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Abstract

A freeze-dried bovine muscle—certified reference material (CRM), known as BOTS-1 (DOI: https://doi.org/10.4224/crm.
2018.bots-1), containing incurred residues of commonly used veterinary drugs was produced and certified for the mass
fraction of eight veterinary drug residues. Value assignment was carried out using liquid chromatography tandem mass
spectrometry (LC-MS/MS) methods in conjunction with isotope dilution and standard addition approaches involving stable
isotope internal standards. Data from the National Research Council of Canada (NRC), Canadian Food Inspection Agency
(CFIA), United States Department of Agriculture (USDA), and the Federal Office of Consumer Protection and Food Safety
in Germany (BVL) were used for value assignment. Results for two drug residues were also obtained through an interna-
tional inter-laboratory comparison CCQM-K141/P178 organized under the auspices of the International Bureau of Weights
and Measures (BIPM). Quantitative NMR (\H-gNMR) was used to characterize primary standards of all veterinary drugs
certified. The certified mass fractions of the veterinary drug residues were 490 + 100 ug/kg for chlorpromazine, 44 +4.4 ng/
kg for ciprofloxacin, 3.3 + 1.4 ug/kg for clenbuterol, 9.5 + 0.8 pg/kg for dexamethasone, 57 +4.8 pg/kg for enrofloxacin,
3.0+0.4 pg/kg for meloxicam, 12.4 + 1.2 pg/kg for ractopamine, and 2290 + 120 pg/kg for sulfadiazine with expanded
uncertainties quoted (95% confidence) which include the effects due to between-bottle inhomogeneity, instability during
long-term storage and transportation, and characterization.

Keywords Isotope dilution - LC-MS/MS - Mass spectrometry - Certified reference material - Veterinary drugs

Introduction

Veterinary drugs are used on many animal farms to prevent
or control diseases, promote growth, increase lean muscle
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important. The presence of residues can lead to potential
health risks and create trade barriers [6]. The ability to pro-
vide assurance to both domestic consumers and export cus-
tomers of drug residue concentrations in beef relies on the
implementation of true and precise methods of analysis. This
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Method validation is often conducted by only spiking
drug analytes into samples, but oftentimes, the extraction
conditions to achieve high recoveries for spiked samples are
insufficient to yield acceptable extractability for real sam-
ples. Incurred residue is the presence of a chemical in one or
more tissues of the body at some time after administration
or exposure [8]. This better reflects the true physical, physi-
ochemical, and chemical interactions of the drugs within
the animal tissues, and is much preferred to spiked matrix
materials where drugs are added to the tissue postmortem.
The CRM certification process ensures the correct amount
of residue in the tissue has been established by standard
methods or by collaborative studies that combine data from
several expert laboratories [9]. The certification process also
warrants that the CRM is sufficiently homogeneous and sta-
ble [9].

For example, a feasibility study for the development of
a CRM of nitrofuran metabolites incurred in chicken breast
muscle was performed on a small batch with the conclusion
that a large batch CRM was feasible [10]. CRMs contain-
ing incurred chloramphenicol and nitroimidazoles in pork
muscle are available from the European Commission [11,
12] while a CRM containing incurred clenbuterol in mutton
muscle is also available [13]. However, CRMs containing
multiple classes of incurred veterinary drug residues in mus-
cle tissue were previously unavailable until this work. In this
regard, BOTS-1 CRM [14] has been designed and produced
to offer a quality control material to be used for calibration
and method validation/verification for the analysis of multi-
ple classes of incurred veterinary residues in bovine muscle.

Maximum residue limits (MRLs) and minimum method
performance requirements (MMPRs) for veterinary drug res-
idues vary by country [3—5]. While our goal was to produce
a bovine muscle CRM containing multiple veterinary drug
residues near the Canadian MRLs or European MMPRs, the
inherent variability of the biological process in the uptake,
distribution, and elimination of the drugs made this very
difficult to achieve. Dosage of multiple drugs and selection
of an appropriate endpoint was designed and performed in
a manner to yield drug residues as near as possible to the
MRL or MMPR, while adhering to animal ethics and care
guidelines [15]. Processing of the harvested muscle tissue
was performed in a manner to preserve the concentration
of the drug residues while providing a final product that is
stable, easy to work with, and homogeneous.

The analysis of drug residues in animal matrices has
been performed using several different techniques includ-
ing microbiological assays [16, 17], high-performance
liquid chromatography (HPLC) [18, 19], gas chromatogra-
phy—mass spectrometry (GC-MS) [20, 21], liquid chroma-
tography tandem mass spectrometry (LC-MS/MS) [20-24],
and liquid chromatography high-resolution mass spectrome-
try (LC-HRMS) [19, 25-27]. LC-MS methods have become
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preferred due to their high specificity, sensitivity, scope, and
speed (including high-resolution MS detection). External
calibration with standards spiked into a blank matrix at the
MRL/MMPR or over a calibration range encompassing the
MRL/MMPR is the predominant calibration approach for
veterinary drug screening [18—27], while standard addition
[28-30] and isotope dilution mass spectrometry (ID-MS)
[30-32] are used for more accurate analyses.

Independent of the MS analyzer, ID-MS is widely recog-
nized as one of the most accurate approaches to quantitative
analysis [33, 34]. Despite its accuracy, it is not routinely
used for screening or confirming veterinary drug residue
levels due to the perceived complexity of the calibration
approach and the requirement to estimate preliminary
concentrations of drug residues for each sample. This is a
time-consuming process which does not lend itself to the
analysis of a large number of samples with widely varying
concentrations. However, ID-MS is useful in the production
of certified reference materials [30-33, 35] where accuracy,
not throughput, is the main concern.

In this report, we will highlight the production and cer-
tification of BOTS-1 for a subset of the dosed drugs and
metabolite residues, including chlorpromazine (Cprom),
ciprofloxacin (Cipro), clenbuterol (Clen), dexamethasone
(Dexa), enrofloxacin (Enro), meloxicam (Meloxi), ractopa-
mine (Racto), and sulfadiazine (Sulfa) (Fig. 1) in freeze-
dried bovine muscle tissue using multi-residue LC-MS/
MS methods coupled with double isotope dilution mass
spectrometry (ID*MS) and standard addition—double iso-
tope dilution mass spectrometry (SA-ID°MS) techniques
[36]. Assessment of sample homogeneity and stability will
be described, along with consensus value assignment from
results generated in collaborating laboratories. Other drug
residues present in BOTS-1 have not yet been certified).

Experimental
Chemicals and reagents

Materials for primary reference standards for Cipro, Cprom
HCI, Dexa, Enro, Meloxi, and Sulfa were purchased from
Sigma-Aldrich (Oakville ON, Canada), Clen HCI was pur-
chased from Toronto Research Chemicals (Toronto ON,
Canada), and Racto HCI was purchased from LKT Labo-
ratories (St. Paul, MN, USA). Stable isotope labeled stand-
ards for [2H3]-Meloxi and [13C6]-Sulfa were purchased from
Sigma-Aldrich (Oakville ON, Canada), [13C1,2H3]-Cpr0m
standard was purchased from Toronto Research Chemicals
(Toronto ON, Canada), and standards for [2H8]-Cipr0 HCl,
[*Ho]-Clen, [*H,]-Dexa, [*Hs]-Enro HI, and [*Hg]-Racto
HCI were purchased from CDN (Pointe-Claire QC, Can-
ada). Maleic acid and dimethyl sulfone were purchased from



Production and certification of BOTS-1: bovine muscle—certified reference material for incurred... 761

Fig. 1 Chemical structures of OH
veterinary drugs certified in

H
BOTS-1 CRM cl N\|<

H,N
Cl
Chlorpromazine

Dexamethasone

OH o R
H Nl
N O N >
H,N
HO

Ractopamine

Fluka (Oakville ON, Canada), 3,5-dinitrobenzoic acid was
obtained from Aldrich (St. Louis MO, USA), and benzoic
acid SRM 350b standard was purchased from the National
Institute of Standards and Technology (NIST; Gaithersburg,
MD, USA).

High-purity deionized water was collected from a Mil-
lipore Milli-Q Advantage A10 mixed bed ion exchange
system fed with reverse osmosis domestic water (Jaffrey,
NH, USA). Optima LC/MS grade acetonitrile and metha-
nol, formic acid, ascorbic acid, and HPLC grade isopro-
panol were purchased from Fisher Scientific (Fair Lawn, NJ,
USA). Hexane (95% n-hexane) was purchased from Caledon
Laboratories (Georgetown, ON, USA), and NH,OH (30%
solution) was purchased from EMD Chemicals (Gibbstown,
NJ, USA).

Preparation of BOTS-1

BOTS-1 was produced in a two-stage process. The first stage
involved a selection of suitable pharmaceuticals, selection
of a single, healthy, market-age veterinary-inspected heifer,
administration of the drugs to the heifer, euthanasia, har-
vest of the muscle tissue, and grinding to a hamburger-like
consistency. The veterinary drugs were selected to include
appropriate therapeutic classes and were based on their reg-
istration for livestock use, existence of MRLs for allowed
substances, or MMPRs for banned substances (Table S-1,
Supplemental Material). Metabolites of dosed drugs were
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also expected to be found post-euthanization. Ethical
and practical concerns of animal welfare and health were
addressed by following the Guide to the Care and Use of
Experimental Animals [15]. The therapeutic dose levels,
dose timing, and routes of administration were selected
based on known pharmacokinetic properties and a target
range equal to the MRL or MMPR for the incurred residue
concentrations. A healthy bovine heifer was fed a diet that
was in compliance with the Health of Animals Regulations
[37] and was subjected to the Supply Animal and Use Proto-
col (pharmaceutical dosing) supplied by the Canadian Food
Inspection Agency. The heifer was individually shipped
for slaughter at a facility approved by the Domestic Meat
Inspection Program (Saskatchewan Ministry of Agriculture).
After euthanasia, several organs and the muscle tissue were
harvested. No neck muscle was collected to avoid muscle
near the injection sites and visible fat was trimmed as much
as possible. Approximately 120 kg of muscle was collected.
The meat was double ground, packaged into plastic sausage
casings, and stored at — 80 °C.

The second stage of BOTS-1 production involved the
preparation of lyophilized muscle tissue by wet homog-
enization, freeze-drying, milling to a fine powder-like
consistency, dry homogenization, and bottling in 10 g ali-
quots. The beef sausages (122 kg total mass) were allowed
to thaw before the casings were removed. Wet milling
was performed with a 40 L Stephan Universal Machine
(1000-2500 rpm for 15 min with a small amount of ice
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added to keep the temperature low). Freeze-drying was
performed under a vacuum (0.25 mmHg) with a condenser
temperature of — 55 °C. The freeze-dried beef cakes were
stored at 2—4 °C until dry-grinding was performed using
a Stephan Universal Machine (1200 rpm until the tem-
perature rose to 21 °C). The bulk freeze-dried, ground
beef (39 kg) was then transferred to a 180 L polyethylene
mixing drum, purged with argon, and mixed for 9 h. Ali-
quots (10 g) were manually transferred into 60 mL amber
wide-mouth glass bottles, flushed with argon, and sealed
with Teflon-lined polyethylene caps. In total, over 3400
bottles of BOTS-1 were produced and stored at — 80 °C at
the NRC.

Methods
Purity of primary reference standards by qNMR

Chemical purity of the primary reference standards was
established using "H-QNMR (Avance-IIT 400 MHz NMR
spectrometer, Bruker) using general methods described
previously [38]. Samples were prepared gravimetrically in
triplicate to contain both the primary reference standard and
an internal standard. Purity of all internal standards is trace-
able to the International System of Units (SI) through NIST
SRM 350b benzoic acid standard from previous qNMR
value assignment at NRC. The purity (mass fraction) of
Cipro, Clen, Enro, Meloxi, and Racto was determined with
'H-gNMR using maleic acid as an internal standard, whereas
3,5-dinitrobenzoic acid internal standard was employed for
Cprom HCI and Dexa, and dimethyl sulfone served as the
internal standard for Sulfa.

Isotope dilution techniques

For the analysis of veterinary drug residues in BOTS-1, ini-
tial estimates of mass fractions were first determined using
the methods described herein in an iterative manner. Once
confidence was established in the estimated mass fractions,
two ID-MS approaches were applied. The first approach,
exact matching double isotope dilution mass spectrometry
[34, 39] (ID*MS, Fig. 2 and Eq. 1) required two sample
mixtures: a matrix sample spiked with a stable label internal
standard at a concentration which provides a 1:1 peak area
ratio of the drug and the internal standard and a calibration
solution prepared in solvent using the same internal standard
(B) and a primary standard (A*) of the drug (A) such that
the peak area ratio is also near 1:1. This approach utilizes
the following measurement model:
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_ mA*(A*B)mB(AB)(RA*B - RA*) (RAB - RB)

AT mA(AB)mB(A*B)(RB - RA*B) (RA - RAB) M

where:

A analyte in the sample (natural isotopic composition)

A" analyte in the primary standard (natural isotopic
composition)

B analyte in the isotopic standard (isotopically
enriched)

Wa mass fraction of A in sample

Wps mass fraction of A* in the primary standard

myxy, massofthe component X in blend of X and Y

Ry peak area ratio of A/B in the blend X

The second approach was exact matching standard addi-
tion—double isotope dilution mass spectrometry (SA-ID’MS,
Fig. 2 and Eq. 2), which combined standard addition with
ID?MS [36, 40]. This approach also required two sample
mixtures: a matrix sample spiked with stable label inter-
nal standard at a concentration which provides a 1:1 peak
area ratio of the drug and the internal standard after extrac-
tion, as in the ID2MS approach, and a second matrix sample
spiked with both drug and internal standard such that the
peak area ratio of the drug and the internal standard is also
1:1. For analysis of BOTS-1, the drug was spiked at two
times the incurred concentration and the internal standard
at three times the drug concentration to provide a 1:1 ratio
after extraction. Since this approach used two samples, both
extracted from the matrix, the potential effects of the sample
matrix were taken into account. This approach utilizes the
following measurement model:

M p.(AA+B)T'B(AB) (RAB - RB) (RA* - RAA*B)

M AB)MB(AA+B) (RAB - RA) (RB - RAA*B) (@)
+MAAA+B)B(AB) (RB - RAB) (RA - RAA*B)

WA b WA*

Natural working solutions (NWS) containing the drug
analyte standards and internal standard working solutions
(ISWS) containing the stable isotope internal standards
were prepared at concentrations approximately six times the
expected concentration of the analytes in the matrix such
that a 100 pL spike of ISWS into a 0.5 g sample of BOTS-1
(mix AB) was devised to provide a 1:1 peak area ratio for
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ID2MS

Fig.2 Conceptual scheme of
implementing ID2MS and SA-
ID*MS indicating components
added to each sample mixture
and their relative proportions;
A =analyte in the sample
(natural isotopic composition);
A’ =analyte in the primary
standard (natural isotopic -
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the natural and isotopically labeled analyte signals while
a 300 pL spike of ISWS and a 200 pL spike of NWS into
a 0.5 g sample of BOTS-1 (mix AA*B) should have also
provided a 1:1 peak area ratio. NWS-1 was prepared for
method multi-residue-1 (MR-1) and NWS-2 was prepared
for method multi-residue-2 (MR-2).

NWS-1 containing Cipro, Clen, Enro, and Racto was pre-
pared in a 50:50 mixture of methanol and water while NWS-
1B for Sulfa was prepared in an 85:15 mixture of 10 mM
HCI and acetonitrile. ISWS-1A containing [*Hg]-Cipro,
[2H9]—C1en, [2H5]—Enr0, and [2H6]—Racto was prepared in
a 50:50 mixture of methanol and water while ISWS-1B
containing [13C6]-Sulfa was prepared in an 85:15 mixture
of 10 mM HCI and acetonitrile. The calibration solution
(mix A*B) for Cipro, Clen, Enro, and Racto was prepared
in a 100:900:1 mixture of methanol, water, and formic acid,
while the CAL solution for Sulfa was prepared in a 95:5
mixture of acetonitrile and 10 mM HCI.

NWS-2 containing Cprom, Dexa, and Meloxi and ISWS-2
containing [13C1,2H3]-Cprom, [2H4]-Dexa, and [2H3]-Meloxi
were prepared in a 50:50 mixture of methanol and water.
The calibration solutions were prepared in a 600:400:1 mix-
ture of acetonitrile, water, and formic acid containing 4 mM
ascorbic acid.

Extraction methods

A universal extraction procedure was determined to be
insufficient for CRM certification given the structural vari-
ety of the analytes. Therefore, several different extraction

SA-ID2MS

SAMPLE

PRIMARY
STANDARD

ISOTOPIC
INTERNAL
STANDARD

DILUTION
SOLVENT

AB AA*B

procedures were employed to ensure maximum recovery of
all veterinary drugs.

Multi-residue-1A (MR-1A): Cipro, Clen, Enro, Racto

Cipro, Clen, Enro, and Racto were extracted from BOTS-1
CRM via liquid—solid extraction. After reconstitution of
0.5 g of BOTS-1 with 1 mL of water and gravimetric addi-
tion of internal standard, the sample was extracted with
4 mL of an 80:10:10 mixture of acetonitrile, isopropanol,
and water via shaking for 30 min. The sample was cen-
trifuged and the supernatant retained. The extraction was
repeated and the supernatants were combined. Defatting
was performed by adding 2 mL of hexane to the combined
supernatants and shaking for 5 min. The sample was centri-
fuged to separate the phases and the hexane was removed
and discarded. An aliquot (4 mL) of the sample extract was
concentrated under vacuum to 450 pL followed by the addi-
tion of 50 uL of MeOH. All samples were filtered through
0.2 um PTEE filter vials prior to injection onto the LC-MS
system. The equivalent sample concentration was 0.44 g/mL
in MR-1A final extracts.

Multi-residue-1B (MR-1B): Sulfa

After reconstitution of 0.5 g of BOTS-1 with 1.0 mL of
water and gravimetric addition of internal standard, the sam-
ple was extracted with 10 mL of 100 mM HCl in acetonitrile
via shaking for 30 min. The sample was centrifuged and
the supernatant retained. The extraction was repeated with
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10 mL of 10 mM HCI in acetonitrile and the supernatants
were combined. Defatting was performed by adding 5 mL
of hexane to the combined supernatants and shaking for
5 min. The sample was centrifuged to separate the phases
and the hexane was removed and discarded. An aliquot of
the remaining supernatant (250 pL) was diluted two-fold
with 10 mM HCI. All samples were filtered through 0.2 um
PTEFE filter vials prior to injection onto the LC-MS system.
The equivalent sample concentration was 0.012 g/mL in
MR-1B final extracts.

Multi-residue-2: Cprom, Dexa, Meloxi

Cprom, Dexa, and Meloxi were extracted from BOTS-1
CRM via liquid—solid extraction. After reconstitution of
0.5 g of BOTS-1 with 1 mL of water, 20 uL of 1 M ascorbic
acid was added followed by gravimetric addition of internal
standard. The samples were extracted with 4 mL of acetoni-
trile via shaking for 20 min. The samples were centrifuged
and the supernatant retained. The extraction was repeated
with the supernatants combined followed by concentration
under vacuum to 100 pL. Step-wise reconstitution with 0.1%
formic acid in acetonitrile (200 uL), 20 mM ascorbic acid
(100 pL), and water (100 puL) was performed. The samples
were placed at 4 °C for 30 min, followed by centrifugation
to remove precipitates. All samples were filtered through
0.2 um PTEE filter vials prior to injection onto the LC-MS
system. The equivalent sample concentration was 0.96 g/mL
in MR-2 final extracts.

LC-MS/MS methods
MR-1A: Cipro, Clen, Enro, Racto

A 4 pL sample aliquot was injected onto an LC-MS/MS
system consisting of a 1290 Infinity I UPLC (Agilent Tech-
nologies; Mississauga, ON, Canada) interfaced to a TSQ
Quantiva triple quadrupole mass spectrometer equipped
with electrospray ionization (Thermo Fisher Scientific, San
Jose, CA, USA). Separation was carried out with mobile
phases consisting of water and formic acid (1000:1, A) and
acetonitrile with formic acid (1000:1, B) on an Ace-3 C18
column (50 mm X 2.1 mm, 3 pm; Advanced Chromatography
Technologies, Aberdeen, Scotland) with integrated guard
column and column heater set to 40 °C. A gradient mobile
phase flow of 0.4 mL/min with 5% B (0-1.0 min), 5 to 25%
B (1.04.0 min), followed by a column wash with 98% B and
equilibration back to 5% B was used for separation. The total
run time was 6.5 min. The MS system was operated with
electrospray ionization in positive ion mode with ion spray
voltage set to 4000 V, sheath gas at 55, aux gas set to 20,
and sweep gas set to 2 arbitrary units. The ion transfer tube
was set to 325 °C and vaporizer temperature set to 280 °C.
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Argon was used as collision gas at 1.5 mTorr and Q1/Q3
resolution was set to 0.7.

MR-1B: Sulfa

A 2 pL sample aliquot was injected onto the same LC-MS/
MS system, column and mobile phases used in MR-1A.
A gradient mobile phase flow of 0.4 mL/min with 2% B
(0-1.0 min), 2 to 30% B (1.0-2.5 min), followed by a col-
umn wash with 98% B and equilibration back to 2% B was
used for separation. The total run time was 5.0 min. The MS
system was operated under the same conditions as method
MR-1A.

MR-2A: Cprom and Meloxi

A 10 pL sample aliquot was injected onto the same LC-MS/
MS system, column and mobile phases used in MR-1A.
A gradient mobile phase flow of 0.4 mL/min with 30% B
(0-1.0 min), 30 to 40% B (1.0-5.0 min), followed by a col-
umn wash with 98% B and equilibration back to 30% B was
used for separation. The total run time was 8.0 min. The MS
system was operated under the same conditions as method
MR-1A.

MR-2B: Dexa

A 10 pL sample aliquot was injected onto the same LC-MS/
MS system, column and mobile phases used in MR-1A.
A gradient mobile phase flow of 0.4 mL/min with 20% B
(0-1.0 min), 20 to 40% B (1.0-4.0 min), followed by a col-
umn wash with 98% B and equilibration back to 20% B was
used for separation. The total run time was 7.0 min. The
MS system was operated with ESI in negative ion mode
with all other conditions the same as method MR-1A. The
dexamethasone formate adduct was monitored in quadrupole
1 (Table 1).

Table 1 Mass spectrometer acquisition parameters for the veterinary
drug residues

Method  Analyte Ionization Ion transitions (m/z)  CE (eV)
polarity

MR-1A  Cipro + 332.2—205.2/245.2  31/24
Clen + 277.2—203.1/132.1  16/29
Enro + 360.2—316.2/245.2  18/27
Racto + 302.2—107.2/121.2  32/23

MR-1B  Sulfa + 251.2—156.1/108.1  18/27

MR-2A  Cprom + 319.2—214.0/210.0  44/55
Meloxi + 325.2—115.1/141.1 20721

MR-2B  Dexa - 4372—-361.2/307.2 —-20/-35
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Results and discussion
Quantitative 'H-qNMR

"H-qNMR was used to assign mass fractions to the veteri-
nary drug primary standards. This technique is a primary
analytical method that allows compound-independent cali-
bration to determine the mass fraction of the analyte using
an appropriate internal standard [32, 41-43]. The results are
traceable to the International System of Units (SI) through
gravimetric preparation of standards of established purity
on calibrated balances using traceable mass standards. The
gNMR results for the veterinary drug primary reference
standards are shown in Table 2.

Extraction

Several aspects for the extraction of the veterinary drug resi-
dues from BOTS-1 were evaluated, including the effect of
solvent composition, shaking time, number of serial extrac-
tions, sample cleanup, and sample equilibration time after
spiking. All BOTS-1 samples were accurately weighed and
re-hydrated with two parts water prior to extraction to ensure
equivalency of hydration with actual study samples. Ana-
lytes were extracted in two groups largely based on their
polarity.

Multi-residue-1: Cipro, Clen, Enro, Racto, and Sulfa

Solvent compositions similar to those found in the litera-
ture were evaluated for recovery of the measurands [18,
24, 44-47]. Similar recoveries were observed with acetoni-
trile and methanol, with or without water or formic acid.
An 80:10:10 solvent mixture of acetonitrile, isopropanol,
and water was chosen for Cipro, Clen, Enro, and Racto. An
extraction solvent consisting of acetonitrile and hydrochloric
acid showed slightly higher recoveries for Sulfa and was

Table 2 'H-gNMR mass fraction assignment (with internal standard
used for calibration) for veterinary drug standards. Expanded uncer-
tainties are quoted (95% confidence)

Analyte Mass fraction (mg/g) Primary calibrator
Cprom HCl 996.6+3.6 3,5-dinitrobenzoic acid
Cipro 997.0+4.7 Maleic acid

Clen HC1 980.6+3.7 Maleic acid

Dexa 999.4+5.3 3,5-dinitrobenzoic acid
Enro 997.7+9.4 Maleic acid

Meloxi 995.6+9.9 Maleic acid

Racto 960.3+2.8 Maleic acid

Sulfa 996.9+3.5 Dimethyl sulfone

used for Sulfa mass fraction assignment. A shaking time
of 30 min was found to be optimal (Fig. S-1, Supplemental
Material) with consistent analyte/internal standard peak area
ratios (Fig. S-2, Supplemental Material). Serial extractions
(1 to 4) were carried out to assess recovery and potential
changes in the analyte/internal standard peak area ratio. The
results indicated that four extractions provided near com-
plete recovery; however, two extractions provided >90%
recovery of all analytes with consistent analyte/internal
standard peak area ratios (Fig. S-3, Supplemental Mate-
rial). A hexane wash of the supernatant was evaluated as
a further cleanup step to remove lipids and other non-polar
endogenous components and was found to provide a visually
cleaner sample with no effect on analyte recovery. Sample
equilibration time after spiking internal standard and/or ana-
lyte into re-hydrated BOTS-1 was evaluated with no differ-
ences observed over a 16 h period.

Multi-residue-2: Cprom, Dexa, and Meloxi

Solvent compositions similar to those found in the litera-
ture were evaluated for recovery of these analytes [24, 44,
45, 48]. Similar recoveries were observed with acetonitrile
or methanol; however, no recovery of Cprom was observed
with acidified solvents. pH control of the extraction was
evaluated with the addition of buffers to the re-hydrated
samples prior to spiking and extraction. The anti-oxidant,
ascorbic acid (1 M, 20 uL), was found to increase recov-
ery of Cprom significantly but had minimal effects on Dexa
or Meloxi. A final extraction solvent composition of ace-
tonitrile was chosen with prior addition of ascorbic acid. A
shaking time of 20 min was found to be optimal (Fig. S-4,
Supplemental Material) with consistent analyte/internal
standard peak area ratios (Fig. S-5, Supplemental Material).
Results of serial extractions indicated that four extractions
provided near complete recovery; however, two extractions
provided >95% recovery of all analytes with consistent
analyte/internal standard peak area ratios (Fig. S-6, Sup-
plemental Material). A flash freeze step was evaluated as
a further cleanup step to remove lipids and other non-polar
endogenous components; however, significant analyte losses
were observed. Sample equilibration time after spiking inter-
nal standard and/or analyte into re-hydrated BOTS-1 was
evaluated with no differences observed over a 16 h period.

LC-MS/MS detection

The samples were prepared as described in the isotope dilu-
tion techniques and extraction sections and injected onto the
LC-MS/MS system with the parameters described above in
LC-MS/MS methods. For each analyte, peak areas from two
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Fig.3 Chromatograms of veterinary drug residues from CAL stand-
ard solution (A*B), ID°MS sample extracted from BOTS-1 (AB), and
SA-ID*MS sample extracted from BOTS-1 (AA*B). Proportions of
sample, primary standard, and isotopic internal standard are shown in

different product ions were determined with results calcu-
lated independently and averaged afterwards. In all cases,
the results from the two different product ions provided
similar results, demonstrating consistent ion ratios free of
matrix interferences. Representative LC-MS/MS chromato-
grams of the most sensitive ion transitions for each analyte
from a CAL (mix A*B), BOTS-1 ID’MS sample (mix AB),
and BOTS-1 SA-ID>-MS sample (mix AA*B) are shown
in Fig. 3.

Matrix effect

Matrix effect, a percentage difference of response for
an equivalent concentration of the analyte in the final
matrix extract vs. reagent-only solution, was evaluated
for all analytes using the labeled internal standards as
surrogates. The ISs were spiked into CAL and BOTS-
1, processed, and run by LC-MS/MS. A value of zero
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Fig. 2 and should provide a peak area ratio of 1:1:3 in the absence
of ion suppression (given complete analyte recovery), as observed for
Sulfa and Meloxi

indicates no matrix effect, a value > zero indicates ion
suppression, and a value < zero indicates ion enhance-
ment. Cprom exhibited the highest amount of ion sup-
pression with Dexa, Racto, and Clen also exhibiting

Table 3 Matrix effect

Analyte Matrix
effect (%)

Cprom 73

Cipro 33

Clen 45

Dexa 63

Enro 9

Meloxi 29

Racto 52

Sulfa 0
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high signal suppression (Table 3). With the exception of
clenbuterol, we have observed positive trends between
the extent of ion suppression and the relative difference
between ID%-MS and SA-ID>-MS results (Fig. S-7, Sup-
plemental Material). Since all analytes have a co-eluting
stable isotope internal standard for quantification, ion
suppression or enhancement is largely normalized with
minimal effects on quantitation yet we are able to see
minor unaccounted effects by comparing the results of
ID?MS and SA-ID?MS results).

Homogeneity

Between-bottle homogeneity of the drug residue levels in
BOTS-1 was assessed using duplicate sub-samples (0.5 g)
taken from 15 randomly selected bottles over the full range
of the batch of 3418 bottles. All samples were analyzed
via LC-MS/MS in a single batch [49]. Results are shown
in Figures S-8 to S-15 (Supplemental Material) with error
bars representing the standard uncertainties of dupli-
cate sample results. Enro and Sulfa were extracted using
method MR-1A with Cipro, Clen, and Racto as this method
provided acceptable precision for all analytes. Since the
measurement uncertainty exceeded the uncertainty due
to homogeneity (i), a random effects statistical model
was used to separate these uncertainty contributions. We
employed the DerSimonian-Laird (DSL) estimator [50] as
implemented in the R package metafor [51]. This model
was fitted to the 15 X2 experimental data and the confi-
dence intervals of the model parameters (which include the
uncertainty due to inhomogeneity) were estimated using
the R function ‘confint’.

With the sole exception for chlorpromazine, the DSL
method failed to provide an estimate of homogeneity (i.e.,
Upom =0). To address this concern, we adopted the upper
95% confidence bound, u;,,, +2u(u;,), as the estimate for
homogeneity [49]. This approach yielded the maximum
conservative estimates for Cipro, Clen, Meloxi, Racto,
and Sulfa, however still provided a uy,.,, estimate of zero

for Enro and Dexa. For Enro and Dexa, u,,,, was there-
fore estimated at 0.8% based on the uncertainty of the
other analytes. Chlorpromazine showed a slight downward
trend in mass fraction over the batch; however, this trend
could not be attributed solely to the matrix material or
the method and was therefore reported as a homogeneity
uncertainty.

The within-bottle homogeneity of the veterinary drug
residue levels in BOTS-1 was assessed using five sub-
samples (0.5 g) from the same bottle. The results were
evaluated using the DerSimonian-Laird random effects
model [50]. The uncertainty component for BOTS-1 due
to within-bottle homogeneity was combined with the
between-bottle homogeneity component and reported as
a combined homogeneity component.

The combined calculated relative uncertainty components
for BOTS-1 due to homogeneity were 5.7% for Cprom, 0.9%
for Cipro, 0.9% for Clen, 0.8% for Dexa, 0.8% for Enro, 1.7%
for Meloxi, 1.0% for Racto, and 0.5% for Sulfa.

Stability

BOTS-1 was processed, bottled, and stored under argon
at— 80 °C. Three types of stability were evaluated for the
veterinary drug residues in BOTS-1: short-term transpor-
tation (ST), freeze—thaw (FT), and long-term storage (LT)
stability [49]. The individual uncertainties for each stability
type were combined and reported as a single stability com-
ponent (u,,) as shown in Table 4.

A short-term (ST) stability evaluation was performed
with samples from three different bottles for each tempera-
ture. Bottles were stored at — 80 °C, —20 °C, 6 °C, 20 °C,
and 37 °C for two weeks with—80 °C serving as the con-
trol temperature. Sub-samples were removed after 2 weeks
and stored at— 80 °C until all samples were analyzed via
LC-MS/MS in a single batch for Cipro, Clen, Enro, Racto,
and Sulfa and a separate single batch for Cprom, Dexa and
Meloxi. Results are shown in Figures S-16 and S-17 (Sup-
plemental Material) as mass fractions relative to the — 80 °C

Table 4 Value assignment

. Analyte w U, 959 u Ughar Upom u

and uncertainty budget fo (ng/e) (ngle) (ng/e) (ngle) (nge) (ngle)

in BOTS-1 (see text for Cprom 490 100 50 36 26 26

definitions) Cipro 44 44 22 2.0 0.42 0.78
Clen 33 1.4 0.7 0.7 0.03 0.0
Dexa 9.5 0.8 0.4 0.4 0.07 0.0
Enro 57 48 24 12 0.4 2.0
Meloxi 3.0 0.4 0.2 0.2 0.05 0.0
Racto 12.4 1.2 0.6 0.6 0.13 0.0
Sulfa 2290 120 60 25 10 53
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control samples versus storage temperature, with error bars
representing the standard deviation of replicate sample
results. Analysis of the results by DSL and linear regression
analysis indicated that the samples stored at—20 °C, 6 °C,
20 °C, and 37 °C are in agreement with the samples stored
at— 80 °C for all analytes except for Cprom. Upon further
evaluation of the Cprom results, the mass fraction of the
6 °C samples and the 37 °C samples were low relative to
the — 80 °C sample, and a short-term stability uncertainty
component (DSL) was included in the combined stability
uncertainty.

A freeze—thaw (FT) stability evaluation was performed
using a single bottle which was subjected to 20 FT cycles.
Duplicate sub-samples were taken at 1, 5, 10, 15, and 20
freeze—thaw cycles. All samples were stored at — 80 °C and
were analyzed via LC-MS/MS in a single batch for Cipro,
Clen, Enro, Racto, and Sulfa and a separate single batch
for Cprom, Dexa, and Meloxi. Results are shown in Fig-
ures S-18 and S-19 (Supplemental Material) as mass frac-
tions relative to one freeze—thaw cycle versus the number of
freeze—thaw cycles, with error bars representing the standard
deviation of replicate sample results. Analysis of the results
by DSL and linear regression analysis indicated that the
results, up to 20 FT cycles, are in agreement with the com-
parison sample (0 FT cycles) for all measurands. As a result
of the observed freeze—thaw stability results, no uncertainty
components were included in the combined uncertainties.

A long-term stability (LT) evaluation was performed
using three different bottles for each temperature stored
at—80 °C. Sub-samples were removed at fourteen (14),
twenty-seven (27), and seventy-one (71) months and ana-
lyzed via LC-MS/MS for Cipro, Clen, Enro, Racto, and
Sulfa. Sub-samples were removed at seven (7), sixteen (16),
and sixty-one (61) months and analyzed in a single batch
for Cprom, Dexa, and Meloxi. Results are shown in Fig-
ures S-20 and S-21 (Supplemental Material) as mass frac-
tions relative to time zero versus storage time, with error
bars representing the standard deviation of replicate sam-
ple results. Stability analyses were performed with a fresh
preparation of all reference solutions from solid reference
standards. Analysis of the results by DSL and linear regres-
sion analysis indicated that the samples stored at — 80 °C
are in agreement with the time zero values for Clen, Dexa,
Meloxi, and Racto while effects were observed for Cprom,
Cipro, Enro, and Sulfa. Chlorpromazine showed an upward
trend in mass fraction over time; however, this trend could
not be attributed solely to the matrix material or the method.
As aresult of the observed long-term stability results, uncer-
tainty components were included in the combined stability
uncertainty for Cprom, Cipro, Enro, and Sulfa.

@ Springer

External laboratory data

BOTS-1 was analyzed by three external laboratories, CFIA,
USDA, and BVL, each using their own multi-residue
LC-MS/MS methods, and by 13 additional laboratories par-
ticipating in the key comparison study CCQM K141/P178
[14]. CCQM K141/P178 included results for Enro and Sulfa.
External laboratory data is shown in Table S-2 (Supplemen-
tal Material).

Value assignment and combined uncertainty

Certified mass fraction values were assigned for Cprom,
Cipro, Clen, Dexa, Enro, Meloxi, Racto, and Sulfa in
BOTS-1 by combining all relevant data from NRC, CFIA,
USDA, BVL, and CCQM K141/P178 [14] as shown in Table
S-2 (Supplemental Material). For each analyte, a Bayesian
Gaussian Random Effects Model was used to establish the
certified mass fractions [38].

Uncertainty due to characterization was derived via an
estimation of the dark uncertainty (overdispersion) from
inter-laboratory comparison study CCQM-K141/P178 data
for Enro and Sulfa. The dark uncertainty was estimated
using the DerSimonian-Laird method [50] and was adopted
to other analytes using a Horwitz-type function which mod-
els measurement uncertainties in a power-law dependence
of the mass fraction of analytes [52, 53]. Consensus val-
ues were obtained using a Gaussian random effects model
using the data whereby the NRC uncertainty results were
expanded using the estimates obtained from the Horowitz-
type function:

ur(t) = a(w/(ng/g) """ 3)

where u,(¢) is the relative dark uncertainty and coefficient
a was estimated from the values of u(f) for Sulfa and Enro
obtained from the inter-laboratory study (a =0.086)

The overall combined uncertainty (u.), calculated in
accordance with GUM [54], as shown in Eq. 4, includes
uncertainties related to within- and between-bottle inho-
mogeneity (up,,), uncertainties related to instability (ug,,),
and uncertainties related to characterization (u,,.). The
characterization uncertainty included contributions from
measurement, primary standards, and the additional dark
uncertainty component revealed from the analysis of the
CCQM-K141/P178 data. The certified mass fraction values
(w,) and uncertainties are shown in Table 4.

— 2 2 2
Ue = \/uhom T Uiy T Uehar )
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Conclusions

The preparation and certification of BOTS-1, a unique
bovine muscle CRM containing multiple incurred veterinary
drug residues, has been presented. The material has been
shown to be homogeneous and stable during transportation,
multiple samplings, and long-term storage for certified ana-
Iytes. Isotope dilution methods used in the certification pro-
cess were described and inter-laboratory data were contrib-
uted to the value assignment process. BOTS-1 is intended
to be used as a quality control material for calibration and
method verification and will contribute to standardization
and improvement of measurement capability with SI trace-
ability for veterinary drug analysis.

Relative to a biological tissue reference material that has
been spiked with known levels of desired contaminants, this
naturally incurred material should provide a truer test of
method performance. As some drug residues are known to
be predominantly bound to proteins or lipids, a spiked refer-
ence material could require less harsh extractions conditions,
and if used for method development and validation could
lead to under-reporting of residue levels in real test samples.
Therefore, the naturally incurred certified reference material
described above offers the challenges of a real-world sample
and will be a useful tool for food testing laboratories striving
to achieve accurate results.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-023-04794-5.
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