential to clean up the extract to minimize interference
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Fig.2 Calibration curve of moenomycin A with F5 (a) and T3 (b) columns

Table 2 Extraction recovery of

. . . Reagents Recovery (%) Mean recovery (%)
moenomycin A using different
solvents 1 2 3 4 5 6
Methanol 523 502 534 551 508 532 525+1.80
80% methanol-water 478 457 440 48,6 483 468 469+1.76
5% ammonium hydroxide/methanol 92.1 846 89.7 904 832 845 87.4x3.75
10% ammonium hydroxide/methanol  88.7 853 98.1 964 875 892 90.9+5.15
20% ammonium hydroxide/methanol 859 884 883 90.5 91.7 91.6 89.4+2.27
acetonitrile 443 468 368 507 488 402 44.6+529

during chromatographic separation and reduce matrix effect
on mass spectrometry analysis. For this purpose, Xu inves-
tigated three types of SPE cartridges for sample extract
cleanup using Oasis HLB (hydrophilic-lipophilic-balanced
reversed-phase sorbent), Bond Elut C18 (hydrophobic,
bonded silica sorbent), and Phenomenex Strata-X (reversed-
phase functionalized polymeric sorbent) [17]. These col-
umns have successfully purified various antibiotics [29, 30].
However, our study found that these SPE cartridges can also
adsorb moenomycin A, resulting in low recoveries ranging
from 30 to 60%. Furthermore, the traditional SPE approach
requires preconditioning, loading, washing, and elution,
which consume both time and reagents. Xu reported that
adding acetonitrile to the extracted solution could precipi-
tate proteins, reducing protein interference [17]. However,
the optimized addition of 20 mL of acetonitrile resulted in

@ Springer

a time-consuming process for the subsequent concentration
procedures.

This study further assessed dispersive solid-phase
extraction (d-SPE) based on the QuEChERS approach for
the purification process to achieve higher recoveries, lower
interferences, and faster operations. Common d-SPE sor-
bents used in purification include C18, PSA, and EMR,
which have been widely applied to various matrices such
as poultry, crops, and aquaculture samples [31-34]. The
original QUEChERS method utilized PSA absorbents
to eliminate polar compounds, such as sugars and fatty
acids from a nonpolar matrix due to the primary second-
ary amine groups on the surface of PSA absorbents [35].
Additionally, C18 was introduced to enhance the cleanup
efficiency in samples containing fat [36]. The EMR sorb-
ent is capable of removing the major lipid classes through
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Fig.3 Recovery of moenomycin A in different volumes of 10%
ammonium hydroxide/methanol with single and double extraction
(the volume for double extraction was tested by dividing the volume
into two equal parts to perform the extraction twice)

a combination of size-exclusion and hydrophobic inter-
actions without compromising extraction efficiency [37].
Therefore, we prepared and examined d-SPE cartridges
with different combinations of C18, PSA, and EMR.
Cleanup results were evaluated based on their recover-
ies. Additionally, we studied different sorbent amounts
(0, 100, 200, 300, and 500 mg) to determine the opti-
mal conditions. Blank sample extract solutions (10 mL)
were spiked with 50 ng of moenomycin A, followed by
the QUEChERS method using various sorbents. Then, the
solution was centrifuged and analyzed for HPLC-MS/MS.

0 mg I 100 mg [l 200 mg [l 300 mg [ 400 mg
100 1

80

60

40-

Recovery / %

20 1

Cc18

PSA

EMR

Fig.4 Recoveries of three sorbents at different amounts by the
QuEChERS method

Figure 4 illustrates the results obtained by optimizing the
sorbent and dosage. The relationship between moenomy-
cin A recoveries and the quantities of C18, PSA, and EMR
sorbents revealed that 200 mg of C18 provided the most
optimal purification condition. In contrast, the EMR sorb-
ent exhibited substantial moenomycin A adsorption. The
PSA sorbent demonstrated higher moenomycin A adsorp-
tion than the C18 sorbent. Consequently, 200 mg of C18
was selected as the absorbent in the d-SPE purification of
the final QUEChERS method.

Matrix effect

The matrix effect can cause difficulties in qualitative and
quantitative analysis in LC-MS/MS with electrospray
ionization (ESI-MS), leading to signal suppression or
enhancement of the analyte. This effect mostly depends on
the analyte properties, matrices, sample preparation, and
instrumental parameters [38, 39]. The presence of matrix
effect can result in poor sensitivity, accuracy, and linearity.
Generally, internal standards, extract dilution, and matrix-
matched calibration curve can be applied to compensate
for matrix effect with satisfactory recovery and precision
[40-42].

For moenomycin A, the matrix effects of six types of
aquatic animal products exhibited signal suppression. As
shown in Fig. 5, grass carp, shrimp, large yellow croaker,
soft-shell turtle, and mussel displayed low/negligible matrix
effects (—20~0%), while Chinese mitten crab showed
medium matrix effects (—20~ —50%) [31]. Additionally,
the sample treated with d-SPE using C18 sorbent signifi-
cantly eliminated matrix interferences (Fig. 4). Considering
the matrix effect in Chinese mitten crab, matrix-matched

-50 4

-40 4

-30 4

Matrix effect / %

-20-

-

H

-10 4 T

——

0

1 T 1
grass carp mussel turtle

hri .
large yellow ShMP - Chinese
croaker mitten crab

Fig.5 Matrix effects of moenomycin A after sample preparation of
six types of aquatic animal products

@ Springer



752

TangY.etal.

Table 3 Matrix calibration

. Matrixes Calibration P Linear range (ug/L)

curves, linear range, and
coefficients of determination of  Grags carp Y= —1036.33752+5.55936E4*X 0.9981 1-100
zzfr?:;‘yc‘“ A in six aquatic Large yellow croaker Y=90.14534 +5.26163E4*X 0.9985

Shrimp Y= —-273.68087+9.28513E4*X 0.9973

Chinese mitten crab Y=2672.71683 + 1.10487E5*X 0.9962

mussel Y=-997.04519+6.43810E4*X 0.9981

Soft-shell turtle Y= -1013.02090 +5.60921E4*X 0.9983

calibration standards were employed to achieve accurate
quantitative analysis by HPLC-MS/MS.

Linearity

The linearity was evaluated using a 6-point calibration
curve, covering the range from 1 to 100 ug/L. The calibra-
tion curves for all matrices, linear range, and % values are
displayed in Table 3. For the six aquatic matrices, the 7> of
the matrix calibration curves were all greater than 0.995.

This result indicates that our approach provides excellent
linearity for moenomycin A.

Transition ions for quantification in different
matrices

As the transition ions used for quantification would
be present in real blank samples, which can deviate
the quantitation accuracy, transition ions for MRM
detection were evaluated in six blank matrices as well

*
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. L p 0
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Fig.6 HPLC-MS/MS chromatograms of six blank matrix samples (left) and moenomycin A spiked at 1.0 pg/kg in various matrices after prepa-

ration (right)
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as in their corresponding spiked samples. Figure 6
illustrates the chromatograms of six blank matrices
and moenomycin A at a concentration of 1.0 pug/kg in
different matrices following the preparation process.
There were no notable peaks seen at the retention time
corresponding to moenomycin A in the chromatograms
of the six blank samples. Therefore, the results of this
study indicate that the MRM ions employed for the
identification of moenomycin A exhibited obvious
selectivity, and which would not affect the accuracy
during quantitation.

Limits of detection and quantification

The LOD and LOQ were determined by parallel analyzing
six matrix-matched blank samples spiked with moenomy-
cin A at low concentration levels (n=6). The LOD repre-
sents the minimum concentration of the analyte that can be
reliably detected and confirmed as a positive sample by the
method employed. Therefore, LOD was determined by the
qualitative transition 789.9 > 554.1 from the signal-to-noise
(S/N) ratio of 3 and S/N=10 was considered the LOQ by
quantitative ion. The LOD and LOQ were validated at 1 pg/
kg and 2 pg/kg, respectively. These results indicate that the
developed method exhibits high sensitivity for the determi-
nation of moenomycin A. In this investigation, the LOD and
LOQ by HPLC-MS/MS are significantly lower than those
commonly used in feedstuffs [18], chicken litter [8], and
poultry tissues [17] (Table 4). To the best of our knowl-
edge, this is the most sensitive method for the determina-
tion of moenomycin A compared with previously published
methods.

Accuracy and precision

The accuracy and precision of the method were evaluated
using blank samples of grass carp, large yellow croaker,
shrimp, Chinese mitten crab, mussel, and soft-shell tur-
tle, spiked at three levels of moenomycin A. The accu-
racy was expressed as the recovery of detected values
relative to the spiked concentration of moenomycin A.
The precision was expressed as the RSD of the measured

concentrations, including intra- and inter-day precision.
Results for recoveries and intra-precision are presented
as averages over concentrations of 1, 50, and 100 pg/kg
(n=06) on the same day. The inter-precision is calculated
in triplicate for each concentration. As shown in Table 5,
recoveries of moenomycin A at three concentration lev-
els and different matrices ranged from 78.75 to 109.5%.
The Chinese mitten crab exhibited the lowest recovery,
potentially due to the high lipid content in its roe which
may have hindered efficient extraction [43].

The precision, in terms of RSD, was obtained from the
same experiments of recovery. The inter-day precision sug-
gests that the method’s performance can achieve similar
results across different days or batches of analysis, indicat-
ing reproducibility. For the intra-day precision, it expresses
consistent results within the same day or batch, denoting
repeatability. The intra- and inter-precision, based on three
levels and six matrices, were all less than 15%. These results
revealed that the established method for the measurement of
moenomycin A in various aquatic animal products is accu-
rate and precise.

Stability

Additionally, the stability of moenomycin A in a standard
solution was assessed. Moenomycin A stock solution of
100 pg/kg proved stable for at least 6 months at —40 °C,
while the diluted standard solution at 1 pg/kg stored at
4 °C exhibited no apparent loss for 3 months. However,
the solution concentration decreased to 81.2% (n=3) of
1 pug/kg without darkness storage at room temperature for
30 days (see Electronic Supplementary Material Fig. S1),
indicating the poor stability of moenomycin A at room
temperature under light exposure. Consequently, the accu-
racy of determination might be affected if the degradation
of the standard chemicals for calibration goes unnoticed.

Ruggedness
The method was found resistant to altered concentration

and temperature for reference standard except at 8 mM of
ammonium acetate. It was observed that decrease in eluent

Table 4 Comparison of analytical methods for the determination of moenomycin A

No Matrix Purification method LOQ (ug/kg) Calibration Recoveries (%) RSD (%) Ref
range (pg/L)
1 Feed stuffs HLB-Oasis cartridges 100 10-1000 83.9-94.2 <23 18
2 Chicken litter tC,5-SPE cartridge - 50-5000 - - 8
3 Poultry tissues Acetonitrile precipitation 10 20-400 66.5-89.4 <10.2 17
4 Aquatic edible part C18 d-SPE 2 1-100 78.8-109.5 <10.6 This work
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Table5 Recovery and precision results for the determination of

moenomycin A in different aquatic animal products

Matrix Spiked level Mean recovery Intra-RSD Inter-RSD
(ke  (1=6,%) (n=6,%) (n=3,%)
Grass carp 1 100.7 3.18 5.11
97.60 6.82
99.30 5.23
50 98.66 3.26 291
95.46 1.25
96.32 3.04
100 101.4 4.68 4.26
96.82 2.55
97.11 4.03
Large yellow 1 93.90 2.98 5.17
croaker 95.80 3.89
98.05 7.32
50 96.26 4.71 4.07
99.41 3.34
96.34 3.88
100 94.22 5.64 4.17
92.68 3.91
95.45 2.69
Shrimp 1 95.90 4.42 5.07
95.57 5.21
96.48 6.31
50 95.77 4.66 4.64
97.31 3.81
92.04 4.23
100 93.62 5.27 4.14
92.68 3.29
95.83 3.54
Chinese mit- 1 83.10 3.61 3.40
ten crab 85.57 2.35
83.80 3.93
50 80.67 6.73 5.20
84.93 3.55
84.27 4.19
100 78.75 5.46 4.56
81.33 4.88
80.86 292
Mussel 1 90.33 541 10.08
93.30 6.84
109.5 2.87
50 96.74 4.15 4.79
100.9 2.77
97.56 6.47
100 99.41 542 4.36
96.83 3.83
101.6 2.66

@ Springer

Table 5 (continued)

Matrix Spiked level Mean recovery Intra-RSD Inter-RSD
(ng/kg) (n=6, %) (n=6,%) n=3,%)
Soft-shell 1 94.28 2.69 4.36
turtle
98.25 4.17
96.25 5.42
50 95.84 2.65 3.92
96.47 4.57
92.73 3.66
100 90.68 2.83 4.66
95.42 2.94
96.19 5.66

concentration to 8 mM affected the RSD to 8.33, whereas
other peaks were found resistant to altered concentration
and temperature (Table 6). Additionally, the vortex time in
extraction (# 1 min) and the amount of n-hexane (£ 1 mL)
for cleanup were also examined for the variation of recov-
eries. The RSDs for these variations did not exceed 10%.

Application to real samples

To validate the proposed methodology, a total of 47 sam-
ples comprising grass carp, common carp, snakehead,
crucian, bighead carp, bream, turbot, and oyster collected
from diverse provinces across China were analyzed by the
developed method (see Electronic Supplementary Mate-
rial Table S2). The intensity ratio between qualitative and
quantitative ions is a crucial factor in assessing suspect
positives, as it serves as an important indicator of their
reliability and accuracy [44]. The identification of positive
samples necessitates the simultaneous confirmation of the
following two conditions: (i) the intensity ratios of the sam-
ples were validated by similar concentrations of standards,
and their relative deviations in ion ratio tolerance limits
must comply with the regulatory requirements outlined in
the SANTE/11312/2021 guidance (see Electronic Supple-
mentary Material Table S1) [25]; (ii) the relative deviations
of retention time between positives and standards are less
than+2.5%. Based on our LC-MS/MS equipment, the ratio
criteria of 15% are used to evaluate positives (see Elec-
tronic Supplementary Material Fig. S2). Accordingly, the
results identified one positive sample containing residues
of moenomycin A in total of 47 samples (see Electronic
Supplementary Material Table S2 and Fig. S3).
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Table 6 Validation parameters for ruggedness
Standard Buffer concentration (mmol) Column temperature (°C) (RSD)  Precision for area (RSD) Precision for RT (RSD)
(RSD)
8 9 11 12 37 39 41 43
Moenomycin A 8.33 2.75 0.52 2,14 0.49 0.26 0.19 0.41 0.34 0.11
*n=3. RT, retention time
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