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The targeted analysis of veterinary drug residues in honey traditionally involves a series of

extraction and purification steps prior to quantification with high performance liquid

chromatography coupled to high resolution or tandem mass spectrometry. These steps,

designed to separate the target analytes from interferences, are generally time-consuming

and costly. In addition, traditional cleanup steps are likely to eliminate other compounds

whose analysis could prove decisive in current or future assessment of the honey sample.

Alternatively, direct injection without complex sample preparation steps has been intro-

duced for the fast analysis of trace compounds in environmental and food matrices. The

aim of this study was to develop a rapid method for the targeted analysis of 7 key veteri-

nary drug residues in honey based on direct injection high performance liquid chroma-

tography coupled to quadrupole time-of-flight, while simultaneously recording data-

independent MS/MS (e.g. All Ions MS/MS data) for future re-examination of the data for

other purposes. The new method allowed for the detection of the target residues at levels

approximately 20e100 times lower than current regulatory limits, for a total analysis time

of about 45 min. The recoveries (103e119%), the linearity (R � 0.996) and the repeatability

(RSD � 7%) were satisfactory. The method was then applied to 35 honey samples from the

Canadian market. Residues of tylosin A, tylosin B, sulfamethazine and sulfadimethoxine

were detected in 6, 9, 6 and 23% of the samples respectively, at levels below the regulatory

limits in Canada. The possibility of adding a hydrolysis step to study sulfonamides in

honey was tested, which provided good results for this family of compounds but lead to

degradation of some of the other analytes. Finally, the non-targeted identification of

several compounds was demonstrated as a proof of concept of future re-examination of All
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Table 1 e MRLs and recommended WR
drug residues in honey in Canada [4,5].

Compound Regulated co

Oxytetracycline 0.3 (MRL)

Tylosin (as tylosin A þ B) 0.2 (MRL)

Fumagillin 0.025 (MRL)

Chlortetracycline 0.03 (WRL)

Erythromycin 0.03 (WRL)

Lincomycin 0.03 (WRL)

Streptomycin 0.0375 (WRL)

Sulfonamide drugsa 0.03 (WRL)

Tetracycline 0.075 (WRL)

Chloramphenicol No MRL/WRL

5-Nitrofuran compounds No MRL/WRL

a Only refers to the sulfonamide drugs list

Approved Administrative Maximum Re

Maximum Residue Limits” posted on Healt

which includes sulfacetamide, sulfa

chloropyridazine, sulfadiazine, sulfadimeth

sulfaethoxypyridazine, sulfaguanidine, sulf

thazine, sulfanilamide, sulfanitran, sulfa

noxaline and sulfathiazole.
Ions MS/MS data. This paper illustrates the capacity of this novel method to combine

targeted and non-targeted screening of chemical residues in honey.

Copyright © 2019, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The health and thewell-being of honey bees is critical for both

the natural environment and human food production sys-

tems. Indeed, 35% of the global food production is dependent

on pollinators [1]. For some crops, up to 90% of the pollination

is provided by honey bees [2]. In beekeeping, bees are exposed

to three major diseases, namely the American foulbrood, the

European foulbrood and nosemosis. In case of such threats,

bee hives can be protected using antibiotics. Compounds such

as tetracyclines, streptomycin, sulfonamides, tylosin, eryth-

romycin, lincomycin, chloramphenicol, nitrofurans, nitro-

imidazoles, fluoroquinolones and fumagillin have been

reported for bee protection [3]. In Canada, Maximum Residue

Limits (MRLs) have been defined for the residues of oxytetra-

cycline, tylosin and fumagillin in honey [4]. Health Canada has

also defined and recommended some safe Working Residue

Levels (WRLs) for a number of veterinary drugs approved for

use in other species that may be detected in domestic or im-

ported honey [5]. Table 1 describes the current MRLs and

recommended WRLs for veterinary drug residues in honey in

Canada.

The targeted analysis of veterinary drug residues in honey

traditionally involves an extraction step prior to quantifica-

tion with liquid chromatography coupled to mass spectrom-

etry (LC-MS) or tandem mass spectrometry (LC-MS/MS). For
Ls for veterinary

ncentration (mg/g)

(Banned substance)

(Banned substance)

ed in the “Table of

sidue Limits and

h Canada's website,

benzamide, sulfa-

oxine, sulfadoxine,

amerazine, sulfame-

pyridine, sulfaqui-
example, Thompson et al. developed a method for the deter-

mination of lincomycin and tylosin in honey, based on solid-

phase extraction (SPE) and liquid chromatography-

atmospheric pressure chemical ionization mass spectrom-

etry [6]. In their work, honey samples, previously liquefied in a

water bath at 60 �C to remove wax and bulk debris, were dis-

solved with a Na2CO3/NaHCO3 buffer. The resulting samples

were loaded onto a C18 SPE cartridge. Using a sequence of

washing steps (methanol/water 5:95 and then 30:70 (v/v)

respectively), antibiotic residueswere separated from the bulk

of the sample matrix, notably sugars. A similar approach was

adopted by Lopez et al. for the multiclass determination of

antibiotic residues in honey, using SPE extraction and LC-MS/

MS [7]. Recently, Orso et al. studied different extraction and

cleanup methods for the determination of multiclass pesti-

cides and antibiotics in honey samples, and the optimal con-

ditionswere determined to be homogenizationwithMcIlvaine

buffer followed by extraction with acetonitrile and cleanup

with Florisil® using dispersive solid phase extraction, prior to

LC-MS/MS analysis [8].

The above purification steps, designed to separate the

target analytes from interferences, are generally time-

consuming and costly. In addition, traditional cleanup steps

are likely to eliminate other compounds whose analysis could

prove decisive in current or future assessment of the honey

sample (e.g. presence of other contaminants, chemical

tracers, metabolites, etc.). Alternatively, direct injection

without complex sample preparation steps has been intro-

duced for the fast analysis of trace compounds in environ-

mental and foodmatrices. For example, Bayen et al. reported a

direct injection approach for the study of veterinary antibi-

otics in surface freshwater and seawater using liquid chro-

matographye electrospray ionizationmass spectrometry (LC-

ESI-MS) [9]. According to the authors, the recoveries obtained

for the spiked compounds had an average of 95 ± 14% and

96 ± 28% for freshwater and seawater, respectively; linearity

and limits of detection were acceptable for ecological risk

assessment applications. Direct injection of seawater, which

contains high concentrations of salts that could damage the

instrument, was made possible by a post-column switch on

the system that diverted the salt-containing solutions flushed

out of the column to the waste. Similarly, Ciofi et al. recently

investigated the applicability of direct injection of waste,

surface, ground and drinking water samples into a LC-MS/MS

system for the determination of perfluoro-alkyl acids [10].

Their method, based on the direct injection of the centrifuged

water sample without any other treatment, was reported to

have better sensitivity and repeatability than those achieved

with other extraction methods, such as on-line SPE-LC-MS/

MS. In the field of food analysis, Bayen et al. applied direct

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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injection LC-ESI-MS/MS for the analysis of pharmaceuticals

and endocrine-disrupting chemicals in mussels and clams

[11]. This “cleanup-free” approach, which relied on a simple

solvent extraction with acetonitrile/methanol (50:50), was

made possible using isotopically labeled surrogates to correct

for matrix effects. As in the case of seawater analysis, a post-

column switch on the LC-MS/MS system was used to remove

potential interferences. Olmo-Garcı́a et al. developed a

method for metabolic profiling of phenolic compounds in

olive oil using direct injection LC-ESI-MS [12]. The sample

preparation was reduced to the dilution of olive oil in acetone,

and the method was successfully validated and applied to the

quantification of 21 phenolic compounds without any other

step. In the context of honey analysis, direct injection LC-MS

was successfully applied for the screening of various syrup

adulterants and the presence of 10% sugar syrup in honey

could be detected in less than 30 min [13]. “Dilute and shoot”

approaches for honey have also been reported for the targeted

determination of pesticides, veterinary drugs and other trace

contaminants in honey prior to liquid chromatography

coupled with time-of-flight MS, Orbitrap MS, and triple

quadrupole MS [14e16].

The list of contaminants and toxins reported in food such

as honey is continuously increasing, including new agro-

chemicals, emerging environmental pollutants and food

contact material residues [17e19]. In this context, it appears

essential to develop tools for the detection of currently un-

known or unexpected contaminants. The need to further

develop non-targeted methods has been highlighted by

chemical risk assessment community to better characterize

human exposure to chemicals [20], and to identify potential

risk compounds in food matrices [21]. Among others, liquid

chromatography coupled with high resolution mass spec-

trometry (HRMS) has emerged as a promising tool for the non-

targeted analysis of food [21,22]. HRMS systems may be

operated in full-scan mode or when using data-independent

acquisitions for example, to obtain structural information

about virtually all ionized compounds. In All Ions MS/MS, ions

are fragmented in the collision cell without the selection of

any specific precursor ion (data independent acquisition).

Thus, unlike data-dependent acquisition modes, All Ions MS/

MS provides fragmentation patterns for all the precursors.

Perez-Ortega et al. applied All Ions MS/MS to the screening of

over 625 multiclass organic food contaminants using high-

performance liquid chromatography/quadrupole time-of-

flight mass spectrometry (HPLC-Q-TOF-MS), and found that

this acquisition mode was more appropriate for the large-

scale screening than the classic product ion scans because it

provided excellent fragmentation information for confirma-

tory purposes for a theoretically unlimited number of com-

pounds [23]. When comparing the performance of HRMS and

All Ions MS/MS, the latter was found to preserve full-scan

acquisition flexibility and to have the benefits of acquiring

all the information all the time without the time window

boundaries of targetedMS/MSmode andwithout the potential

loss of sensitivity of non-targeted MS/MS [23]. Therefore, All

Ions MS/MSmode could be seen as a combination of the mass

resolution capabilities of HRMS and the identification capa-

bilities of MS/MS spectra obtained without compromising the

detection of trace compounds in complex matrices. As direct
injection allows for a minimal modification of the sample, its

coupling with high resolution mass spectrometry is expected

to provide a broad screening of samples’ composition. To date,

direct injection in combination with HRMS in the All Ions MS/

MSmode for the screening of food contaminants has not been

reported.

The aim of this study was to develop (i) a rapid method for

the targeted analysis of seven veterinary drug residues in

honey based on direct injection HPLC-Q-TOF-MS, while (ii)

simultaneously recording non-targeted information (fast

high-resolution MS scans combined with All Ions MS/MS) for

future re-examination of the data (e.g. for exposure assess-

ment). Seven target compounds were selected to explore the

performances of the approach for different families of veter-

inary drugs related to beekeeping (i.e. macrolides, lincosa-

mides, nitrofurans and sulfonamides) [3]. They were all

reported to be of concern due to their toxicity, probability of

antibiotic resistance, frequency of dosing or evidence of

detectable residues [24]. It should be noted that sulfonamides

are known to bind to sugars in honey, and acid hydrolysis is

commonly required in order to liberate them and to study the

total amount in honey (free þ bound) [25]. Therefore, the

presented approach was tested with and without an acid hy-

drolysis step to study sulfonamides in honey samples. The

data acquiredwith themethod developed in the present study

could be used in the future to re-examine for the presence of

currently unknown contaminants, or to identify some shift in

the quality of honey over time. The novelty of this study is the

use of direct injection combinedwith HRMS in the All IonsMS/

MS mode for the targeted and non-targeted screening of food

contaminants.
2. Materials and methods

2.1. Chemicals and reagents

Analytical standards (tylosin A (CAS Number 1404-69-0),

lincomycin (CAS Number 859-18-7), furazolidone (CAS Num-

ber 67-45-8), sulfamethoxazole (CAS Number 723-46-6), sul-

fadimethoxine (CAS Number 122-11-2) and sulfamethazine

(CAS Number 57-68-1)) were purchased from SigmaeAldrich

(St Louis, MO, USA). Tylosin B (CAS Number 11032-98-7) was

purchased from Toku-E (Bellingham, WA, USA). Labelled in-

ternal standards, D3-diphenhydramine (CAS Number 170082-

18-5) and D3-6-acetylmorphine (CAS Number 152477-90-2),

were purchased from Cerilliant (Round Rock, TX, USA). All

standards were of analytical grade. HPLC grade solvents

(water, methanol, acetonitrile, acetone and 2-propanol), as

well as LC/MS grade formic acid were all purchased at Fisher

Chemical (Pittsburgh, PA, USA). Hydrochloric acid (37%) and

D-(þ)-glucose (�99.5%) were purchased from SigmaeAldrich.

2.2. Honey samples

Twenty-six honey samples (H1-H26) were purchased from

different stores and farmers’ markets in the Montreal and

Calgary regions (Canada) in May 2016. Details from the sam-

ples are presented in Table S1. They were all unpasteurized

and of various prices and types (i.e. non-organic, organic

https://doi.org/10.1016/j.jfda.2018.12.013
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farming, different colors and different floral origins). Nine

additional selected honey samples (H27-H35) were obtained

from the Canadian Food Inspection Agency (CFIA) in

December 2016. These nine samples had been earlier analyzed

by the CFIA Calgary Laboratory using class-specific multi-

residue methods developed and validated in-house, and were

used to test the performance of the present new method. All

samples were transferred from their original container to

40 mL amber glass vials and kept in the freezer at �18 �C until

analysis.

2.3. Sample preparation

2.3.1. Method A: sample preparation without acid hydrolysis
Sample preparation was adapted from Du et al. [13]. Approx-

imately 0.2 g of honey was weighed in a glass conic tube and

2 mL of a mixture of acetonitrile and water (1:1) was added.

Sampleswere vortexed for about 2min, or until the honeywas

completely dissolved, and then filtered through a 0.22 mm

PTFE filter from Chrom4 (Thüringen, Germany). Before injec-

tion into the HPLC, the extract was further diluted with water

to a final concentration corresponding to 1% of honey, and

50 mL of a 0.4 mg/mLmixture of the two internal standards was

added. These internal standards were not used for quantifi-

cation in this study but were spiked to provide a reference for

sensitivity and retention time, necessary for the future non-

targeted data treatment.

2.3.2. Method B: sample preparation with acid hydrolysis
Approximately 0.2 g of honey was weighed in a glass conic

tube and 1 mL of HCl 2M was added. Samples were vortexed

for about 5 min, and then they were allowed to sit at room

temperature for 1 h. Samples were then filtered, diluted and

spiked with internal standards as above in Method A.

2.4. Method validation

In a preliminary study, three honey samples without any

detectable amounts of the target antibiotics were selected as

matrix blanks (H7, H18 and H26). They were from different

floral and geographical origins, aswell as different colours and

farming methods, representing the variability of matrices

within the study. To establish the absolute recoveries and the

linearity of both Methods A and B, these samples were spiked

with 50 mL of standard of the target antibiotic analytes in

methanol at 7 levels in the 0.004e2 mg/g range before sample

dilution. For Method B, samples were allowed to sit overnight

at room temperature after spiking in order for the sulfon-

amides to react with sugars [26]. To study the matrix effect,

the native antibiotic standards were spiked directly on the 1%

honey sample ready for LC-QTOF analysis, at 7 levels in the

0.04e20 ng/mL range in the injected sample, corresponding to

0.004e2 mg/g in honey. Procedural blanks (n ¼ 10) were

analyzed and used to derive the limits of detection (3s). For

repeatability studies, 5 replicates of three spiked honey sam-

ples were analyzed.

To further investigate the effect of acid hydrolysis on

sugar-sulfonamide conjugates, additional honey samples

were spiked with the 3 sulfonamides (0.2 mg/g) and left to sit

overnight for the sulfonamides to bind with sugars [27].
Sampleswere then prepared using bothMethodA andMethod

B (n ¼ 3 each). Signals corresponding to glucose-sulfonamide

conjugates were identified in the chromatograms through

the comparison with three standard mixtures rich in glucose-

sulfonamide conjugates. These mixtures were then prepared

by mechanochemical mixing of an equimolar mixture of

glucose and individual sulfonamide in a Retsch Mixer Mill

(MM 400 Newtown, PA, US) at room temperature using two

stainless steel balls and a frequency of 30 Hz for 30 min. The

reactionmixture for each sulfonamide was then suspended in

water and filtered, and the residuewas analyzed after dilution

in water/methanol 95:5 (v/v).

2.5. Instrument analysis

Samples were analyzed using a 1290 series LC system from

Agilent Technologies (Santa Clara, CA, USA) equipped with an

InfinityLab Poroshell 120 Phenyl Hexyl (3.0 � 100 mm, 2.7 mm)

column fitted with an InfinityLab Poroshell 120 EC-C18

(3.0 � 5 mm, 2.7 mm) guard column, both from Agilent Tech-

nologies. The mobile phase consisted in a mixture of water

with 0.1% formic acid (solvent A) and methanol with 0.1%

formic acid (solvent B), at a flow rate of 0.2 mL/min. The mo-

bile phase gradient profile was as follows: 1 min 5% B, from 1

to 15min gradient to 100% B, from 15 to 20min 100%B, from 20

to 20.10 min gradient to 5% B and from 20.10 to 25 min 5% B.

The injection volume was 20 mL and the column temperature

was set to 20 �C. The LC systemwas coupled to a 6545 series Q-

TOF from Agilent Technologies (Santa Clara, CA, USA) equip-

ped with a Dual AJS ESI ion source operating in positive ioni-

zationmode. Drying gas temperature was 325 �Cwith a flow of

5 L/min, sheath gas temperaturewas 275 �Cwith a flowof 12 L/

min, the pressure on the nebulizer was 20 psi, the capillary

voltage was 4000 V, the fragmentor voltage was 175 V, the

skimmer voltage was 65 V and the nozzle voltage was 2000 V.

All Ions MS/MS data was collected as MS scans between m/z

100 and 1700 at a scan rate of 3 spectra/s for four different

collision energies (0, 10, 20 and 40 eV). A diode-array detector

(DAD; scan range: 190e640 nm with a 2 nm step and a slit of

4 nm) coupled to the HPLC-Q-TOF-MS system was also used

for the study of the diversion of elution to waste. Samples

were kept at 4 �C in the multisampler compartment.

2.6. Data treatment

Instrument response linearity was calculated for each com-

pound as the relative standard deviation (RSD) of the response

factors (RF) of the seven calibration curve standards (ranging

0.08e40 ng/mL). Antibiotic concentrations were calculated

using the Agilent Mass Hunter Workstation Software e

Quantitative Analysis B.07.01, for three different m/z extrac-

tionwindow values (±5, ±10 and ±20 ppm). Extractionwindow

values were selected to represent the range of values used by

other authors in similar targeted and non-targeted studies

[28e30]. Quantification was done based on external calibra-

tion, and peaks with a signal-to-noise ratio below 10 were

considered below the limit of quantification. The following

mass-to-charge ratios were used for quantification: 916.5270

for tylosin A, 772.4483 for tylosin B, 407.2216 for lincomycin,

226.0464 for furazolidone, 254.0599 for sulfamethoxazole,

https://doi.org/10.1016/j.jfda.2018.12.013
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279.0916 for sulfamethazine and 311.0814 for sulfadimethox-

ine. Matrix effect, recovery, instrument linearity, method

linearity, repeatability, instrument detection limit (IDL),

method detection limit (MDL) and limit of quantification (LOQ)

were calculated for each compound for each of the three m/z

extractionwindow values. Matrix effect (ME) and recovery (RE)

were calculated according to the equations proposed by

Matuszewski by comparing the response of each compound in

samples spiked before dilution (RE), after dilution (ME) and in

solvent [31]. The overall method linearity was assessed from

the Pearson coefficient of the linear correlation between the

experimental and theoretical spiked concentrations. Repeat-

ability was assessed from the RSD obtained for five replicates

of three spiked honey samples. IDL was calculated as the

concentration leading to a signal-to-noise ratio (S/N) of 3,

derived from the S/N of the lowest standard of the calibration

curve.MDLwas calculated as 3s of the signals of 10 procedural

blanks around the retention time of each compound. LOQwas

calculated as 3.3 times the MDL.

Two-way analysis of variance (ANOVA) tests were per-

formedusing SigmaPlot v13.0 (Systat Software Inc) to compare

the performances of the method (matrix effect, recovery,

repeatability, method linearity and MDL) obtained for the

different m/z extraction window values.

After confirmation of the linearity of themethodwith three

matrix matched curves, antibiotics were quantified in all the

35 honey samples based on the standard addition method

with one single level of spiking corresponding to a concen-

tration of 0.2 mg/g in honey. This standard addition, whichwas

within the range of linearity, was done to the already diluted

extract to compensate for the matrix effect of each honey

sample [32].

For the non-targeted applicability of themethod, the honey

samples were screened for the 7 veterinary drugs and other

compounds using Agilent Mass Hunter Workstation Software

e Qualitative Analysis B.07.00. The chromatogram was

explored using the algorithm Find By Formula, using All Ions

MS/MS and a customized database of honey-related com-

pounds created with Personal Compound Database and Li-

brary software (PCDL) for LC/TOF. For the library screening,

match tolerance was set to ±5 ppm and expansion values for

chromatogram extraction at ± 10 ppm.
3. Results and discussion

3.1. Diversion of elution to waste

Introducing a high amount of sugars, themain components of

honey, into the ion source could increase needs for cleaning

and maintenance. To circumvent this issue, a post-column

switch was used to divert the fraction containing the sugars

directly to waste. This diversion of elution to waste to avoid

the introduction of high amounts of matrix-related highly-

polar compounds into the ionization source was successfully

applied by other authors during the analysis of contaminants

in seawater and seafood using direct injection [9,11]. Fig. S1

shows the total wavelength chromatogram obtained for a

honey sample spiked with themixture of the seven veterinary

drug residues. The first peak at around 2.5 min corresponded
to the sugars, which are expected to elute early in reversed-

phase chromatography. From a targeted point of view, the

first compound of interest (lincomycin, Log KOW¼ 0.86 [33]) did

not elute until 9 min, so the first 0.6 mL (3 min) eluting out of

the column were directly sent to waste after which the post-

column switch position changed to the ion source. From a

non-targeted point of view, since most contaminants are ex-

pected to be less polar than the first-eluting matrix-related

salts and sugars, it was decided to compromise the possible

loss of a minority of molecules of interest for the lifetime of

the ion source and the throughput capabilities of the method.

3.2. Method performance (Method A e sample
preparation without acid hydrolysis) and m/z extraction
window selection

Instrument linearity, IDL, matrix effects, MDL, LOQ, re-

coveries, method linearity and repeatability are presented in

Table 2 for each of the seven analytes and eachm/z extraction

window. RSD values of the RF of the calibration curve stan-

dards were used to assess instrument linearity. RSDs were

generally below 30% with the only exception of tylosin A at ±
5 ppm, which presents a RSD of 44%. In general, as the m/z

extraction window decreased, so did the signal intensities.

This may result in a decreased precision of the RF, especially

for the lowest concentrations, and poorer instrument line-

arity. IDLs were in the range of 0.002 and 0.017 ng/mL for the

three m/z extraction windows tested.

Matrix effects obtained for a ±5 ppm m/z extraction win-

dow were significantly different than those at ± 10

and ±20 ppm (ANOVA, P ¼ 0.014). According to the equation

used, an absence of matrix effect corresponds to a value of

100%. Values below 100% correspond to matrix suppression,

while values above 100% correspond to matrix enhancement.

Generally, matrix effects are considered to be mild when the

values are between 80 and 120%,medium between 50 and 80%

or 120 and 150%, and strong for values below 50% or above

150% [34]. In this study, even though the results obtained for a

±5 ppm m/z extraction window were statistically different

than those at ± 10 and ±20 ppm, most of the matrix effect

valuesweremild and only two cases ofmediummatrix effects

were noted, for furazolidone at ± 5 ppm (ME ¼ 63%) and sul-

famethazine at ± 20 ppm (ME ¼ 123%). Matrix effects in this

study were overall lower than those reported by Orso et al. for

veterinary drugs in honey using a traditional extraction

approach with SPE. In their study, strong matrix suppression

was reported for tylosin A (ME ¼ 23.4%) and strong matrix

enhancement was observed for sulfamethoxazole and sulfa-

dimethoxine (ME ¼ 181.0% and ME ¼ 183.8% respectively) [8].

In the present study, signal suppression was noted for tylosin

A, lincomycin, furazolidone and sulfamethoxazole at all m/z

extraction window values. However, Orso et al. reported

signal suppression for tylosin A only, while mild to strong

signal enhancements were recorded for lincomycin, furazol-

idone, sulfamethoxazole, sulfamethazine and sulfadime-

thoxine [8]. On the other hand, Lopez et al. reported signal

suppression for lincomycin in honey using SPE extraction [7].

In the present study, matrix effects varied among honey

samples, as illustrated by the standard deviation on the ME

values. This suggests that matrix effects are strongly
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Table 2 e Method performance (Method A) for the seven targeted veterinary drug residues for m/z extraction windows of ± 5, ± 10 and ± 20 ppm.

Parameter Extraction
window

Tylosin A m/z
916.5270 RTb

14.64 min

Tylosin B m/z
772.4483 RT
13.91 min

Lincomycin m/z
407.2216 RT
9.17 min

Furazolidone m/z
226.0464 RT
11.69 min

Sulfamethoxazole m/z
254.0599 RT 11.57 min

Sulfamethazine m/z
279.0916 RT
10.73 min

Sulfadimethoxine m/z
311.0814 RT 12.96 min

Instrument

Linearity (RSD

% of RF)

±5 ppm 44 17 9 24 13 25 15

±10 ppm 8 12 9 25 12 10 13

±20 ppm 6 10 9 26 14 9 14

IDL (ng/mL) ±5 ppm 0.007 0.009 0.002 0.003 0.012 0.002 0.002

±10 ppm 0.012 0.007 0.001 0.003 0.010 0.002 0.002

±20 ppm 0.011 0.009 0.002 0.003 0.017 0.002 0.002

Matrix effect (%)a ±5 ppm 97 ± 37 108 ± 14 82 ± 10 63 ± 26 86 ± 17 97 ± 21 84 ± 23

±10 ppm 98 ± 8 111 ± 9 82 ± 10 98 ± 31 88 ± 17 115 ± 23 102 ± 17

±20 ppm 98 ± 8 111 ± 10 85 ± 12 92 ± 24 94 ± 18 123 ± 42 102 ± 21

MDL (mg/g honey) ±5 ppm 0.0025 0.0015 0.0008 0.0016 0.0022 0.0009 0.0005

±10 ppm 0.0023 0.0015 0.0003 0.0014 0.0018 0.0007 0.0005

±20 ppm 0.0017 0.0017 0.0008 0.0020 0.0023 0.0009 0.0008

LOQ (mg/g honey) ±5 ppm 0.0084 0.0048 0.0027 0.0054 0.0072 0.0029 0.0016

±10 ppm 0.0076 0.0050 0.0011 0.0047 0.0060 0.0025 0.0018

±20 ppm 0.0055 0.0056 0.0026 0.0067 0.0077 0.0030 0.0025

Recovery (%)a ±5 ppm 107 ± 39 112 ± 21 117 ± 17 126 ± 36 110 ± 30 111 ± 33 102 ± 47

±10 ppm 109 ± 10 115 ± 12 119 ± 13 103 ± 16 115 ± 23 118 ± 21 108 ± 12

±20 ppm 112 ± 13 115 ± 12 120 ± 10 114 ± 24 113 ± 18 123 ± 44 113 ± 20

Method linearity

(R)

±5 ppm 0.9736 0.9983 0.9995 0.9993 0.9987 0.9990 0.9975

±10 ppm 0.9980 0.9988 0.9996 0.9963 0.9987 0.9990 0.9987

±20 ppm 0.9979 0.9984 0.9996 0.9960 0.9986 0.9990 0.9987

Repeatability

(RSD %)

±5 ppm 37 5 6 24 6 11 20

±10 ppm 4 4 5 5 6 7 7

±20 ppm 4 4 5 5 5 7 7

a Matrix effects and recovery values are presented as mean of all concentration levels ± standard deviation (n ¼ 21).
b RT ¼ Retention Time.
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Fig. 1 e Overlapped extracted ion chromatograms for the 7

antibiotics in sample H7 spiked at a concentration

corresponding to 0.2 mg/g in honey (Sample preparation

Method A). Order of elution: lincomycin, sulfamethazine,

sulfamethoxazole, furazolidone, sulfadimethoxine, tylosin

B and tylosin A.
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dependent on the characteristics of individual honey samples.

The application of an average matrix effect may therefore

inaccurately correct for the matrix effects, and we would

recommend the assessment of the matrix effects for each

honey sample.

MDLs were not statistically different using ±5, ±10 or

±20 ppm of m/z extraction window (ANOVA, P ¼ 0.166). With

values in the range of 0.0003e0.0025 mg/g in honey, theseMDLs

correspond to the detection of 0.6e5 pg of antibiotic injected.

These MDLs are in the same range as those reported by other

authors for organic contaminants using the direct injection

approach in other matrices [10]. These MDLs are also in the

same range as those reported for veterinary drugs and pesti-

cides in honey using conventional extraction approaches

[8,35]. Most importantly, our MDLs are around 20 to 100 times

lower than their respective regulatory limits in Canada, the

MRLs or WRLs for these substances in honey (Table 1). No

MRLs have been set up for these antibiotics in honey in other

countries such as Australia, the European Union or the United

States [36e38]. LOQ were in the range of 0.0011e0.0084 mg/g in

honey, which is around 25 times lower than the regulatory

limits.

All the recoveries were within the 80e120% acceptable

range, with the only exception of furazolidone at ± 5 ppm and

sulfamethazine at ± 20 ppm with values of 126 and 123%,

respectively. These values were in the same order as those

reported by other authors for pesticides and veterinary drugs

in honey, where the recoveries generally ranged 80e120%

with a few exceptions above or below this range [8,15]. There

was no statistical difference (ANOVA, P ¼ 0.591) amongst the

recoveries obtained for different m/z extraction windows.

However, since all the recoveries for the ±10 ppm m/z

extraction windowwere systematically <120%, this value was

selected for the rest of this study.

Regarding method linearity, results showed no significant

difference for any of the compounds at all threem/z extraction

window values (ANOVA, P ¼ 0.462). Pearson coefficients were

between 0.9960 and 0.9996 with the only exception of tylosin

A, which presented a slightly lower R value of 0.9736 at ±
5 ppm. These high Pearson coefficients were similar or higher

than those reported for honey or for other matrices using the

direct injection approach [8,12]. For this reason, the method is

considered linear.

With regards to repeatability, there was a clear difference

between the results at ± 5 ppm and at ± 10 and ±20 ppm, and

RSD values of up to 37% for tylosin Awere recorded at± 5 ppm.

Repeatability for ±10 and ±20 ppm were all below 10%. This

difference was confirmed by the statistical tests (ANOVA,

P ¼ 0.014). As commented before with the instrument line-

arity, this can be due to the fact that the signals are generally

smaller at ± 5 ppm in comparison with ±10 and ±20 ppm, and

this may affect repeatability. At ± 10 and ± 20 ppm, the RSD

values obtained in this study were in the same order or lower

than those reported by other authors [7,12].

In conclusion, a m/z extraction window of ±10 ppm was

selected for the treatment of the honey sample data as satis-

factory performances were obtained at that value. This value

has also been used by other authors doing similar studies on

organic contaminants and metabolites in food with HPLC-

HRMS [23,39].
Fig. 1 shows the overlapped extracted ion chromatograms

of the 7 analytes spiked in one of the honey samples at a

concentration of 0.2 mg/g, corresponding to the MRL of tylosin

in honey, extracted using a m/z extraction window of

±10 ppm. Chromatographic peaks for all 7 compounds can be

clearly identifiedwithminimal background interferenceswith

the present method. Altogether, satisfactory performances

were obtained for 7 key veterinary compounds with the pre-

sent method, with the added benefits of (i) a much shorter

analysis time compared to current methods, and (ii) recording

non-targeted information for future re-assessment of the

data. In addition, this direct injection approach satisfies some

of the requirements of green analytical chemistry, since it is a

direct analytical technique that avoids sample treatment, it

hasminimal sample size and reduced reagent consumption in

comparison with the traditional methods of honey analysis,

derivatization is avoided, and it is amulti-analytemethod [40].

3.3. Application to honey samples

The above optimized method was applied to 35 honey sam-

ples collected from the Canadian market. Most of the results

were below the MDL, and only tylosin A, tylosin B, sulfame-

thazine and sulfadimethoxine were detected in some sam-

ples. The concentrations of these four antibiotics in the

samples they were detected are shown in Table 3. As

mentioned earlier, in absence of hydrolysis, these concen-

trations correspond to the free species of the compounds in

honey. The highest values were obtained for tylosin B, with

concentrations up to 0.0703 mg/g. None of the samples con-

tained residues of tylosin (A þ B) above the MRL of 0.2 mg/g set

in Canada. Similarly, the levels of free sulfamethazine and

sulfadimethoxine were below their respective recommended

WRL in Canada (0.03 mg/g).

In their most recent National Chemical ResidueMonitoring

Program (NCRMP, 2013e2014 report), the CFIA reported the

occurrence of tylosin A in 10.05% of the domestic honey

samples and in 6.10% of the imported ones. The frequency of

detection for tylosin B was 19.74 and 14.71% for domestic and

imported honey, respectively [41]. In this study, 6% of the

samples were positive for tylosin A and 9% for tylosin B, so the
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Table 3 e Concentration (mg/g) of tylosin A, tylosin B, sulfamethazine and sulfadimethoxine in the honey samples they
were detected, at a m/z extraction window of ±10 ppm.

Sample Tylosin A Tylosin B Sulfamethazinec Sulfadimethoxinec

1 NDa 0.0021 ND ND

6 ND ND ND 0.0045

7 ND ND ND 0.0039

8 ND ND ND 0.0042

11 ND ND ND 0.0017

14 ND ND <0.0023b 0.0035

15 ND ND ND 0.0074

18 ND ND ND 0.0022

29 ND ND ND <0.0017b

30 ND ND <0.0023b ND

32 <0.0076b 0.0221 ND ND

35 0.0176 0.0703 ND ND

a ND ¼ non-detected.
b Compounds detected at concentrations below the LOQ.
c Concentration of sulfamethazine and sulfadimethoxine refers to the free form of these compounds in honey.

Table 4 e Concentration of tylosin A in the CFIA honey
samples according to the reference method and in the
present method (Method A), expressed as mg/g.

Sample Referencemethod (CFIA
ACC-066)

Present method
(MDL ¼ 0.0023 mg/g)

27 ND NDa

28 ND ND

29 ND ND

30 ND ND

31 ND- ND

32 0.0060 <0.0076b

33 ND ND

34 ND ND

35 0.0136 0.0176

a ND ¼ non-detected.
b Detected at a concentration below the LOQ.

j o u rn a l o f f o o d a nd d r u g an a l y s i s 2 7 ( 2 0 1 9 ) 6 7 9e6 9 1686
rates of detection of these compounds are similar to those

found by the CFIA. No sulfonamide antibiotics were reported

by the CFIA in their 2013e2014 report, but sulfadimethoxine

and sulfamethoxazole had been detected in 4.35 and 3.26% of

the imported honeys, respectively, in the 2012e2013 NCRMP

CFIA Report [42]. In the present study, free sulfadimethoxine

was detected in 23% of the honeys, so the present rate of

detection of this compound was higher than that reported by

the CFIA in 2012e2013.

Tylosin A is themain component of the commercial tylosin

formulation applied to honeybees [43]. The ratio of mass

concentrations of tylosin A to tylosin B in the present study

was measured to be 0.16 and 0.25 for samples 32 and 35

respectively. These values are lower than the overall average

reported by Thompson et al. of 1.2 ± 0.2 in honey in Canada

[44]. Tylosin A degrades into tylosin B in honey, suggesting

that the ratio of their concentrations can decrease over time

[43,45]. Bohm et al. studied tylosin A and tylosin B in honey

following the application of tylosin A tartrate on honeybees,

and their ratio decreased from 4.31 after 3 days of application

to 0.73 after 52 days [46]. As a consequence, the World Health

Organization Expert Committee on Food Additives (JECFA)

listed tylosin B as a major end product of tylosin A in honey,

and recommended to take into account both tylosin A and B

when considering food safety [47].

3.4. Comparison with a standard method

The nine samples provided by CFIA had been previously

tested for their content of tylosin A using the official CFIA

method ACC-066. These results were used as a blind com-

parison to test the performance of the present new method.

As shown in Table 4, the results of this study matched the

positive and negative results reported by the CFIA. Moreover,

the concentrations of tylosin A measured with the present

method were comparable to those obtained with the official

methods for the two positive samples. In conclusion, this

method is expected to perform well for the monitoring of

veterinary drugs in honey, with low chances of misclassifi-

cation of samples (false negatives or false positives).
3.5. Performances of the method including an acid
hydrolysis step (Method B)

The addition of an acid hydrolysis step (Method B) was tested

to assess the total content of sulfadimethoxine, sulfametha-

zine and sulfamethoxazole in honey. Method performances

are presented in Table S2 and the direct injection method

following an acid hydrolysis gave overall satisfactory results

for the three sulfonamides. Matrix effects were however

greater for sulfadimethoxine and sulfamethoxazole, and

precision was slightly poorer (19e23%) for sulfonamides with

respect to direct injection method without hydrolysis. It is

important to highlight that tylosin A and furazolidone were

detected in honey samples treated by acid hydrolysis. Low

recoveries for tylosin A were expected for Method B, since

tylosin A has been reported to degrade under acidic conditions

[48].

In order to confirm the effect of acid hydrolysis on sugar-

sulfonamide conjugates, additional spiked honey samples

(H7, H18 and HX26) were equilibrated overnight and prepared

using both Methods A and B. Fig. 2AeC shows the peaks of

sulfamethoxazole, sulfamethazine and sulfadimethoxine
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Fig. 2 e Extracted ion chromatograms of sulfamethazine (A), sulfamethoxazole (B), sulfadimethoxine (C), glucose-

sulfamethazine conjugate (D), glucose-sulfamethoxazole conjugate (E) and glucose-sulfadimethoxine (F) in sample H18

spiked with all 7 target veterinary drugs at a level corresponding to 0.2 mg/g in honey, which was extracted with hydrolysis

(blue dotted line) and without hydrolysis (green line). The extracted ions in A-C and D-D were [MþH]þ and [MþNa]þ,
respectively.
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spiked in sample H18 and extracted with both methods. In all

three samples, the amount of sulfonamides detected

following acid hydrolysis (Method B) was greater thanwithout

hydrolysis (Method A), confirming the release of conjugated

sulfonamides under acidic conditions. In parallel, the mass
spectra and the retention time of glucose-sulfonamide con-

jugates were determined in the HPLC-QTOF-MS chromato-

grams obtained for the three sulfonamide-glucose standard

mixtures (Fig. S2). This information was then used to interpret

the chromatograms obtained for the three spiked honey
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samples equilibrated overnight and extracted with and

without acid hydrolysis. As observed in Fig. 2DeF, the glucose-

sulfonamide conjugates were detected in honey samples

injected in the HPLC-QTOF-MS without hydrolysis, but not

after acid hydrolysis. The attribution of this signal to a

glucose-sulfonamide conjugate was confirmed by comparison

of the retention time (Fig. S2) and the All Ions MS/MS spectra

of the synthesized conjugate. Indeed, the [MþNa]þ ion (m/z
Fig. 3 e All Ions MS/MS spectra of tylosin B for different collisio

standard (20 ng/mL in methanol/water).
438.0947 for glucose-sulfamethoxazole conjugate, m/z

463.1263 for glucose-sulfamethazine conjugate and m/z

495.1162 for glucose-sulfadimethoxine conjugate) and one

characteristic fragment (m/z 254.0594 for glucose-

sulfamethoxazole conjugate, m/z 186.0330 for glucose-

sulfamethazine conjugate and m/z 156.0764 for glucose-

sulfadimethoxine conjugate) were observed for each conju-

gate in the honey samples and in the standard mixture with
n energies (CE). A: in honey sample H35. B: in an analytical

https://doi.org/10.1016/j.jfda.2018.12.013
https://doi.org/10.1016/j.jfda.2018.12.013


j o u r n a l o f f o o d and d ru g an a l y s i s 2 7 ( 2 0 1 9 ) 6 7 9e6 9 1 689
similar relative abundances. To the best of our knowledge,

this is the first time these glucose-sulfonamide conjugates

have been reported in honey, and this was made possible

through the coupling of direct injection and HRMS and the

interpretation of All Ions MS/MS data. The detection of these

conjugates in honey has very promising applications, as it

opens the doors to including sulfonamides in multi-residue

and non-targeted methods without compromising the stabil-

ity of other analytes (e.g. tylosin A) with an extra acid hydro-

lysis step. Further studies are required to fully validate the

quantification of these conjugates.

3.6. Application of the method for the non-targeted
identification of contaminants in honey

The ultimate application of this method is to provide non-

targeted information for future re-examination of the data

for other purposes (e.g. in the context of exposure

assessment).

To first illustrate the capacity of this approach in identi-

fying unknown compounds in honey based onAll IonsMS/MS,

the data obtained for one of the honey matrix blanks spiked

with the seven target analytes at a concentration of 2 mg/g

were treated using Agilent Mass HunterWorkstation Software

e Qualitative Analysis B.07.00. The chromatogram was

explored using the algorithm Find By Formula, using All Ions

MS/MS data and a customized database of honey-related

compounds created with Personal Compound Database and

Library software (PCDL) for LC/TOF. This algorithm was

applied by other authors for identification of suspects using

HPLC-QTOF-MS [49]. All 7 analytes were successfully identi-

fied in this samplewith total scores above 70%, confirming the

non-targeted capability of the approach. The total score re-

flects the probability that a feature being correctly identified

as a specific compound, being a score of 100% a perfect fit [22].

As an example, Fig. 3 shows the All Ions MS/MS spectra of

tylosin B in sampleH35 and in the standard. The characteristic

[MþH]þ ion of tylosin B can be observed in the honey sample at

0, 10 and 20 V with an m/z of 772.4459, 772.4454 and 772.4456

respectively (exact mass: 772.4483). Its main fragment

[C8H16NO3]
þ, commonly reported by others [50], can be

observed at a CE of 20 and 40 V with an m/z of 174.1123 and

174.1122 respectively (exact mass: 174.1130).

To further demonstrate the non-targeted applicability of

the method beyond the veterinary drugs of interest, the 35

honey samples were screened for other compounds related to

beekeeping using the same Find By Formula Algorithm and

different databases of honey-related compounds created with

PCDL LC/TOF. Nine out of the 35 honey samples were found to

contain hydroxymethylfurfural (HMF), a heat-induced

contaminant commonly found in honey samples that had

been submitted to heat treatments or a long storage time [51].

Once the exact mass of this compound was identified as HMF

by the Find By Formula Algorithmwith a score above 70%, the

confirmation of its identity was carried out in the sameway as

for tylosin B by comparing the All Ions MS/MS spectra with a

standard. The [MþH]þ ion of HMF (exact mass: 127.0395) and

one of its characteristic fragments (exactmass: 109.0289) were

observed with similar relative intensity in the honey samples
and in the standard, thus confirming the identity of this

compound.

In conclusion, the non-targeted identification of the 7

veterinary drugs in honey as well as another compound

beyond the list of spiked compounds was possible using All

Ions MS/MS mode, showing the promising non-targeted ap-

plications of this method. Further studies are required to

explore and optimize the characteristics of the non-targeted

identification workflow using such type of data acquisition.
4. Conclusions

A fast screening and quantification method was successfully

developed and validated for the targeted analysis of 7 veteri-

nary drug residues in honey, using direct injection HPLC-

QTOF-MS. This method allows for the detection of the

selected veterinary drug residues at levels approximately

20e100 times lower than the actual regulatory limits, with

acceptable recoveries, linearity and repeatability. The total

analysis time is only 45 min per sample (sample

preparation þ analysis in ESI þ mode). Negative ionization

could be added in the future to allow for the analysis of other

residues (e.g. chloramphenicol). The method was successfully

applied to 35 honey samples from the Canadian market.

Tylosin A, tylosin B, sulfamethazine and sulfadimethoxine

were detected in some samples at levels below the regulatory

limits for honey in Canada. All Ions MS/MS data was recorded

at four different voltages, allowing for the confirmation of the

identity of both targeted and non-targeted compounds (e.g.

HMF and sugar-sulfonamides conjugates). The continuous

recording of accuratemass and All IonsMS/MS data could also

allow for non-targeted screenings of other compounds (e.g.

pesticides), and this approach will be studied in future work.
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