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Abstract

Florfenicol is a broad spectrum antibacterial, licensed globally for treatment of animal and aquaculture
diseases. In the EU, Canada and US it is not permitted foruse in animals producing milk or eggs.
There are no published methods for analysis of total florfenicol content in milk/milk products as these
lack a hydrolysis step, failing to meet the marker residue definition. A method for determining total
florfenicol contentin milk that meets this definitionis reported for the first time. Use of a UHPLC-MS/MS
multiple reaction monitoring-cubed method improved the selective detection and quantitation of lower
levels of florfenicol amine in milk compared to MRM only. Single laboratory validation data and
withdrawal profilein bovine milk are presented. A withdrawal period of over 50 days is indicated in case

of off-label use. Requirement for hydrolysis is demonstrated.
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Abbreviations

AR, analytical reagent

CAP, chloramphenicol

CCa, Decision limit

CCB, detection capability

dSPE, dispersive solid phase extraction
EMA, European Medicines Agency

FF, florfenicol

FFA, florfenicol amine

FWHH, Full Width at Half-Height

IM, intramuscular

LOQ, limit of quantitation

ME, matrix effect

MRL, maximum residue limit

MRM3, multiple reaction monitoring (cubed)
MS/MS, tandem mass spectrometry

PT, proficiency test

RSDr, relative standard deviation for repeatability
RSDR, within laboratory reproducibility

TAP, thiamphenicol

TIS, turboionspray

VMPs, veterinary medicinal products

UHPLC, ultra-high performance liquid chromatography
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1. Introduction

Florfenicol (FF) is an important veterinary medicine belonging to the amphenicol drug class, which
includes chloramphenicol (CAP) and thiamphenicol (TAP). FF is a fluorinated analogue of TAP, both
these synthetic drugs possessing a p-methyl sulfonyl group substitution in place of the p-nitro
component of CAP, which resulted in the latter drug being banned for use in food production due to
safety concerns over inducement of aplastic anaemia (Agency 1996; Thompson et al. 2020).
Concerning the safety of consumers through exposure to FF from veterinary use, the European
Medicines Agency (EMA) concluded that FF was highly unlikely to cause blood dyscrasias inconsumers
(such as aplastic anaemia). The EMA report (Agency 1996) highlights that the human epidemiological
data could not be used to demonstrate FF safety in humans as it is not used in human medicine, and
while lacking a p-nitro group, it does not unequivocally provethat it does not have the potential to cause
similar effects.

FF is marketed under several differenttradenames (including Nuflor, Resflorand Florocol), with
a higher bioavailability than tetracycline or quinolone antibiotics in several species, via intramuscular
(IM) or oral route. It has a broad antibacterial spectrum, being effective against both gram-positive and
-negative bacteria. It exerts its actionthrough the inhibition of protein synthesis by deactivating bacterial
ribosome subunits (Varma et al. 1986). It is licensed globally for the treatment of bacterial infections in
aquaculture, livestock or poultry production, including respiratory or foot rot infections in livestock,
enteric colibacillosis in broilers and enteric septicaemia in fish.

In cattle, after IM injection, the fraction absorbed was 75% (Agency 1996). In treated animals,
FF is rapidly metabolised to several intermediate metabolites (mainly florfenicol alcohol,
monochloroflorfenicol and florfenicol oxamic acid) which are then rapidly converted to florfenicol amine
(FFA). Most of these are excreted via the urine, indicating that the kidneys are the major route of
clearance (Jianzhong Liu et al. 2003).

Recent Community legislation has strengthened the requirement for on-farm follow-up
investigations following the detection of residues. In addition to a long-standing requirement to
investigate all non-compliant findings of both licensed and unlicensed substances; the new legislation
requires the follow up of concentrations of licensed veterinary medicinal products below the maximum
residue limit (MRL) that have not been declared on the Food Chain Information certificates that

accompany animals to the slaughter house (Commission 2019a). Commission Regulation (EU) No
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37/2010 (Commission 2010) lists MRLs for FF in liver, kidney, muscle and fat (+ skin) for all food
producing species. The marker residue definitionfor FF is defined as ‘the sum of florfenicol and its
metabolites measured as florfenicol amine’ (Commission 2010). It is listed as not permitted for use in
animals from which milk or eggs are produced for human consumption and, as a consequence no MRL
is set in these matrices. Sensitive analytical methods with low detection limits are therefore required
for milk or egg analyses, as any confirmed detection is non-compliant with EU legislation.

A significant body of published work for FF analysis in food samples is based on the use of
solvent extraction methods which lack a hydrolysis step. These do not meet the marker residue
definition, failing to account for intermediate or bound metabolites, by analysing for the extractable
fractionof FFalone, orin combinationwith FFA (Guidi et al. 2017; Pan et al. 2015; Fedeniuk et al. 2015;
Tao et al. 2014; Rezende, Filho, and Rocha 2012; Alechaga, Moyano, and Galceran 2012; Schneider,
Lehotay, and Lightfield 2015). Metabolism studies using radio-labelled FF have shown that non-
extractable residues are predominant in edible tissues from numerous species (Schering-Plough 1996;
Horsberg, Martinsen, and Varma 1994). Published work by these authors (Faulkner et al. 2016;
Thompson et al. 2017) also demonstrated significant amounts of non-extractable residues in incurred
tissues taken from FF treated pigs and the requirement for whole sample hydrolysis. These findings
were subsequently supported by other authors (Imran et al. 2017; Saito-Shida et al. 2019). Physico-
chemical methods for FF analysis in tissue, which lack a hydrolysis step do not meet the marker residue
definition, and will lead to false negative or false compliant results due to an underestimation of the total
residue content. To meet the residue definition, a hydrolysis step is required to release tissue bound
residues and convert these, the parent drug and its metabolites to the single marker residue FFA
(supplementary Figure 1). The work described here was undertaken to assess if hydrolysis is
important in the analysis of milk samples, and develop a confirmatory method that fulfils the residue
definition.

For milk, no published data is available on the residue profile in incurred samples and no
indication of the impact of hydrolysis on the total measured FF content in incurred samples. Published
methods on the analysis of FF residues in milk do not include a hydrolysis step and only account for
the parent compound alone orin combination with FFA (Ruiz B et al. 2010; Rezende, Filho, and Rocha
2012; Power et al. 2014; Liu, Lin, and Fuh 2016). As no hydrolysis step is used, these published

methods do not fulfil the marker residue definition. Consequently there is no reliable withdrawal study
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data available for milk. Although FF medications are not licensed for use in milk production, veterinary
practitioners may prescribe extra-label use of veterinary medicinal products (VMPs), according to the
provisions of Commission Regulation 2019/6, Article 113 (Commission 2019b). Veterinary practitioners
who prescribe off label use of FF to animals under their care are required to give guidance on an
appropriate withdrawal time to limit residues entering the milk supply chain. This requires appropriate
withdrawal studies, with data generated using appropriate methods of analysis.

This work was required as current physico-chemical procedures published for analysis of FF
in milk do not fulfil the residue definition and there is a lack of published data in milk from treated cows
which accounts for the contribution of all intermediate metabolites to total FF content in milk. To the
best of the author's knowledge, there are no confirmatory methods in the literature that fulfil the marker
residue definition in milk, and no data on the effect that hydrolysis (or lack of) has on the FF-related
content in milk samples obtained from treated cows.

A validated method forthe analysis of FF and its metabolites in milk (through conversion to
FFA, after hydrolysis) which meets the marker residue definition listed in Commission Regulation (EU)
No 37/2010 (Commission 2010), is presented forthe firsttime. This quantitative method, based on
UHPLC-MS-MS analysis with MRM? acquisition, permits the sensitive and specific confirmation of total
FF residue content in milk. The MRM3 workflow improved the selective detection and quantitation of
lower levels of FFA in milk compared to MRM only. Results of the single laboratory validation study are
presented. Data are also presented for the first time on the withdrawal profile in milk from three treated
British Friesian dairy cattle and the contribution of intermediate metabolites to total FF content. It is
demonstrated through analysis of incurred milk samples that physico-chemical methods for FF analysis

in milk should include a hydrolysis procedure to avoid the risk of obtaining false negative results.

2. Material and Methods

2.1 Chemicals and materials

All reagents were AR grade or better. Methanol (HPLC grade) was purchased from Romil (Cambridge
UK) and Ethyl acetate from Sigma Aldrich (Dorset, UK). Acetonitrile, sodium hydroxide, ammonium
hydroxide, concentrated hydrochloric acid, di-potassium hydrogen orthophosphate were purchased
from Fischer Scientific (Leicestershire, UK). Water (LC-MS grade) water was used throughout, obtained

from an in house Milli-Q system (Millipore Corp., Livingston, UK). End-capped C18 material was
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obtained from Phenomenex (USA). Eppendorf tubes (1.5mL) and disposable borosilicate glass
turbovap tubes (16 x 100mm) were obtained from Fischer Scientific (Leicestershire, UK).

Analytical standard powders for FF (purity >99%) and FFA (purity >99.6%) were obtained from
Sigma-Aldrich and Witega (Berlin, Germany) respectively. Individual stock solutions of FF or FFA were
prepared at Img/ml in methanol. Working standards were prepared by serial dilution of stock solutions

with methanol.

2.2 Instrumentation and conditions: UHPLC-MRM? analysis

UHPLC separations were carried out using a Schimadzu Nexera UHPLC system. A reverse phase
gradient separation was achieved on a Waters Acquity BEH C18 chromatographic column (50 x 2.1mm,
1.7um) with in line filter assembly (0.2um porosity) (Waters, Milford, USA). The sample compartment
was set at 10°C, column temperature at 50°C, and an injection volume of 5uL used. The mobile phases
were (A) 0.5% ammonia in water and (B) acetonitrile, with a flow rate of 0.4mL minl. The flowwas
diverted to waste during sample injection cycles from 0.1-1.6 min and from 2.6 min until the end of an
injection cycle. Linear gradient steps were used with initial conditions set at 100% A, held for 0.2min,
decreasing to 50% A at 2.2min, 10%A at 2.4min, held for 0.7min, then returned to 100% A at 3.5min. A
re-equilibration period of 2.5minwas used. Total analysis time was 6min per sample.

A Sciex Linear QTrap 6500 system was used for mass spectrometric analysis, which was
connected to the UHPLC system via a Turbolonspray® (TIS) interface source. FFA was analysed in
positive polarity and FF in negative polarity (switching not required as sufficient chromatographic
separation was achieved). The following instrument conditions were used: desolvationtemp 425°C,
curtain gas flow 35 I/hr, gas 1 at 30 I/hr, gas 2 at 45 I/hr, ionspray voltages were +5.5kV in positive mode
and -4.5kV in negative mode. Zero grade air was used for all source gases. Nitrogen was used as
collision gas and set at 12l/hr (high) for all experiments. Analyser settings were optimised for maximum
transmission. Unit mass resolution was used for MS-MS experiments with the ion trap (Q3) operated at
a scan rate of 1000 Da/sec to achieve a resolution of <0.3Da Full Width at Half-Height (FWHH), for the
second stage fragmentation process. Detection was performed in multiple reaction monitoring mode,
acquiring both MS-MS and MS/MS/MS (MRM?3) experimental data simultaneously (MS/MS data was
acquired for comparison against MRM? data). Transition experiments were optimised by infusion of

individual standard solutions prepared in mobile phase (1:1 v/v) at 10uL min1 using the integrated
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syringe pump. The final MS experiment is summarised in Table 1. For FFA the mostintense MRM?3
transition was used as the quantitative ion, with the remaining MRMS3 transition being used forion ratio

confirmation.

2.3 Sample extraction

2.3.1 Sample materials

Negative full fat raw milk samples were obtained from cows not receiving any treatment to provide
negative controls for the method validation and incurred study analyses. Control milk samples were
confirmed as negative for FF related residues prior to use. Incurred raw milk samples were available
as part of a withdrawal study being conducted in Friesian milking cows which had received the
recommended dose of FF (further described at section 2.5 — incurred sample studies). Incurred
samples were analysed using the developed hydrolysis procedure, and with an alternative method ology
lacking a hydrolysis step. On the day of analysis samples were defrosted at room temperature and

mixed thoroughly prior to weighing of aliquots.

2.3.2 Sample hydrolysis, extraction and clean-up

For the whole milk hydrolysis procedure, milk samples (2g) were weighed into 50mL screw cap
hydrolysis tubes. Negative milk samples for recovery evaluation or matrix standard calibrants were
fortified at this stage with a FF working standard (72.25ng mL1) and allowed to equilibrate for 10min
before proceeding.

Hydrochloric acid (6N, 4mL) was added to each tube, and the tubes then capped and vortex
mixed for 30s. All tubes were incubated in a water bath for 2h at 100°C, with vortex mixing every 30min
prior to removal and cooling for 30min. The pH of hydrolysates was then adjusted to above pH 10 by
addition of 5mL of 1M di-potassium hydrogen orthophosphate solution, followed by increasing amounts
of 50% sodium hydroxide. Ethyl acetate (5mL) was added to each sample and the tubes re-capped
before inverting for 30s, followed by centrifugation at 2600 x g for 10min. Ethyl acetate layers were
transferred to separate disposable 16mL glass tubes. Ethyl acetate extractions were repeated on a
further two occasions and combined for each individual sample. Alltubes were evaporated to dryness

at 50 £ 2°C under nitrogen. To each tube, 1mL of water was added, vortex mixed (Imin) and sonicated



213
214
215
216
217
218
219
220
221
222

223
224
225
226
227
228
229
230
231

232
233
234
235
236
237
238
239
240
241

(Imin). Extracts were transferred to individual Eppendorf tubes and ultra-centrifuged at 17900 x g for
5min.

A dispersive solid phase extraction (ASPE) procedure was used for further extract clean-up.
Firstly, 0.5mL of 0.5% ammonia in methanol was added to individual labelled Eppendorf tubes
containing 75mg of end-capped C18 sorbent. A 0.5mL aliquot of the extract aqueous layer was
transferred to its corresponding Eppendorf tube (avoiding any surface oil). Tubes were vortex mixed
for 1min, then ultra-centrifuged for 5min at 17900 x g (room temperature). Aliquots were then

transferred to vials for analysis.

2.3.3 Incurred sample analysis with hydrolysis

Hydrolysis studies followed the method previously described with recovery and matrix calibrants
prepared at a level appropriate to expected contents along with each batch of incurred milks (as FFA
equivalents, fortified priorto hydrolysis with FF only) as follows: two negative controls, four recovery
samples fortified between 0.5-5 (low level) or 20-100ug kg1 (high level) FFA equivalents, and six matrix
calibrant tubes at FFA equivalent concentrations of 0.25, 0.5, 1.25, 2.5, 3.75 and 5ug kg ! (linear range
0.25-5ug kglFFA equivalents). For samples containing higher levels, calibrants were prepared at 5,

10, 25, 50, 75 and 100ug kg (linear range 5-100ug kg1 FFA equivalents).

2.3.4 Incurred sample analysis without hydrolysis

Incurred samples were also analysed using an in-house generic extraction procedure based on the
principal of using a simple acetonitrile solvent extraction procedure (Robert et al. 2013). The procedure
was modified further to include additional clean-up stages, using dispersive solid-phase extraction
(dSPE) and hexane defatting (data was acceptable forthe single day validation study - results are not
presented here). This procedure allowed measurement separately of ‘free’ FF or FFA levels without
the use of a hydrolysis step. Incurred milk samples or controls (2g) were weighed singly into disposable
polypropylene 50mL centrifuge tubes. Two negative controls, four recovery samples and seven matrix
calibrants were included with each batch. Recoveries and matrix calibrants were prepared at an
appropriate level. Recovery samples were fortified prior to extraction with both FF and FFA (in

duplicate) at two levels: 1pug kgt and 5ug kg All samples were extracted by vortex mixing with 2mL
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of water and 12mL of acetonitrile. The whole extract was then subjected to dSPE with 0.5g of end -
capped C18 material. Extracts were transferred to disposable glass tubes and the matrix matched
standards fortified at this stage (with both FF and FFA) to cover a linear range from 0.25-10 or 1-100ug
kg1 (appropriate to expected analyte content). Samples were evaporated and reconstituted to a final
volume of 2mL with 50% methanol containing 0.5% ammonia, defatted with hexane and then analysed

by the UHPLC-MRM?3 procedure described.

2.4 Validation

Bovine raw milks were obtained from cows prior to receiving any treatment and confirmed as negative.
Validation of the hydrolysis based method was carried out according to Commission Decision
2002/657/EC (Commission 2002) in bovine raw milk over three separate days, by two analysts. On
each day a different raw milk negative control was used. Thirty aliquots of negative milk were weighed
into separate 50mL screw cap hydrolysis tubes. Recovery samples (n=21) were then fortified at 0.25,
0.5 or 1 ng mL1 with seven replicates at each level as follows: 10uL, 20uL or 40uL of the 72.25ng mL-
1 FF secondary standard was added to 2g milk (equivalent to 0.25, 0.5 or 1ug kg1 FFA equivalents).
Three negative samples and six matrix calibrants were prepared for each validation lot. Matrix
standards were fortified prior to hydrolysis with the FF secondary standard, prepared at FFA equivalent
concentrations of 0.25, 0.5, 1.25, 2.5, 3.75 and 5ug kg-! (linear range 0.25-5ug kg1 FFA equivalents).
All tubes were then subjected to the sample hydrolysis, extraction and clean-up procedure previously

described.

2.5 Incurred sample studies: persistence of residues in milk

Milk samples were available from an ongoing withdrawal study being carried out in three British Friesian
dairy cattle (Thompson et al. 2020). Control milk samples were collected from each cow during
afternoon milking prior to treatment. Each cow was treated with the recommended therapeutic dose
of a FF containing product (Fenflor® 300mg mL1) according to the manufacturer's instructions, by
intramuscular injection (IM) over two sites, at 20mg kg1 bodyweight. This treatment was repeated 48h
later. Milk samples were collected during morning and/or afternoon milking for up to 70 days post

treatment and stored at -20°C until analysis. Incurred samples (n=37 per animal; 111 in total) were
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analysed with and without hydrolysis, to assess the residue profile over time and the impact of
hydrolysis ontotal FF-related content. Incurred milk samples containing higher FF contents (weeks 1
and 2 withdrawal) were diluted with negative raw milk (x20) and mixed thoroughly prior to weighing of

any aliquots.

3. Results and discussion
3.1 Method optimisation

3.1.1 Sample extraction and clean-up

Our previously published work on the development of a method for total FF content in kidney described
the optimisation of a sample hydrolysis protocol, subsequent extraction, dSPE and chromatography
(Faulkner et al. 2016). However, application of the same procedure to the analysis of milk and fish
muscle samples in our laboratory resulted in emulsions forming for these sample types on
reconstitution. This is due to the higher fat content in these sample types compared to kidney, with the
fatty acids and glycerol’s produced on sample hydrolysis being partitioned into the ethyl acetate phase
along with the single residue product FFA. A modification of the reconstitution procedure to reduce oil
content in the final extracts priorto dSPE was necessary. Hydrolysed milk extracts were instead initially
reconstituted in water to remove oils and prevent formation of emulsions. Anaqueous portion (0.5mL)
was transferred to a dSPE tube containing an equal volume of methanol with 0.5%ammonia and C18
sorbent. The use of end-capped C18 material in combinationwith ammonia in the reconstitution solvent
has been shown to be necessary to prevent significant losses of FFA during the final dSPE step
(Faulkner et al. 2016). To ensure solubility was not an issue, experiments were carried out by
reconstituting mixed FFA/FF standards initially in water in the range 1-100ng mL1. Solvent calibration
curves were generated by least-squares linear regression analysis with linear regression R? values
>0.99. In the incurred residue studies in milk using the modified reconstitution procedure, calibration
ranges in milk were extended up to 100ng mL? (ug kg-1)in some cases. Coefficient of determination
values (R?) were >0.98 with residuals below 20% for all calibration points. The excellent linearity
demonstrated that solubility was not an issue and that the hydrolysis procedure previously developed
(Faulkner et al. 2016) was applicable to milk.

The use of a deuterated (D3) FF internal standard was assessed for use in the procedure to

account for recovery losses during sample extraction/clean-up, and for matrix effects on sample
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analysis (deuterium’s located on the methyl-sulfone group). Unfortunately, under the strong acidic
conditions necessary, loss of deuteriums and conversion to parent FF and D1/D2-FF was observed.
The use of an internal standard with deuteriums located on the aromatic ring may have been stable
under these strong acid conditions, however this was not available foruse (cost prohibitive). Matrix
effects were assessed by extracting six different negative raw milks and assessing absolute responses
against standards prepared in solventonly. They were prepared by taking aliquots of FF/FFA standards
and evaporating to dryness, then reconstituting in injection solvent (50% methanol with 0.5% ammonia)
or with post d-SPE cleaned negative extract to give milk equivalent concentrations of 12.5ug kg1 FFA
and 18ug kg-1FF. Solvent standards were injected followed by matrix standards, with a repeat duplicate
injection at the end of the batch. The final method was based on the use of hydrolysed, extracted matrix

standards to compensate for analyte losses during extraction and matrix effects.

3.1.2 Chromatographic separation

FFA is a hydrophilic compound with a polar amino group which easily ionises at lower pH values. In
our previous work, suppression of the polar amino group of FFA through use of a mobile phase pH~10.5
significantly improved the retention and peak shape for FFA, requiring the use of a pH stable C18
column. An investigation into the elution profile of milk matrix components using the chromatographic
conditions described in our previous work (Faulkner et al. 2016) showed that it was necessary to modify
the gradient method to improve method robustness.

In the investigation of milk matrix phospholipid profiles, data was acquired for hydrolysed milk
extracts with a neutral loss MRM experiment for common in source fragment ions with m/z 184 and m/z
104, using a highin source declustering cone voltage (DP of 120V) and low collision cell energy of 5eV.
Phospholipid elution profiles in a hydrolysed milk matrix standard prepared at 10ug kg-l, using the
original gradient method ending at 90% methanol, indicated that an extended gradient hold time ending
with 100% methanol should improve method robustness. If the chromatographic separation used in
our previous work had been applied directly to milk samples, late eluting phospholipids may have
remained onthe chromatographic column. Late eluting matrix components can appear as ‘ghost peaks’
in subsequent sample injections. This can lead to poor method robustness due to variable and
unpredictable matrix effects resulting in variable responses (most commonly presenting as ion

suppression). Anextended hold time was therefore added to the end of each gradient cycle in the final
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method to ensure that late eluting phospholipids were eluted from the chromatographic column prior to
subsequent sample injections.

Separation of FFAand FF was achieved using the final mobile phase and gradient conditions
developed (supplementary Figure 2). A retention factor (k) of 6.3 forFFA was calculated (k= retention
time FFA-TO/TO; TO being the retention time equating to the column void volume). This exceeds the
minimum criteria required by Commission Decision 2002/657/EC (Commission 2002) of two times the
column void volume (equating to a k=1). Excellent peak shape, retention time stability and absence of
interfering peaks was achieved for both compounds during all analyses (FF was monitored to ensure
complete conversionto FFA in all hydrolysis studies and was necessary for direct comparison against

incurred studies lacking a hydrolysis step).

3.1.3 MRM? optimisation

The MRM conditions used in our previous work were initially applied to the analysis of milk extracts.
However, at the lower detection levels required for milk analyses the presence of either isobaric matrix
interferences or high MRM baseline signal presented an issue when using MRM experiments,
compromising method sensitivity and analyte confirmation. To overcome these matrix interferences,
and improve the selective detection and quantitation of lower levels of FFA in milk samples compared
to MRM only, the analytical method was optimised based on the use an MRM3 workflow
(parent>product>sub-product fragmentation pathway).

Figure 1 shows a comparison of MRM versus MRM? acquired data for a hydrolysed 0.5ug
kg recovery sample in milk for FFA, along with representative negative milk sample data. Data
acquired in MRM mode did not allow for confirmation of FFA in hydrolysed extracts at concentrations
lower than 5ug kg1, because of isobaric interferences or poorresponse from confirmatory transition
product ions. In comparison, the use of an MRM?2 workflow permitted confirmation at much lower
concentration levels of <0.25ug kg1 in milk. More than a 9-fold increase in sensitivity was obtained
compared to MRM for the quantitative transition, based on the improvement in signal-to-noise (S/N). It
was necessary to operate the trap at maximum resolution (scan rate 1000 Da/sec) for the second stage
fragmentation process (with QO trapping enabled) due to a lack of ion fragments and the necessity of
achieving sufficient mass resolution of m/z 130 and 131 fragments. Operating the trap at this scan rate

provides a resolution of around 0.3Da at FWHH. In an MRM? guantitative workflow analysis, the analyte

12



361
362
363
364
365
366
367

368
369
370

371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388

389
390

ion is first selected in Q1, then fragmented in Q2 collision cell. Fragment ions are then trapped in the
Q3 linear ion trap, with excitation to perform the second fragmentation step. Second-generation
fragment ions are scanned out to the detector, with a narrow scan range centred around the selected
second-generation production. It is notable that the fragmentation pathway fits with that proposed by
other authors for FFA (Geis-Asteggiante et al. 2014), where a quadrupole time of flight instrument was
used to generate high resolution fragmentation spectra, and proposed structural characterizations for

FFA fragment ions along with numerous other veterinary medicines.

3.2 Validation results (hydrolysis method)

3.2.1 Selectivity, specificity, matrix effects and linearity

Negative milk samples were analysed with each of the validation and incurred sample batches to verify
the selectivity of the method. Representative MRM?3 chromatograms in milk are shown in
supplementary Figure 2 for a negative, spiked recovery (1ug kg1) and the lowest matrix fortified
calibrant level of 0.25ug kg-1. The absence of interfering peaks close to the retention time of FFA
demonstrated the selectivity of the analytical method. The retention time in spiked orincurred positive
samples also corresponded to calibration standards within the +2.5% tolerance permitted for LC
methods.

The specificity of the method was determined by comparison of the ion ratios in validation
spiked controls or incurred tissue samples against matrix standards. Two MRM3 transitions were
monitored per analyte to fulfil the minimum identification criteria required by Commission Decision
2002/657/EC (Commission 2002). lon ratios were calculated as the ratio of the qualifier ion against the
guantifier ion and results for validation controls and incurred study results were within acceptable
tolerances. The use of MRM3increased the specificity of the method and the number of identification
points achieved for FFA to 5. This exceeds the 3 identification points required (Commission 2002).

Evaluation of matrix effect in different raw milk samples was conducted in 6 different
hydrolysed milk extracts by preparing matrix matched standards prior to the final drying stage and
comparing against solvent standards, at a level equivalent to 12.5ug kg-1. The matrix effect (ME) was

calculated and expressed as a %ME as follows (Matuszewski, Constanzer, and Chavez-Eng 2003).

matrix standard response — solvent standard response
%ME = x 100
solvent standard response

13
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Matrix effect suppression was observed with a mean suppression effect of 33% + SD (%) of 6.8.

The linearity of FFA in hydrolysed matrix fortified standards is shown in Figure 2a over a
calibration range of 0.25-5ug kgt and in Figure 2b over a wider range of 1-100ug kg (used for some
incurred study analyses). All calibration plots had coefficient of determination values (R%) >0.98 with
residuals below 20% for each of the three validation days in bovine milk and in the incurred study
analyses. As the linear working range of the method was demonstrated up to 100 pg kg-1, incurred milk
samples anticipated as containing higher FF contents were diluted with negative raw milk (x20) priorto

weighing of any aliquots.

3.2.2 Accuracy and precision

Validation was carried out according to Commission Decision 2002/657/EC by spiking seven replicates
foreach level to be assessed. Matrix effects and recovery losses were compensated forby using matrix
fortified standards. Considering that FF is designated as ‘not for use’ in milk, validation was carried out
at FFA equivalent concentrations of 0.25, 0.5 and 1.0ug kg1. The accuracy and precision of the method
was evaluated by comparing the recoveries of FFAin spiked raw milk samples against the target spiked
concentration, at different concentrations over three validation days. Method performance data is
summarised in Table 2. Accuracy values from 92% to 113% were obtained over the three days, with a
mean overall recovery (accuracy) of 103% for FFA over all concentration levels. Precision was
estimated at each validation level fromintra-day repeatability studies, calculated as the relative standard
deviation for repeatability (%RSDr) obtained within a batch. Intermediate precision was calculated from
within laboratory reproducibility studies (%RSDR), as the relative standard deviation over the three
validation days, by two analysts and different lots of reagents. The precision RSDr values ranged from
10.8% to 18.3% and the RDSr values from 4.9% at 1ug kg! level to 8.3% at the lowest validation level
of 0.25ug kgl. For substances without a permitted limit, the RSDr values achieved should be as low
as possible. Values obtained at concentrations less than 100ug kg-tshould typically be less than the
predicted Horwitz equation target value of 23% for within laboratory reproducibility (Commission 2002).
The results demonstrate that method accuracy and precision meet the legislative requirements for

validation.
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3.2.3 External proficiency testing

Independent method assessment was carried out by testing of milk samples provided by external
proficiency test (PT) schemes in 2018 and 2019 (FAPAS®). The schemes covered the amphenicol
antibiotic group. In both cases milk samples provided were incurred with chloramphenicol and had been
spiked with FF (parent only). The hydrolysis method described herein was applied to the test samples,
with total results submitted and expressed as FFA (as is defined in the EU marker residue definition
(Commission 2010). Methods applied by other participants did not include a hydrolysis step,
participants reporting values for FF or FFA only. FAPAS assigned a value for FF only in the final report
(participants were asked to report FF and/or FFA). It is important to note that these samples were
indicated in the FAPAS report as being spiked with the parent compound (FF), and not incurred, with
the final issued report assigning a FF value only. To assess our method performance in these spiked
milk samples it was necessary to convert our submitted FFA results back to FF (by applying a molecular
weight correction factor of 1.445). Retrospective calculation gave z-scores of +0.15 and +0.2 in 2018
and 2019 respectively. Performance z-scores of <|2]| are deemed acceptable, and demonstrate that
this procedure is fit for purpose. Although PTs are critical in demonstrating competence for testing
laboratories, the use of artificial spiked samples as test materials can lead to assumptions when
analysing for certain determinands. For FF, it is appropriate to use incurred materials, to highlight

analytical issues, ensure that methods are fit for purpose and fulfil the marker residue definition.

3.2.4 Decision limit (CCa) and detection capability (CCf)

Measurement uncertainty was determined according to Commission Decision 2002/657/EC
(Commission 2002) for substances with no permitted limit by reference to the performance
characteristic CCa. An a-error and of 1% and B-error of 5% was applied based on the within laboratory
repeatability (RSDRr) data obtained, after plotting the calculated concentration against the added
concentration for each of the three days. Calculated CCa and CCB values are shown in Table 2.
Representative chromatograms are shown in supplementary Figure 2 demonstrating sensitivity at
0.25ug kg-tin milk. A non-compliant (“positive”) sample can be defined as one containing the identified
analyte with at least 99% certainty. In a sample with a reported analyte content equal to CCa, the

probability that the analyte is not present is equal to 1%.
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3.3 Incurred sample results

Results of the analysis of incurred milk samples obtained from three cows previously treated with FF
and collected during the withdrawal period are presented in Table 3. Samples were analysed by two
separate procedures, either lacking or including a hydrolysis step. This was necessary to assess the
impact of hydrolysis on the measured residue content in milk, which has not been presented in the
literature to date.

The procedure lacking a hydrolysis step monitored for FF or FFA only, these being the only
commercially available reference standards and compounds measured to date in milk (Liu, Lin, and
Fuh 2016; Power et al. 2014; Rezende, Filho, and Rocha 2012). The extraction procedure was based
on a published validated method which included milk analysis for amphenicols within its scope (Robert
et al. 2013). The extraction method was modified further to include additional clean-up steps and a
single day validation was carried out (results not presented). Matrix effects were compensated for by
using matrix matched standards and four spiked recovery samples were analysed with every batch of
incurred samples. The overall mean recovery across all batches was 89% for FF and 82% for FFA, with
an estimated limit of quantitation (LOQ) of 0.2ug kg (based on a peak-to-peak S/N of >10:1 forthe
guantitation MRM). To permit method comparison, the incurred sample results obtained the procedure
without hydrolysis were corrected for recovery and the FF results converted to FFA equivalents by
applying a molecular weight correction factor of 0.692, similar to that described by Power et al (Power
et al. 2014). Results are shown in supplementary Table 1.

The hydrolysis procedure accounted for all metabolites as required by the marker residue
definition, with the single end product FFA detected only. Matrix effects and recovery losses were
compensated for by using matrix fortified standards. All recovery samples were within permitted control
limits as determined fromthe validation data forall incurred sample batches. No correction forrecovery
was applied.

The results presented in Table 3 show a comparison of withdrawal milk samples tested with
or without hydrolysis. Use of the non-hydrolysis method demonstrated an underestimation of FF related
content (from days 5-10), increasing with withdrawal period (FF and FFA monitored), and resulting in
false negatives from day 24 onwards (<0.2ug kg1). Levels persisted above 0.5ug kg1 for up to 35 days
in the third cow’s milk only (samples were not tested beyond this time point by the non-hydrolysis

method). Lack of detection of parent FF or FFA residues beyond day 25 was previously reported in a
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withdrawal study from 6 milking cows (Power et al. 2014), in a similar dosing study, with an analytical
procedure lacking a hydrolysis step and FF method LOQ of 1ug kg-1. The results obtained here, without
use of hydrolysis, show a similar withdrawal pattern, but with a lower LOQ it is clear that residues can
be detectable beyond day 25 in some cases. Importantly, when compared against data generated by
the total hydrolysis procedure, unhydrolysed results may only account for a fraction of FF-related
content at a particular time point post treatment.

Analysis of the incurred samples with a procedure including a hydrolysis step resulted in a
trend of higher FF-related residue contentfromday’s 5-10 withdrawal onwards. Figure 3 demonstrates
the increasing contribution of other intermediate metabolites in milk (other than FF or FFA) to total FF-
related residue content with increasing withdrawal period. Atday 5 the percentage of other intermediate
metabolites (other than FF or FFA) to total residue content was <10%. This contribution increased
steadily to 17-33% at day 10, 44-85% at day 20, and to 100% of measurable content from day 24
onwards. The data demonstrates that inclusion of a hydrolysis step is necessary to ensure accurate
estimation of FF related content and avoid false negative results for the longest possible time after
administration. Hydrolysis converts intermediate metabolites present in incurred milk samples to FFA
(supplementary Figure 1). Importantly, the analysis of incurred milk samples from the withdrawal
study, using a method including a hydrolysis step versus one lacking hydrolysis, demonstrates that the
use of physico-chemical methods lacking a hydrolysis step can result in under-reporting or non-
detection of FF related residues in milk.

FF is listed in Commission Regulation (EU) No 37/2010 (Commission 2010) as not permitted
foruse in the EU in animals from which milk or eggs are produced for human consumption. However,
under the veterinary cascade the extra-label use of medicines by veterinary practitioners may occur,
according to the provisions of Commission Regulation 2019/6, Article 113 (Commission 2019b). The
cascade is risk based, and the prescribing vet must consider known information about the use of the
product, and specify an appropriate withdrawal period. Current guidance in the UK by the competent
authority — the Veterinary Medicines Directorate (VMD), specifies a minimum of seven days for milk or
eggs for the off-label use of veterinary medicinal products (Directorate 2013). Current data in the
literature concerning florfenicol withdrawal in milk is based on the use of methods lacking a hydrolysis
step (Kawalek et al. 2016; Power et al. 2014). These studies were based on IM administration,

determining that FF alone was the major residue in milk, with FF residues being detectable for 5-20
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days (the latter based on a method LOQ of 1ug kg-1). The data presented here from 3 therapeutically
treated dairy cattle, using a method which includes a hydrolysis step, and accounting for other
intermediate metabolites, indicates that total FF residues may be detectable for at least 50 days post

treatment.

4. Conclusion

A confirmatory UHPLC-MS/MS method has been validated in bovine raw milk that can be used to
guantify total FF related content. The results obtained in comparing the total FF content of incurred
withdrawal milk samples against results obtained with a method lacking a hydrolysis step indicate that
there is a potential for (i) false negative results if applying a physico-chemical method lacking a
hydrolysis step and (ii) may lead to a significant underestimation of FF related content.

A prolonged withdrawal period is indicated after FF treatment as it has been demonstrated
that FF-related residues (other than FF or FFA) can persist in milk for more than 50 days. The data
presented shows that intermediate metabolites are a significant contributor to the total FF related
content, and are only detectable if methods account for the total FF-related content in samples.
Consequently, milk samples taken as part of a monitoring program, and analysed for FF residues by a
physico-chemical method, such as LC-MS/MS, should include a hydrolysis procedure, according to the
current marker residue definition and MRL status in milk (not permitted).

This is the first published method for milk analysis that fulfils the marker residue definition.
Data is presented for the first time on the full residue profile in incurred/withdrawal milks. Further work
is needed to accurately determine and quantify the total FF residue withdrawal profile in the milk from
a wider pool of treated animals, taking into consideration different possible administration routes due to
possible veterinary cascade or unauthorised use of FF in dairy cows. The limited data in the literature
is based on the use of methods lacking a hydrolysis step (Ruiz B et al. 2010; Power et al. 2014; Kawalek
et al. 2016). The data presented here indicates a much longer withdrawal period, and will help inform
veterinary practitioners and the dairy industry of appropriate withdrawal times to limit consumer

exposure to residues in milk.
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