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Abstract

A rapid analytical method was developed and validated for the analysis of eight bound nitrofurans in animal tissue, shorten-
ing laboratory turnaround times from 4 to 2 days. The majority of methodologies for nitrofuran analysis focus on the detec-
tion of only four drugs (nitrofurantoin, furazolidone, furaltadone and nitrofurazone), and is time-consuming given the 16-h
overnight derivatisation step and a double liquid-liquid extraction. In this study, the narrow scope of analysis was addressed
by including further four important nitrofuran drugs (nifursol, nitrofuroxazide, nifuraldezone and nitrovin). Full chroma-
tographic separation was achieved for the metabolites of all eight nitrofurans, using phenyl-hexyl column chemistry and a
rigorous optimisation of the mobile phase additives and gradient profile. The conventional, lengthy sample preparation was
substantially shortened by replacing the traditional overnight water bath derivatisation with a rapid 2-h microwave-assisted
reaction, followed by a modified-QuEChERS (Quick, Easy, Cheap, Effective, Rugged and Safe) extraction. This confirmatory
method was fully validated in accordance with the new 2021/808/EC legislation, and was shown to perform satisfactorily
when applied to incurred tissues. The decision limit (CCa) for the eight analytes ranged between 0.013 and 0.200 pg kg™,
showing abundant sensitivity given that the current RPA for nitrofurans is 0.5 ug kg™'. This innovative method can play a
major role in the surveillance of the illegal use of nitrofuran drugs.
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Introduction

Nitrofurans are a class of broad-spectrum antibiotics, which
are characterised by their five-membered ring heterocycle
structure [1] (Fig. 1). In the past, they were widely used as
growth promoters and for the treatment of a range of infec-
tions and diseases [2—6], but due to concerns regarding their
undesirable toxicological properties, nitrofurans are now
banned from use in food-producing animals in the EU and
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are listed under “prohibited substances” for which an MRL
(maximum residue limit) cannot be established [7]. To pro-
tect both consumer safety and food trade, the monitoring
of chemical residues in food is of utmost importance [8],
but due to the short half-lives of nitrofuran parent drugs
in vivo, they become undetectable after a few hours and are
unsuitable for monitoring purposes. However, many of the
parent drugs are rapidly metabolised in vivo to form highly
stable protein-bound metabolites, which are used as marker
residues for analysis [9-11]. As part of an EU-funded pro-
ject entitled FoodBRAND (Bound Residues and Nitrofuran
Detection), a confirmatory LC—MS/MS method was devel-
oped for the analysis of four nitrofurans, namely furalta-
done, furazolidone, nitrofurantoin and nitrofurazone, as their
respective marker residues [11]. The analysis of nitrofurans
has not changed significantly since the implementation of
this FoodBRAND methodology; and so, a current prior-
ity in nitrofuran analysis is the extension of the scope of
methods to include new analytes. It was only recently that

@ Springer


http://orcid.org/0000-0003-2363-5271
http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-021-03763-0&domain=pdf

1376

Regan G. etal.

Parent Drug

o)
Nitrofurantoin
OZN\Q/\\N’H NH
I
Nitrofurazone
NO,
0 H
OzN\@/\\N’N NO,
0O OH
Nifursol
oN-__O H
UA“Y@
0
Nifuroxazide

0
ON O~ N
\@/\N’ NH,
0

Nifuraldezone

HN #NHE

NH

N 0
P NO
- WA

NO,

Nitrovin

Metabolite
0
Y (0]
H,N N \)

AOZ
o

()
o=<:f

AMOZ

0
N
HZN'N\)=

AHD

Aminoguanidine

Marker Residue
NO,

NPSEM

o
N NO
= \N 2
H
NO, -
NO,

NPDNSAH

NPAGN

Fig. 1 Structures of eight parent nitrofuran drugs, their respective metabolites and nitrophenyl derivative marker residues
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a fifth bound residue, namely DNSAH (marker residue for
nifursol), was added to the monitoring list in the EU. Addi-
tionally, a further drug, nitrovin, was added to the priority
list of veterinary drugs in China, and the drug nifuroxazide
has been identified as a nitrofuran compound that can result
in bound residues in animal tissue. A further recent change
was the reduction of the EU reference point for action (RPA)
from 1.0 to 0.5 ug kg~! [12].

The challenge in nitrofuran analysis is providing sen-
sitive detection of residues in a short turnaround time. In
order to achieve optimal sensitivity, samples must be exten-
sively washed with organic solvent, which removes signifi-
cant amounts of sample matrix and leaves only the protein
remaining, leading to better sensitivity and selectivity. The
methodology is time-consuming and limits sample through-
put, due to this extensive washing and the overnight deri-
vatisation approach used by most laboratories. Alternative
strategies have been proposed to provide more rapid analysis
of nitrofuran residues, including analysis of total residues
(no washing of samples) [13, 14], analysis of bound residues
using simplified washing steps [15] and methods incorporat-
ing more rapid derivatisation of analytes at higher tempera-
tures [16—18]. The drawback with the total residue approach/
simplified washing is that it generally results in less sensitive
analysis and can lead to shorter chromatographic column
lifetimes and more mass spectrometry instrument downtime
due to source contamination problems.

The aim of this work was to develop a fast method for
the analysis of the bound residues of eight nitrofuran drugs.
This involved the following: (1) identification of bound
marker residues and evaluation of their suitability for the
nitrobenzaldehyde derivatisation method; (2) optimisation
of the different components of the analytical method, includ-
ing the hydrolysis/derivatisation step, the sample extraction
approach and chromatographic separation; and (3) valida-
tion of the method in accordance with the new legislative
guidelines set out in 2021/808/EC documentation to ensure
fitness for purpose.

Materials and methods
Chemicals, materials and apparatus

Romil “SpS”-grade (super purity solvent) acetonitrile
(MeCN) 200 far UV, methanol (MeOH) 215 and propan-
2-ol (IPA) were purchased from Romil Ltd. (Cambridge,
UK). Ethanol (EtOH) absolute and trisodium phosphate
dodecahydrate were sourced from Merck KGaA (Darm-
stadt, Germany). 2-Nitrobenzaldehyde (NBA), ammonium
formate puriss p.a. (puriss pro analysis) and concentrated
hydrochloric acid (HCI) (37%) were supplied by Sigma-
Aldrich (Dublin, Ireland). Diethyl ether was sourced

from Honeywell (Riedel-de Haen; Seelze, Germany).
Enviro-clean anhydrous magnesium sulphate (MgSO,)
was obtained from United Chemical Technologies Ireland
Ltd (Wexford, Ireland). Sodium chloride (NaCl) was pur-
chased from Applichem (Darmstadt, Germany). Ultra-pure
water (UPW) (18.2 MQ cm™!) was generated in-house
using a Millipore water purification system (Millipore,
Cork, Ireland).

3-Amino-2-oxazolidinone (AOZ), 3-amino-5-mor-
pholinomethyl-1,3-oxazolidin-2-one (AMOZ), 1-ami-
nohydantoin (AHD), oxamic acid hydrazide (OAH),
5-dintrosalicylic hydrazide (DNSAH), 3-((2-nitro-
phenyl)methylene-amino-2-oxazolidinone (NPAOZ),
5-methylmorfolino-3-((2-nitrophenyl)methylene)-
3-amino-2-oxazolidinone (NPAMOZ), 1-((2-nitrophenyl)
methylene)-amino-2-hydantoin (NPAHD), (2-nitrophenyl)
methylene-semicarbazide (NPSEM), 3,5-(2-nitrophenyl)-
dinitrosalicylic acid hydrazide (NPDNSAH),
4-(2-nitrophenyl)-hydrozybenzhydrazide (NPHBH) and
(2-nitrophenyl)-aminoguanidine (NPAGN) were all pur-
chased from Witega (Berlin, Germany). Semicarbazide
hydrochloride (SEM) and aminoguanidine hydrochloride
(AGN) were both supplied by Sigma-Aldrich (Dublin,
Ireland). 4-Hydroxybenzhydrazide (HBH) was obtained
from Toronto Research Chemicals (Toronto, ON, Can-
ada). 2-Nitrophenyl-oxamic acid hydrazide (NPOAH)
was obtained via laboratory synthesis at Teagasc Food
Research Centre (Ashtown, Ireland). All internal standards
were purchased from Witega (Berlin, Germany), namely,
3-amino-2-oxazolidinone-d4 (AOZ-d4), 3-amino-5-mor-
pholinomethyl-1,3-oxazolidinon-2-one-d5 (AMOZ-d5),
1-aminohydantoin-'*C; (AHD-'3C;), semicarbazide-'3C
5N, (SEM-'3C PN,), 3,5-dinitrosalicylic acid hydrazide-
3Cy (DNSAH-'3Cy), 4-hydroxybenzhydrazide (HBH-
13C¢), oxamic acid hydrazide-'>N; (OAH-'°N,) and ami-
noguanidine-l3C15N4 (AGN-13C15N4).

Polypropylene tubes (15 mL and 50 mL) were obtained
from Sarstedt Ltd (Wexford, Ireland). A ME365 micro-
balance, purchased from Sartorius (Dublin, Ireland), was
used for the weighing of standard material during stand-
ard preparation. An Ultra-Turrax probe blender from IKA
(Staufen, Germany), a Mars 6 240/50 model microwave
from CEM Microwave Technology Ireland Ltd (Dublin,
Ireland), a Minimix vibrational unit (Merris Engineering
Ltd., Milltown, Co. Galway, Ireland) and a TurboVap LV
evaporator from Biotage (Sweden) were used during sam-
ple preparation. PTFE cross stirrer bars (8 X 20 mm) were
purchased from VWR International Ltd (Dublin, Ireland).

Preparation of standard solutions

Individual primary stock solutions of AOZ, AMOZ, AHD,
SEM, DNSAH, HBH, OAH, AGN, NPAOZ, NPAMOZ,
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NPAHD, NPSEM, NPDNSAH, NPHBH, NPOAH,
NPAGN, AOZ-d4, AMOZ-d5, AHD-'*C;, SEM-'3C "N,
DNSAH-'3C¢, HBH-'*C,, OAH-'>N; and AGN-"*C'*N,
were each prepared at a concentration of 50 ug mL~! in
MeOH. A stock mixture (MM1) of the eight metabolites,
AOZ, AMOZ, AHD, SEM, DNSAH, HBH, OAH and AGN,
was prepared in MeOH from the individual stock solutions
(50 ug mL™1) to give a concentration of 1 mg L™!. A stock
mixture (NP1) of the eight nitrophenyl derived stand-
ards, NPAOZ, NPAMOZ, NPAHD, NPSEM, NPDNSAH,
NPHBH, NPOAH and NPAGN, was prepared in MeOH at
a concentration of 1 mg L™! (free metabolite equivalents).
The volume of each nitrophenyl-derived standard to be
added to the NP1 mix was determined by calculating the
ratio of the nitrophenyl derivative’s molecular weight to the
free analyte’s molecular weight, and multiplying this ratio
by the expected volume. The NP1 solution (1 mg L) was
further diluted in MeOH to a concentration of 10 pg L™
(free metabolite equivalents) to make an intermediate work-
ing solution (NP2) of the nitrophenyl derived standards. A
stock mixture (IS1) of the eight internal standards, AOZ-
d4, AMOZ-d5, AHD-'*C,, SEM-"°C'°N,, DNSAH-"C,
HBH-"*C4, OAH-'°N; and AGN-"*C'*N,, was prepared in
MeOH at a concentration of 1 mg L™!. After preparation, the
primary stock standards, MM1 standard mix, IS1 internal
standard mix and NP2 nitrophenyl derivative mix solutions
were stored in 25-mL screw neck amber vials, sealed by
polypropylene screw caps with PTFE liners, in an explosion-
proof freezer at — 20 °C. The concentrated stock solutions,
MM, NP1 and IS1, were shown to be stable for a period of
at least 2 years.

Three intermediate standard mixtures were prepared daily
by dilution of the MM1 solution in MeOH to give concen-
trations of 50 pug L™! (MM2), 5 ug L™' (MM3) and 0.5 pg
L~! (MM4). Two intermediate mixtures of internal standards
were also prepared daily, by dilution of the IS1 solution in
MeOH to give concentrations of 50 ug L™! (IS2) and 5 ug
L™ (183).

Development of microwave-assisted reaction

Optimisation of microwave conditions with incurred
material

The five programmable parameters on the CEM microwave
for derivatisation were (1) stirring speed, (2) power, (3)
temperature, (4) time taken to ramp to chosen temperature
(ramp time) and (5) time held at the chosen temperature
(hold time). In this research, the stirring speed was set to
‘high’, due to the size of the magnetic stirring bars, which
required high speed to have sufficient power to stir a 1-g
tissue sample. Following discussions with the supplier, the
microwave’s power was set to an arbitrary value of 650 W.
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It was advised that the exact value was negligible, given
that the microwave would only use the power required to
reach the desired temperature and would not exceed that
value. The microwave parameters were initially optimised
using spiked material, but it was found that the chosen
reaction of a 4 min ramp to 65 °C and a hold of 9 min
was not sufficient to hydrolyse the bound residues when
applied to incurred tissues.

To obtain accurate data on the efficiency of the micro-
wave parameters on derivatisation and hydrolysis, a large
quantity of incurred material was required. From a with-
drawal study carried out in the early 2000s [19], our lab
had access to porcine muscle incurred with a concentrated
level of AOZ. This muscle tissue was homogenised in a
small blender (Kenwood mini chopper) with dry ice, which
was left to sublime overnight in a cold room (4 °C). This
material was analysed (using the ISO17025 method with
an overnight derivatisation in a water bath at 37 °C), to
determine its concentration and homogeneity. For the
optimisation trials, a concentration of approximately
1 ug kg~! was desired. Hence, once the concentration had
been determined, the homogenous porcine muscle material
was diluted with blank porcine muscle and blended with
dry ice, to achieve a 1 ug kg~! level.

The homogenous 1 pg kg~! material was used to assess
various conditions, comparing the results obtained to
those achieved by overnight water bath incubation at
37 °C. To begin, a larger stirrer bar (8§ X 20 mm) was
trialled to assess whether the samples were simply not
being sufficiently agitated by the small stirrer bars
(10 x 3 mm). Following this experiment, all other deri-
vatisation reactions were carried out using the larger stir-
rer. For each condition, control material was fortified in
triplicate at a concentration of 1 pg kg™' (200 uL MM3),
to act as a single point calibration curve for each set of
conditions. The fortified samples in triplicate and the
incurred samples in triplicate were all spiked with inter-
nal standard at a concentration of 0.5 pg kg~! (six tubes
for each condition). Immediately after each trial was run,
the tissue sample was removed from the microwave and
was neutralised by adding 1 mL trisodium phosphate
buffer (0.3 M) and approximately 570 uL NaOH (1 M).
Given the reaction was dependent on an acidic environ-
ment, neutralisation stopped the derivatisation, and this
step was essential for limiting the influence of factors
outside of the experimental design. Samples were then
extracted as per the normal procedure, described in the
‘Sample preparation’ section.

Impact of microwave conditions on analyte stability

The impacts of various derivatisation conditions on ana-
lyte stability were assessed by spiking empty tubes at a
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concentration of 1 pg kg™! with the nitrophenyl derivative
standard mix (100 pL NP2) and derivatisating (n=3) tubes
using each set of parameters. The stability studies were per-
formed across 3 days, to assess the temperatures of 65 °C,
60 °C and 55 °C. Each trial was carried out in triplicate
using a 4-min ramp time to the chosen temperature, with
varying hold times: (a) 9 min, (b) 20 min, (c) 30 min, (d)
40 min, (d) 50 min, (e) 60 min, (f) 90 min, (g) 2 h, (h) 3 h
and (j) 4 h. One set of three tubes was also derivatised using
the routine derivatisation method of an overnight incubation
in a water bath at 37 °C, to be used as a point of comparison.
To determine the stability of the analytes after the deriva-
tisation reactions, the mean response (n=3) for each set of
conditions was compared to the mean response (n=3) for
the set of control tubes that did not undergo any form of
derivatisation.

Sample preparation

Sample aliquots (1.0+0.01 g) of muscle tissue were
weighed into 50-mL polypropylene tubes. Samples were
homogenised with a probe, before washing with water and
organic solvents, ice-cold methanol, ice-cold ethanol and
diethyl ether as described by Hoogenboom et al. [20]. The
samples were placed in a fume hood, and the residual diethyl
ether was left to evaporate overnight. Once fully evaporated,
seven matrix calibrants were fortified across a range of con-
centrations, from 0.02 to 5.00 ug kg™!, with the appropriate
standard mixtures (MM2, MM3, MM4) (Table 1). A 100-pL
volume of the internal standard solution (IS3) was added to
all calibrants, controls and test samples. All samples were
allowed to stand for 15 min.

A 9-mL volume of HCI (0.1 M), a 100-uL. volume of
NBA (100 mM) and a magnetic stirrer bar were added to
each sample. The samples were derivatised at the ‘high’ stir-
ring speed setting in a MARS 6 microwave system by ramp-
ing from room temperature to 60 °C over 4 min, followed
by a 2-h hold at 60 °C. After removal from the microwave,
samples were immediately neutralised, by adding 1 mL
trisodium phosphate buffer (0.3 M) and approximately 570

Table 1 Fortification of matrix calibrant samples

Concentration in sample  Standard mixture MM Internal standard

(pg/kg) (pL) mixture IS3 (pL)
0.02 40 pL MM4 100
0.04 80 uL MM4 100
0.2 40 pL MM3 100
0.5 100 pL MM3 100
1 200 pL MM3 100
2 40 pL MM2 100
5 100 pL MM2 100

uL NaOH (1 M). The pH of neutralised samples was checked
using pH strips (satisfactory range of pH 6.5 — 7.5) and the
pH was adjusted accordingly using 1 M HCI or 1 M NaOH
if necessary. Neutralised samples were then subjected to a
QuEChERS-based extraction, which excluded the sorbent
clean-up step due to the extensive pre-washing of the sam-
ples. In total, 10 mL MeCN, a ceramic homogeniser, and
1 g NaCl were added to each tube, before being vortexed for
1 min. Approximately 4 g of MgSO, was added, and sam-
ples were shaken on a Minimix vibrational unit for 5 min.
The shaken samples were then centrifuged at 3500 rpm
(2800 g) (4 °C, 12 min). The supernatant was transferred
into a 15-mL polypropylene tube and evaporated to dryness
under nitrogen stream on a Turbovap at 40 °C. Recovery
control samples were spiked when the MeCN had evapo-
rated to 1-2 mL by adding 25 pL, 50 pL, 100 pL and 200 uL
of NP2 to give the equivalent concentrations of 0.25 ug kg™!,
0.5 ugkg™!, 1.0 ug kg~! and 2.0 pg kg~!, respectively. After
evaporation, the dried extracts were reconstituted in 500
pL of injection solvent (5 mM ammonium formate in H,O:
MeOH (90:10, v/v) and vortexed on a multi-vortexer for
1 min prior to filtration through 0.2 uM PTFE syringe filters.
Extracts were filtered directly into autosampler vials, and a
10-uL volume was injected into the UHPLC-MS/MS system.

UHPLC-MS/MS analysis

Samples were analysed using an Exion UHPLC system,
coupled to an AB Sciex 5500 + QTRAP mass spectrometer
(Warrington, UK), equipped with a TurboV Ion Source.
The UHPLC-MS/MS system was controlled by Analyst
software (V1.7.1), and the results were processed by
Sciex OS software (V1.4). Separation was performed on
a stainless steel Agilent ZORBAX Eclipse Plus Phenyl-
Hexyl RRHD analytical column (2.1 X 50 mm, particle
size 1.8 um), fitted with an in-line filter of 0.2-pm pore
size.

The column was maintained at 40 °C. A binary
gradient separation comprising of 5 mM ammonium
formate in H,O: MeOH (90:10, v/v) (mobile phase A
(MPA)) and 5 mM ammonium formate in H,0:MeOH
(10:90, v/v) (mobile phase B (MPB)) was used at a flow
rate of 0.6 mL min~!. The gradient was as follows: (1)
0.0-1.0 min: 95% A; (2) 1.0-5.0 min: linear decrease
to 60% A; (3) 5.0-6.7 min: hold at 60% A (4) 6.7-6.8:
linear decrease to 50% A; (5) 6.8-8.0: hold at 50% A;
(6) 8.0-8.1: linear decrease to 0% A; (7) 8.1-9.5: hold at
0% A; (8) 9.5-9.6: linear increase 95% A, (9) 9.6-11.0:
hold at 95% A, for a total run time of 11 min. A divert
valve was used to minimise source contamination, with
the solvent diverted to waste between (a) 0 and 2.1 min
and (b) 8.4 and 11.0 min. Needle wash was MeOH:H,0
(90:10, v/v). Sample temperature was maintained at 15 °C
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in the autosampler. Precursor and product ions were
determined through manual tuning via teed infusion of
each individual analyte with mobile phase. The tuning
was carried out using generic source parameters, which
were later optimised by assessing a range of values for
each parameter, injecting three replicates at each value
and choosing the optimum based on which achieved the
greatest sensitivity. The mass spectrometer was operated
in both positive and negative ionisation mode, with ion
spray voltage set at+/— 1400 V. Source parameters were
optimised and found to be 30 psi for curtain gas, 650 °C
for source temperature, 8 psi for CAD gas and 70 psi for
both ion source gas 1 (GS1) and ion source gas 2 (GS2).
The declustering potentials (DP), collision energies (CE)
and cell exit potentials (CXP) were specifically optimised
for each individual transition, ramping each parameter
across a range of values and selecting the optimum
based on the greatest intensity observed (summarised in
Table 2).

Method validation

Method validation was carried out in accordance with
2021/808/EC guidelines [21], to evaluate the following
performance parameters: identification, selectivity, linear-
ity, matrix effects, trueness, within-laboratory repeatability
(WLr), within-laboratory reproducibility (WLR) and deci-
sion limit (CCa).

Identification was carried out through assessment of
identification points, ion ratios and retention times. Selec-
tivity was evaluated by injection of standard solutions of
each individual analyte and internal standard, to ensure that

Table 2 UHPLC-MS/MS conditions for nitrofuran bound residues

there were no observed interferences when monitoring all
transitions. Additionally, 40 samples were analysed along
with reagent blanks to determine if any matrix interferences
co-eluted with the analytes. Linearity was evaluated using
matrix matched calibration curves, with a minimum of six
points, prepared through fortification of negative controls
over a range of concentrations (Table 1). A matrix effects
evaluation was carried out, analysing 40 samples comprising
10 bovine, 10 avian, 10 ovine and 10 porcine muscle sam-
ples, and comparing the area counts obtained from standards
spiked into solvent to those obtained from post-extraction
spiked muscle samples.

Trueness and precision were assessed by carrying out
within-laboratory repeatability (WLr) and within-laboratory
reproducibility (WLR) studies using fortified negative sam-
ples, due to a lack of available certified reference materials
(CRMs) for nitrofurans in our laboratory. These validation
studies were assessed at 0.5, 1.0 and 1.5 times at the refer-
ence point for action (RPA) of 0.5 ug kg™!, which is set for
only five nitrofurans but was applied to all eight nitrofurans
in this work. WLr studies were performed on three different
days by the same analyst. A different species was analysed
on each day, whereby 24 replicates of the one sample from
bovine, avian and porcine samples were analysed, respec-
tively. In each WLr run, eight portions of the same negative
tissue sample were fortified at each of the three validation
levels (3 days of n=_8 replicates for each level). WLR stud-
ies were performed on three different days by three differ-
ent analysts. In each WLR run, 32 different tissue samples
were analysed, comprising eight avian, eight bovine, seven
ovine, seven porcine, one cervine and one equine sample.
The WLR runs were carried out at four concentration levels,

Analyte Measured ion Precursor (m/z) Product (m/z) RT (min) DP CE CXP MRM
NPAHD [M+H]* 249.0 134.1/104.0 3.87 95/91 18/31 713 20
NPAHD-"C, [M+H]* 252.1 134.1 4.08 89 18 7 20
NPAOZ [M+H]* 236.1 134.1/104.2 4.00 91/87 19/31 16/13 20
NPAOZ-d4 [M+H]* 240.1 134.3 4.00 90 19 7 20
NPSEM [M+H]* 209.1 192.1/166.2 3.53 80/67 16/15 11/9 20
NPSEM-'*CPN, M+H]* 212.1 168.1 3.53 59 16 9 20
NPAMOZ M+H]* 335.1 291.1/262.2 4.88 80/84 18/25 15/14 20
NPAMOZ-d5 [M+H]* 340.1 296.1 4.88 64 17 17 20
NPDNSAH [M-HT 374.0 226.0/182.1 5.67 93/87 34/30 7/5 30
NPDNSAH-*C, [M-HJ 380.1 188.0 5.67 75 30 10 30
NPHBH [M+H]* 286.0 121.1/93.0 4.43 66/67 27/54 711 25
NPHBH-3C, [M+H]* 292.0 127.2 443 97 31 7 25
NPOAH [M+H]* 237.1 192.1/166.4 3.37 66/72 20/16 10/10 20
NPOAH-N, M+H]* 240.1 194.1 3.37 69 19 10 20
NPAGN [M+H]* 208.1 191.0/119.2 2.84 87/86 20/28 11/6 60
NPAGN-*CPN, M+H]* 213.0 92.2 2.84 71 34 16 60
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such that eight different tissues were fortified at each valida-
tion level, plus a further eight different tissues were fortified
at 2.0 times the RPA, for the purposes of calculating CCa
values (must be calculated using data collected at three lev-
els at, or above, the RPA [21]).

CCa values were calculated from the within-laboratory
reproducibility data, as defined in 2021/808/EC. The deci-
sion limit (CCa) is defined as the limit above which it can
be concluded with an error probability of o that a sample
contains the analyte. CCa values for all substances were cal-
culated using the calibration procedure for marker residues
according to ISO 11843. CCa was calculated by plotting the
signal against the added concentration. The corresponding
concentration at the y-intercept plus 2.33 times the stand-
ard deviation of the within-laboratory reproducibility of the
intercept equals the decision limit (@ =1%). If the generated
CCa values were lower than the levels achievable for certain
analytes, they were set to higher concentrations. All CCa
values were verified in an analytical run by fortification of
32 samples at the selected CCa values, comprising eight dif-
ferent bovine, eight different ovine, eight different porcine
and eight different avian samples.

Application of method to incurred tissues

The performance of the method when applied to incurred
tissue was assessed by participating in a FAPAS proficiency
test in May 2021. In this study, chicken muscle incurred
with SEM was provided to 21 laboratories for analysis, and
a z-score was assigned based on the concentration measured
in the sample. Additionally, incurred pig and turkey muscle
samples were supplied by ANSES Fougeres, incurred with
AHD, DNSAH, SEM, AOZ or AMOZ. These samples were
originally provided as part of past EURL proficiency studies
and as such, our laboratory had access to data regarding the
assigned concentrations and z-scores allocated to the par-
ticipating laboratories. This data was interpreted and used
to calculate a proposed z-score for the levels detected by this
method (the z-scores reported were not officially assigned
by EURL).

The method was also applied in the analysis of 118
poultry products, which were purchased from five different
supermarkets in Ireland as part of a sampling study. The
poultry samples were composed of various species, includ-
ing chicken, quail, duck and turkey, with different countries
of origin. Details of each sample can be found in Online
Resource 3 in the Supplementary information. Prior to anal-
ysis, any coatings such as breadcrumbs, batters or sauces
were removed before homogenisation of the remaining poul-
try. An aliquot of 1 g of each sample was analysed as per the
procedure described above.

Results and discussion
UHPLC-MS/MS method development
Mass spectrometry method development

The 2021/808/EC guidelines require a minimum of five
identification points for each analyte in a confirmatory
method for prohibited substances [21]. This criterion was
met through chromatographic separation (one point) and
by monitoring one precursor ion (one identification point)
and two product ions (1.5 identification point each) for all
analytes, resulting in a total of five identification points.
The precursors to product ion transitions selected for
NPAHD, NPAOZ, NPAMOZ, NPSEM, NPDNSAH and
NPHBH were consistent with those in the literature [11,
22, 23]. The precursor to quantifier product ion transi-
tion for NPAGN was in agreement with the method devel-
oped by Kaufmann et al. [24], but both a qualifier product
ion and internal standard transitions were not reported.
NPOAH and its respective internal standard, which is not
included in traditional methods, follows [M +H]* proto-
nated ions. The authors were not able to corroborate the
transitions followed for this new analyte, as there are no
existing methods that look for these compounds. NPOAH
was monitored by the protonated ion m/z 237.1, with the
m/z 192.1 and 166.4 product ions selected as the quantifier
and qualifier ions, respectively. The m/z 192.1 quantifier
ion is likely formed from the cleavage of the formamide
(HCONH,) group.

Liquid chromatography method development

The majority of methods developed for analysing bound
nitrofuran residues report the separation of the nitrophe-
nyl ester derivatives using alkyl-bonded silica stationary
phases [25], with a predominant focus on only four or
fewer compounds, namely NPAHD, NPAOZ, NPAMOZ
and NPSEM [16, 26, 27]. In this work, a BEH C,5 column
chemistry (2.1 X 100 mm; 1.7 pm) was initially evaluated
but gave an unsatisfactory peak shape, particularly for
NPAGN, NPAHD and NPDNSAH. In addition, matrix
interfering peaks were observed in chromatographic traces
that were not fully resolved from the analytes. Conse-
quently, phenyl-hexyl column chemistries were evaluated
because they can provide improved selectivity for com-
pounds containing aromatic functionalities.

Seven different LC columns with phenyl chemistries
were evaluated to determine which column achieved the
best chromatographic separation of the eight nitrofuran
analytes, assessing the performance based on three factors,
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namely, the resolution, the efficiency and the asymmetry
factor. Resolution (Rg) is a quantitative measure of how
well two peaks can be differentiated in a chromatographic
separation, with a Rq value > 1.5 considered baseline reso-
lution [28]. Column efficiency (N), or plate count, is a
measure of the dispersion of a peak, with larger values
indicating higher efficiency. Asymmetry factor is a meas-
ure of peak tailing, where a value of 1 is most desirable.
The seven columns assessed were the Agilent ZORBAX
Phenyl-Hexyl (1.8 um), Halo 90 A Phenyl-Hexyl (2.7 ym),
Raptor Biphenyl (2.7 ym), YMC-Triart Phenyl (1.9 ym),
Sigma Ascentis Phenyl-Hexyl (2.7 um), Kinetex Phenyl
Hexyl (2.6 um) and Kinetex Phenyl Hexyl (5 um). The
assessment of the three factors, alongside visual assess-
ment of the chromatographic separations (shown in Online
Resource 1 in Supplementary information), indicated that
the Agilent ZORBAX Phenyl-hexyl column performed
best for the analysis of eight bound nitrofuran residues.

Mobile phase composition was assessed to optimise peak
shape and separation. Methanol was found to be a more suit-
able organic modifier than MeCN because it gave increased
retention and analyte separation. A range of different mobile
phase additives were evaluated including acids and salts,
which showed that ammonium formate gave superior peak
shape. Ammonium formate was initially added to the mobile
phase A only at a concentration of 10 mM, but column life-
time was quite short at approximately 1000 injections. This
column degradation was exhibited by a dramatic increase
in column backpressure. This blockage occurred in spite of
the column being fitted with a guard 0.2 um in line filter
frit. Following consultation with suppliers, it was proposed
that the column blockage was due to protein precipitation
because of the salt gradient across the column. The column
stability issue was subsequently resolved by reducing the
ammonium formate concentration to 5 mM and including
this additive in both mobile phases.

Despite the selectivity of LC-MS/MS, the development
of an efficient gradient separation is critical to separate ana-
lytes from matrix interfering peaks. This is especially true
for some nitrofuran analytes, such as NPAHD, which have
to be measured accurately at sub-ppb concentrations. There-
fore, several LC gradients were trialled to achieve the best
chromatographic separation of all eight analytes, both from
each other and also from any matrix-interfering peaks. The
final optimal gradient selected started at a hold of 95% A for
1 min, which was essential to achieve satisfactory NPAGN
peak shape. The subsequent gradient to 60% A over the
course of 4 min was necessary to separate the NPAHD ana-
lyte peak from an interfering matrix peak. Any length of
time shorter than 4 min caused an overlap of NPAHD with
a matrix interference. The final gradient resulted in a 0.26-
min separation between these peaks, which is more than suf-
ficient for quantitation, and its robustness was verified using
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several column batches. The method’s chromatographic sep-
aration for the eight analytes and their respective internal
standards is shown in Fig. 2, for both a negative control and
a sample spiked at 0.5 ug kg~

With the optimised LC conditions, all eight analytes and
eight internal standards were successfully eluted in the first
8.4 min of the gradient. After the last analyte was eluted, the
gradient was held at 100% B for 1.4 min to remove matrix
co-extractive from the column, before being returned to the
starting gradient (95% A) for column re-equilibration, result-
ing in a total run time of 11 min. The LC flow was diverted
to waste prior to 2.1 min, and again after 8.4 min, in order
to minimise source contamination.

Sample preparation method development

Optimisation of microwave-assisted derivatisation
parameters

One of the main objectives of this work was to develop a
microwave-assisted derivatisation reaction, which could
replace the lengthy conventional approach of overnight
incubation in a heated water bath, with the aim of signifi-
cantly reducing the 16-h derivatisation time. Preliminary
testing indicated that the optimisation trials should be car-
ried out in matrix rather than solvent, given that particularly
poor derivatisation occurred in solvent for NPAMOZ and
NPAGN when compared with matrix (93% and 97% differ-
ences, respectively).

The initial optimisation work was carried out using forti-
fied samples and the optimal microwave conditions were
found to be a 4-min ramp to a 65 °C temperature, followed
by a 9-min hold time, giving a total reaction time of 13 min.
Upon selection of these parameters, further work was car-
ried out to validate the performance and applicability of the
method. As part of the validation work, proficiency samples
were tested which highlighted that the optimised conditions
were not performing at an equivalent level to the traditional
overnight water bath incubation when incurred material was
analysed (54% lower yield). It was proposed that the lower
results achieved with the 13-min microwave derivatisation
method was due to incomplete acid hydrolysis of the bound
nitrofuran residues. Given the initial optimisation of the
derivatisation step was carried out using only fortified tis-
sue, it only evaluated the reaction of released bound residues
with 2-NBA.

To overcome these challenges, further optimisation was
carried out using porcine muscle incurred with AOZ. Larger
stirrer bar sizes were tested to investigate whether the issue
was simply due to insufficient agitation in the microwave.
The traditional overnight incubation takes place in a shaking
water bath, leading to the constant agitation of samples for
16 h, whereas the original microwave derivatisation reaction
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Fig.2 Chromatogram of a muscle sample spiked at 0.5 ug kg™' for
A quantifier transitions, B qualifier transitions, and C internal stand-
ards. Chromatogram of a blank muscle sample for D quantifier tran-
sitions, E qualifier transitions, and F internal standards. Chroma-
tographic separation achieved using an Agilent ZORBAX Eclipse
Plus Phenyl-Hexyl RRHD (2.1 x50 mm; 1.8 um) at 40 °C at a flow

used small stirrer bars (10X 3 mm) to stir the samples on
‘high’ speed. When the impact of using a larger stirrer bar
size was assessed, the results showed an increase in yield
of approximately 7%. This improvement indicated that the
increased agitation of samples, and the subsequent faster rate
of mass transfer, helped in the hydrolysis and derivatisation
of bound nitrofuran metabolites from the protein in incurred
tissues. Despite the fact that a 7% increase in yield alone
was not sufficient to achieve equivalency with the traditional
derivatisation approach, the larger stirrer bar size was used
in all future microwave reactions.

The impact of longer hold times and varying tempera-
tures in the microwave reaction, as well as the performance
of other published derivatisation methods, was assessed
(Fig. 3). Since the establishment of the original Food-
BRAND method for the analysis of nitrofurans, a number
of groups have reported that the use of elevated reaction
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rate of 0.6 mL min~. Analytes are labelled as follows: 1, NPAGN;
2, NPOAH; 3, NPSEM; 4, NPAHD; 5, NPAOZ; 6, NPHBH; 7,
NPAMOZ; 8, NPDNSAH; 9, NPAGN-'*C®N,; 10, NPOAH-
I5N,; 11, NPSEM-"3CN,; 12, NPAHD-'3C;; 13, NPAOZ-d4; 14,
NPHBH-3Cg; 15, NPAMOZ-d5; 16, DNSAH-13C,

temperatures can shorten the derivatisation time [17, 18,
29]. Veach et al. [18] developed a rapid method for analysing
nitrofurans, using a 6-min derivatisation procedure at 95 °C.
A slight drawback with this method was that it required the
use of pressurised Xpress vessels for the reaction. These
vessels are expensive and have to be cleaned after each
analytical batch, which was considered a disadvantage and
could give rise to cross-contamination. This procedure was
evaluated using 50-mL polypropylene tubes but the condi-
tions were unsuitable and caused samples to boil over. Sub-
sequently, methods using lower reaction temperatures were
investigated.

Two such protocols were reported by researchers based at
the European Reference Laboratory (EURL) for antibiotic
drug residues in foods of animal origin in France. In one of
these methods, a reaction at 55 °C for 4 h was optimal [17],
while the other protocol employed a higher temperature of
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Fig.3 Comparison of the per-
formance of various derivatisa-

tion conditions. % yield shown Traditional
is determined by calculating overnight
incubation
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60 °C and a derivatisation time of 2 h [29]. An evaluation of
these methods was carried out, showing significantly higher
(P<0.05) yields of bound AOZ residues using both of the
EURL methods, when compared to a 16-h water bath incu-
bation at 37 °C. A range of different reaction times were also
evaluated using the original run temperature of 65 °C. The
results from the optimisation indicated a derivatisation tem-
perature between 55 and 65 °C and a run time of >90 min
gave satisfactory yield of AOZ bound residues. However,
it was not possible to optimise the method thoroughly for
other analytes due to a lack of incurred tissues with the dif-
ferent drugs.

It was reported by Johnston et al. [30] that although
higher temperatures improve the release of bound resi-
dues of nitrofuran drugs, nitrophenyl derivatives for some
analytes such as NPSEM can degrade at elevated tempera-
tures. Therefore, the stability of nitrophenyl derivatives
was investigated by spiking with NP derivatives just prior
to derivatisation. The results from this study are shown
in Online Resource 2 (Supplementary information) which
compares yields for each of the eight analytes relative to
pure nitrophenyl standards. On each chart, the concentra-
tion measured using the traditional overnight water bath
incubation at 37 °C is depicted as a horizontal line. The
stability of four derivatives, namely NPAHD, NPAMOZ,
NPAOZ and NPAGN, did not appear to be affected by
microwave derivatisation, and these compounds were sta-
ble under the conditions evaluated. It can be seen from the
charts for the other four analytes that some degradation
took place during derivatisation (as much as 40%). The
trend shows that NPSEM was more stable at a reaction
temperature of 37 °C than 55 — 65 °C, while NPDNSAH
appeared to degrade more rapidly at 37 °C. Overall, a
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Reaction Conditions

temperature of 60 °C was selected because it gave higher
yield for the majority of analytes. Subsequently, a micro-
wave reaction with a 4-min ramp to 60 °C and a hold of
2 h was selected as optimal.

Method validation
Identification and confirmatory criteria

The 2021/808/EC guidelines outline the requirements for
chromatographic separation in a confirmatory method
whereby the retention time of the analyte must corre-
spond to that of the calibration standard with a tolerance
of +0.1 min. Furthermore, in cases where an internal stand-
ard is present, the deviation between relative retention times
must be < 1%. These criteria were met during all validation
runs. In addition, specific performance criteria for mass
spectrometric detection were met given that ion ratios were
within the +40% tolerance for each sample tested throughout
validation.

Linearity

Linearity was determined through visual inspection of
extracted matrix-matched calibration curves, consisting of
a minimum of six calibration levels, with 1/x> weighting
and linear fit, fortified across a range of concentrations in
muscle (shown in Table 3). Linearity was achieved across
each analyte’s calibration range, with regression coefficient
values (R%) >0.998, while residuals were in the +20% range
from the curves.
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Table 3 Calibration range, mean linearity (of n=8 runs), RTs, ME
and RSD for nitrofuran bound residues

Analyte  Calibration ~ R*  RT+SD* ME" (RSD) (%)
range (ug (min)
kg™
NPAHD ~ 0.02-500 0998 4.64+0.025  —74(5.1)
NPAOZ ~ 0.02-500 0999 4.84+0.020 —193(5.8)
NPAMOZ  0.02-5.00 0998 650+0.027  —19.0(5.8)
NPSEM  020-500 0998 3.75+0.019  +102(7.1)
NPHBH ~ 0.02-500 0999 579+0.024  -342(92)
NPAGN ~ 0.02-500 0999 245+0.023  —44.3(10.3)
NPOAH ~ 0.02-500 0999 330+0018  —63.6(19.2)
NPDNSAH 0.02-5.00 0999 8.15+0.046  —30.6(8.8)

aStandard deviation (between-runs; n=_8)

A positive (+) ME value indicates ion enhancement and a negative
(-) ME value indicates ion suppression

Selectivity and matrix effects

The establishment of selectivity is a critical aspect of
method development and was achieved by efficient chro-
matographic separation. To evaluate the selectivity of the
method, the 2021/808/EC guidelines require that a mini-
mum of 20 blank samples should be analysed and checked
for interferences. In this work, 40 different muscle (10
bovine, 10 avian, 10 ovine and 10 porcine) samples were
tested as part of a matrix effects study. A small interfering
peak was observed in the quantifier (209.1 > 192.1 m/z) and
qualifier (209.1 > 166.2 m/z) transitions for NPSEM, in all
samples tested during this evaluation, the largest of which
was measured at approximately 6% of the RPA. For approxi-
mately 50% of samples tested, this peak satisfied the ion
ratio criteria and as such, the CCa for NPSEM was estab-
lished at a level (0.20 ug kg™"), whereby the interfering peak

31201910803 210625 i) (samvple Ince: 12

RT:3.704
(A) = A N Area: 16140
- / \

contributed to less than 10% of the CCa and did not impact
on ion ratio tolerances. During chromatographic develop-
mental work, matrix-interfering peaks were observed for
four other analytes, namely NPAHD, NPAOZ, NPHBH
and NPDNSAH. However, the interferences for NPAHD,
NPHBH and NPDNSAH were satisfactorily separated from
their respective analytes and moved outside of the MRM
windows. Two matrix-interfering peaks were observed in
the MRM window for NPAOZ, one of which was resolved
from the NPAOZ analyte retention time (>0.1 min separa-
tion) and did not affect quantification. In 25% of the samples
analysed, the other matrix interfering peak was observed at
the analyte’s retention time; the largest of which measured
at just 0.3% of the RPA. The intensity of this matrix peak
was so low that it was not considered to impact analysis
and quantification. The interfering peaks for NPSEM and
NPAOQOZ are shown in Fig. 4. No other interferences were
observed at the retention times for any of the analytes and
crosstalk was not evident from the eight isotopically labelled
internal standards.

Matrix effects were calculated using the following
equation: (B — A)/A*100, whereby A is the area counts
obtained from standards spiked into solvent and B is the
area counts obtained from post-extraction spiked samples
(at 0.5 pg kg~h). In this study, a positive ME value indi-
cated ion enhancement, whilst a negative value indicated
ion suppression, showing how the matrix components either
increased or decreased the analyte’s response. This study
analysed 40 samples, comprising 10 bovine, 10 avian, 10
ovine and 10 porcine, to determine the extent of the matrix
effects on the eight nitrofuran analytes in the method. The
results of the ME evaluation are shown in Table 3, calcu-
lated as the mean ME value across the four species. lon
suppression was observed for all analytes, ranging from
—7.4% (NPAHD) to —63.6% (NPOAH), with the exception
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\  Area: 14832
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s RT:4.812
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Fig.4 A Interfering peak for NPSEM observed in the negative control. B Analyte peak for NPSEM spiked at RPA of 0.5 pg kg™!. C Interfering
peaks for NPAOZ observed in the negative control. D Analyte peak for NPAOZ spiked at RPA of 0.5 pg kg™
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of NPSEM for which+ 10.2% ion enhancement was seen.
Ion suppression is a more serious issue because it reduces
the sensitivity of a method. However sensitivity was not an
issue for the seven analytes that showed ion suppression, due
to their lowest calibration level being 0.02 ug kg™! (25 times
lower than the RPA). Given this method employs extensive
washing of tissues with organic solvents prior to extraction,
one would expect low levels of matrix effects. In this work,
the matrix effects observed for four analytes were >30%,
which may indicate that the acid hydrolysis step to release
the bound residues from the protein is also releasing pep-
tides and creating greater matrix effects. The 2021/808/EC
legislation does not supply guidelines for the C.V. tolerances
when an internal standard is not present during the matrix
effects study. However, the C.V. tolerance of <20% (nor-
malised for an internal standard) was satisfied, despite no
internal standard being present.

Trueness, precision and CCa

Trueness and precision values, resulting from within-lab
repeatability (WLr) and within-lab reproducibility (WLR)
experiments, are summarised in Table 4. The 2021/808/
EC guidelines specify that the trueness for mass frac-
tions < 1.0 pg kg~! should be in the range 50—120%. The
mean trueness for all eight analytes was more than satis-
factory under all WLr conditions, ranging between 99 and
102%. Validation criteria state that precision values for mass
fractions of 1.0 ug kg~! should be less than 23%. WLr preci-
sion (RSD,) across the three validation levels was accept-
able, ranging from 0.6 to 3.9%. The mean trueness was
satisfactory for all eight analytes under the reproducibility
conditions, ranging between 99 and 105%. WLR precision
(WLR,,r) was satisfactory, with all values in the range of 0.9
—10.7%. Overall, the method was shown to be accurate and
precise for the analysis of all eight analytes. When determin-
ing CCa values using the calibration procedure calculations,
CCa values ranged between 0.013 pg kg~' (NPAMOZ) and
0.058 pg kg_1 (NPDNSAH). However, for two of the eight

analytes, namely NPSEM and NPOAH, these calculations
produced CCa values at a concentration lower than achiev-
able. Based on the chromatography generated from the WLr
and WLR studies, these values were not considered achiev-
able from the perspective of satisfying both quantitative and
qualitative criteria, such as acceptable ion ratios and satis-
factory signal-to-noise. Hence, to ensure the CCa values
for this method were reliable and represented an achievable
decision limit, the CCa concentrations were set to a higher
level, as shown in Table 4, and verified in an analytical run
comprising bovine, avian, porcine and ovine muscle tissues.

Application of method to incurred tissues

The method presented in this study was successfully applied
to a range of incurred materials. In the FAPAS proficiency
study, SEM was detected and a z-score of 0.0 was assigned,
showing satisfactory method performance. Additional
incurred turkey and pork muscle tissues, of known concen-
trations, were analysed and the levels measured were com-
pared to their respective assigned concentrations (Table 5).
Given that a z-score of —2.0>x<2.0 is deemed satisfac-
tory in a proficiency study, the six incurred muscle samples,
incurred with AHD, AOZ, AMOZ, SEM or DNSAH, met
the criteria for suitable method performance.

The method was also applied to 118 poultry samples as
part of a retail sampling study. All samples were found to
be negative given that no nitrofuran bound residues were
detected. This result would indicate that there is no misuse
of nitrofuran antibiotics in poultry across several countries,
including China, Thailand, Brazil and many European coun-
tries. However, caution must be applied when arriving at
this conclusion, such that this selection of samples is only
a snapshot representation of poultry at a certain point in
time. The poultry sampling survey presented in this paper
highlights the suitability and robustness of this confirmatory
method, given that it was applied to a wide range of differ-
ent processed and unprocessed samples. The method was fit

Table 4 Validation results for

) . Analyte WL trueness (%) (RSDr) (%)  WLR trueness (%) (RSDR) (%) Verified
tl}e analysis of elght bqund CCa (ng
nitrofuran r.netabollhtes ina L1 L2 L3 L1 L2 L3 L4 kel
range of avian, bovine, ovine
and porcine muscle samples NPAHD 100 (2.8) 100 (1.7) 100(1.9) 99 (2.4) 100 (2.0) 99 (3.9) 101 (4.0) 0.030

NPAOZ 101(2.0) 100 (2.1) 100 (1.2) 100 (1.6) 100 (2.5) 99 (2.8) 99 (1.9) 0.019
NPAMOZ 100 (2.6) 100(2.0) 100(1.4) 101 (2.4) 100(1.8) 100(1.4) 101 (1.7) 0.013
NPSEM 100 (2.5) 101 (3.9) 99(1.0) 101(3.7) 100(3.8) 100(2.1) 100(2.8) 0.200
NPHBH 101 (2.6) 101 (2.1) 100 (1.6) 100(2.4) 99 (4.3) 100(9.6) 98(6.0) 0.070
NPAGN 100 (2.5) 101 (2.0) 100 (0.6) 101 (2.0) 101(0.9) 101 (2.6) 101 (2.1) 0.017
NPOAH 100 (2.5) 100 (1.5) 100 (0.8) 101 (2.2) 100(1.4) 100 (2.5) 100 (2.6) 0.200
NPDNSAH 101 (3.9) 102(3.9) 101(2.7) 99(4.5) 101 (3.5) 105(10.7) 100 (3.4) 0.058
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Table 5 Performance of method
when applied to incurred
muscle tissue

Sample ID  Source

Analyte detected Species

Measured con-
centration (pg

Assigned con-
centration (pg

Proposed z-score

kg™ kg™")
02,429 FAPAS NPSEM Chicken 2.560 2.549 0.00
15JJ-9 EURL NPAHD Pig 1.701 1.435 —-0.49
20QY-144 EURL NPAOZ Pig 0.456 0.563 +1.07
20QY-24 EURL NPAMOZ Turkey 0.294 0.313 +0.30
17NHD214 EURL NPSEM Pig 0.871 0.702 —0.88
20QY-89 EURL NPSEM Pig 0.558 0.470 -0.72
20QY-91 EURL NPDNSAH Turkey 0.239 0.234 —-0.09

to analyse all sample types, and no additional interferences
were observed.

Conclusions

A rapid and sensitive analytical method, incorporating a
microwave-assisted derivatisation reaction and a modified
QuEChERS extraction, has been developed for the confirma-
tory analysis of eight bound nitrofurans in animal tissue.
The method has undergone extensive validation in accord-
ance with the new 2021/808 legislation across a range of
concentrations, in line with the 0.5 ug kg~' RPA for nitro-
furans. The traditional approach to bound nitrofuran analysis
is lengthy due to the overnight derivatisation step, followed
by a double liquid-liquid extraction. This work proposes
an alternative rapid approach using a 2-h microwave reac-
tion and a modified QuUEChERS extraction, shortening
analysis time from 4 to 2 days. Based on currently available
literature, this method is the first of its kind to comprehen-
sively detect each of the eight nitrofurans as their respective
marker residues. The findings during this study highlighted
the importance of applying newly developed methods to
incurred materials, particularly when analysing for bound
residues, to ensure fitness for purpose. Overall, through rig-
orous validation studies and partaking in proficiency tests,
the method presented in this paper has shown satisfactory
performance in the analysis of eight bound nitrofurans in
meat. This method can play a major role going forward in
the surveillance for the illegal use of nitrofuran drugs.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-021-03763-0.

Funding This research was funded as part of the European Union’s
Horizon 2020 Research and Innovation programme under Grant Agree-
ment No 727864 and from the Chinese Ministry of Science and Tech-
nology (EU-China-Safe).

Data Availability All data generated during this study are included in
this published article and its supplementary information files.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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