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Résumé / Abstract




Résumeé :

Au cours de leur élevage, les animaux sont expagdisers contaminants chimiques, qui peuvent
s’accumuler au niveau des tissus animaux et éfreuraesin fine dans les produits carnés consommes par
'Homme, représentant alors un risque pour la sdeconsommateurk’évaluation de ce risque repose
classiqguement sur la mesure de teneur en contatsigignla viande fraiche alors que plusieurs travaux
suggerent que seule une fraction de ces contarsimshteffectivement assimilée par le consommateur d
fait des transformations technologiqgues comme isson et physiologiques comme la digestioobjectif
de cette thése est d'étudier ces effets modulatdeir cuisson et de la digestion sur les contamn
chimiques de la viande et leur bioaccessibilité.

En s’appuyant sur le développement d’'une méthodérgsidus GCxGC-TOF/MS pour le suivi
206 polluants environnementaux et sur des colldlomsavec des Laboratoires Nationaux de Référdace,
premier objectif de ce travail était d’étudier lfpact de la cuisson sur un large spectre de consantsi
chimiques d’une viande intentionnellement contaminies résultats montrent que la cuisson n’'a pas
d'impact significatif sur la teneur en PCDD/F et srtaux lourds de la viande alors que des pertes
significatives (d’autant plus importantes que Binsité de cuisson est élevée) en PCB, antibiotigies
pesticides ont pu étre détectées. Ces pertes omtgoigine soit une libération dans le jus de cuisdes
contaminants thermorésistants, soit une dégradasouns l'effet de la cuisson des contaminants
thermosensibles, comme cela a été observé poumtilmictique, le sulfaméthoxazole, pour lequel
schéma de dégradation thermique est propose.

Le second objectif de ce travail était d’évaluebieaccessibilité des contaminants chimiques d
viande en s’appuyant sur un protocole standardesdigestionin vitro statique. Dans le cas des PCB, |es
résultats obtenus indiquent que la bioaccessildités la viande est relativement faible (26%). é@etir
initiale de la viande en matiére grasse et lesatiaris physiologiques liees a I'age du consommateur
influencent significativement ces valeurs de bieaswilité alors que la cuisson de la viande a moin
d’influence sur la bioaccessibilité.

A terme, les résultats obtenus durant ce travailadlent conduire a proposer de nouvelles procédures
d’évaluation des risques liés aux contaminants ichues de la viande, prenant en compte les moduakatio
induites par la cuisson et la digestion.

Mots clés : Contaminants chimiques, Cuisson, BioaccessibiMi@nde, Evaluation du risque, Sécurité
sanitaire des aliments.

Abstract:

Livestock animals are exposed to various chemicahtaominants during breeding. These
contaminants are rapidly transferred from the emwirent to animal edible tissues, thus represerding
public health risk. This risk is classically assgsbased on the level of contaminants in raw nkéawever,
due to technological processes such as cookindhygsiglogical transformations such as digestiony anl
fraction of meat contaminants can be absorbed éytay. The purpose of this PhD thesis is to ingatt
the modulating effect of cooking and digestion ohernical contaminants in meat and on their
bioaccessibility.

Thanks to a GCxGC-TOF/MS multiresidue method dey&doin this study for the analysis of 206
environmental pollutants and to collaborations wtench National Reference Laboratories, the &inst of
this work was to assess the effects of pan cookim@ broad range of chemical contaminants in spiked
meat. Cooking did not impact the level of PCDD/Irsl aeavy metals in meat whereas significant losses
(more important as cooking conditions were more ngg¢ of PCBs, antibiotics and pesticides were
observedThese losses may originate from juice expellingpedt-resistant compounds or from degradation
by breakdown of thermolabile compounds such asulfamethoxazole antibiotic.

The second aim was to assess the bioaccessibilichemical contaminants in meat based on a
standardizedn vitro static digestion. For PCBs, results showed thair thioaccessibility was low (26%).
Both the meat fat content and the age of consuigseifisantly affect this bioaccessibility valum contrast,
meat cooking was shown to have less influence oB BiGaccessibility. The ultimate goal of the pradjec
will be to improve chemical risk assessment prooesitaking into account the changes induced byingo
and digestion on micropollutants in meat.

>~

Keywords: Chemical contaminants, Pan cooking, BioaccesBipiMeat, Risk assessment, Food safety.
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La présence de contaminants chimiques dans I'atettien et leur impact sur la santé
de 'Homme représentent une préoccupation sociétajeure. Méme si les teneurs détectées
sont la plupart du temps inférieures aux limiteximales résiduelles fixées par les autorités,
les plans de surveillance nationaux montrent quee qggésence est avérée dans la quasi-
totalité des denrées alimentaires que nous consosinune augmentation de l'incidence de
certaines pathologies (cancers, diabéte, obésuadms métaboliques...) est observée dans
les pays développés et des études épidémiologiopettent en évidence des corrélations
entre exposition aux contaminants chimiques eteswe de pathologies. Par ailleurs, de
nombreuses études scientifiques ont montré lesseffféfastes de ces contaminants sur la
santé. Face a ces observations et suite aux difésrzandales alimentaires survenus ces
dernieres années, les consommateurs ont pris emescdu lien entre alimentation et santé.
Afin de pouvoir disposer de produits sains et sdes,nombreux consommateurs se sont
tournés vers les aliments issus de la filiere «hidinsi, 95% des consommateurs francais
citent le bénéfice santé comme premier motif d'ades aliments issus de cette filiere.
Cependant, aucune étude scientifique n'a démont&ement le bien-fondé de cette
allégation. Face a ce constat, le projet SOMEAT€(f$a0f Organic MEAT, http://www.so-
meat.fr/) dans lequel s’inscrit ce travail de thesgyour ambition de fournir des données
scientifiques objectives pour évaluer les bénéfieegisques éventuels des systemes de
production de viandes conventionnelles ou « bia regard de leurs teneurs en contaminants.
L’ambition plus large de ce projet est de pouvainlger précisément le risque lié a la
présence des contaminants chimiques dans la viandda santé des consommateurs.
Cependant, deux aspects majeurs limitent actuefiegeite évaluation du risque chimique.
D’une part, le risque sur la santé humaine essitjasment estimé a partir de produits crus et
non a partir de produits préts a consommer, c’esteaapres cuisson pour la viande. D’autre
part, I'évaluation du risque ne prend actuellempas en compte la bioaccessibilité des
contaminants au cours de la digestion alors qudoxicité dépend de la quantité de
contaminants mobilisés de la matrice alimentairesda tractus gastrointestinal puisque seuls
ces contaminants sont alors disponibles pour I'gdtigm. Afin de pouvoirin fine améliorer
les modeles d’évaluation des risques chimiquegaisces travaux de thése ont consisté a
caractériser et expliquer Iimpact de la cuissondetla digestion sur les contaminants
chimiques susceptibles d'étre retrouvés dans ladeagWP2 et WP3 du projet SOMEAT,
Figure 1).
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Figure 2 : Démarche adoptée dans cette étude



Le premier chapitre de ce manuscrit a pour vocatien présenter le contexte
scientifique de ce travail (Figure 2). Apres avoappelé les principales familles de
contaminants chimiques susceptibles d'étre retresivélans la viande, un état des
connaissances actuelles sur leur devenir au cauta duisson et de la digestion est dresse.
Les chapitres suivants présentent les résultatériementaux de cette these sous forme de
publications introduites dans le manuscrit et catdas par des commentaires. Le Chapitre 2
a pour objectif de lever les deux principaux vesraméthodologiques de cette étude.
Premierement, il était nécessaire de pouvoir dmpodune viande surchargée en
contaminants de maniere homogene, qui puisse #lis2@ tout au long de cette étude. Une
méthode reproductible de contamination intentiolen&ldes concentrations connues a donc
été développée. Deuxiémement, en ciblant les paBu@nvironnementaux pertinents a
étudier en raison de leur fréquence de détectios taviande, il était nécessaire de pouvoir
disposer d'une méthode d’analyse « multirésidugmmpttant le suivi simultané d'un large
spectre de ces contaminants. Une méthode analyfgumettant finalement un suivi
simultané de 206 micropolluants environnementawsda viande a donc été mise au point.
En s’appuyant sur ces développements ainsi qudesucollaborations avec des Laboratoires
Nationaux de Référence (Anses Maisons-Alfort, AnBesgeres, ONIRIS-LABERCA), le
Chapitre 3 concerne I'étude du devenir des contantgnchimiques au cours de la cuisson de
la viande. Divers contaminants aux propriétés moyshimiques variées ont alors été ciblés :
polychlorobiphenyles (PCB), polychlorodibenzodieesn et polychlorodibenzofuranes
(PCDD/F), antibiotiques, métaux lourds et pestigidéette etude a ainsi permis d’examiner
les devenirs des contaminants et de distingueca®posés thermorésistants et des composés
thermosensibles subissant une dégradation au deuascuisson. Afin d’affiner les approches
d’évaluation du risque, une étude spécifique angéée sur un antibiotique thermosensible
pour pouvoir identifier, apres cuisson, ses pradude dégradation, composeés ultimes
auxquels le consommateur est réellement exposte &ux travaux entrepris dans le chapitre
3 sur l'effet modulateur de la cuisson, le chapireconcerne I'étude du devenir des
contaminants chimiques au cours de la digestioladgande en s’appuyant sur l'utilisation
d'un protocole standardisé de digestion statiquevitro, développé afin de mimer les
conditions physiologiques humaines. La bioaccd#gilides contaminants chimiques a alors
été déterminée, la fraction bioaccessible corredman a la quantité maximale de
contaminants disponibles pour I'absorption inted@nL'impact de la teneur en lipides de la
viande, des conditions de cuisson et des variatiphgsiologiques liees a l'age du

consommateur sur la bioaccessibilité des contartsreagté évalué. Les résultats de certaines
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expérimentations de cuisson ou de digestion r@&aisar des échantillons contaminés par des
doses trés faibles ont été obtenus en collaborati@t le LABERCA. Enfin, le dernier
chapitre « conclusion générale » présente lesipafles conclusions et perspectives de cette

these.



Chapitre I : Contexte Scientifique




Chapitre | : Contexte Scientifique

Cette synthése bibliographique a pour ambition desskr un état des lieux des
connaissances actuelles sur I'impact de la cuissate la digestion sur les micropolluants a
risque susceptibles de contaminer les produitsésardolontairement concise, celle-ci est
focalisée sur les aspects et considérations etioreldirecte avec les objectifs que nous nous
sommes fixés et sur le travail expérimental réglisdr les atteindre.

Comme nous I'avons mentionné dans l'introductionégéle, nos recherches doivent
cibler les contaminants les plus pertinents a étudans la viande de fagcon a produire des
résultats en prise avec la réalité des contamimati@sant I'objet des préoccupations les plus
importantes. Dans une premiére partie, les diftésefiamilles de contaminants chimiques
susceptibles d’étre retrouvées dans les produitgsaseront donc présentées. Des données
concernant leur toxicité ainsi que la contributémla viande a I'exposition du consommateur
a ces contaminants seront également discutées.

Il s’agit ensuite d’identifier les verrous a leyaour I'étude de I'impact de la cuisson
sur les contaminants chimiques des aliments afwbtdhir des conclusions pertinentes
utilisables en analyse de risque. Pour cela, uaéysa critique des données de la littérature
qui traitent des conséquences des traitements itpges1sur les contaminants chimiques des
aliments a été réalisée.

Enfin, concernant I'étude de I'impact de la digestsur les contaminants chimiques
de la viande, cette étude de la littérature a tbabord visé a déterminer le modéle de
digestionin vitro le plus pertinent a utiliser dans ce travail desth Pour cela, un bref rappel
des difféerents phénomeénes se produisant au coues digestion est effectue, permettant de
discuter la pertinence des différents modéles gestionin vitro retrouvés dans la littérature.
Dans un second temps, afin de déterminer les fectewdulateurs de la bioaccessibilité
intéressants a étudier dans notre travail, les éemmrde la littérature qui traitent de la

bioaccessibilité des contaminants chimiques deseaiis sont également discutées.



1/ Les contaminants chimiques de la viande

Les animaux d'élevage sont potentiellement expasédes sources diverses de
contamination (environnement, paturage, alimentatip lls peuvent également étre soumis
a des traitements meédicamenteux utilisés a tit@pipractique ou encore en tant que
promoteurs de croissance. De ce fait, différemqiegyde contaminants chimiques peuvent étre
détectés dans la viande. Ces contaminants peuvewerpr comme indiqué précédemment
d’'une exposition des animaux a des substances gqi®iau cours de leur élevage, mais
également d’'une contamination de la viande au cderson stockage ou encore d'une
néoformation au cours de la cuisson de la viandeg#, 2013 ; Enget al, 2015). Nous nous
intéresserons ici uniguement aux contaminants algdes animaux peuvent étre exposés au
cours de leur élevage et qui peuvent potentiellerserretrouver dans la viande consommée

par ’'Homme.

1.1/ Les métaux lourds

La famille des métaux lourds regroupe différentgsstances parmi lesquelles les plus
toxiques sont l'arsenic (As), le mercure (Hg), lenpb (Pb) et le cadmium (Cd), dont le
risque actuel pour les consommateurs ne peut pes détarté d’aprés I'Etude de
l'Alimentation Totale francaise n°2 (EAT2) publigear I'agence nationale de sécurité
sanitaire de l'alimentation, de I'environnement dat travail en 2011 (ANSES, EATZ2,
Tomel). Ces substances, bien que naturellemenémessdans I'environnement, peuvent
également provenir d’apports anthropiques (acsvitédustrielles, minieres et agricoles)
(Marqueset al, 2011). Une exposition aux métaux lourds peuta@mér chez I'Homme des
Iésions cutanées, des développements de cancereetdeds de développement, une atteinte
du systéme nerveux central, des maladies cardiolzaszs et rénales ou encore une
perturbation du métabolisme du glucose entrainantisque de diabete (ANSES, EAT2,
Tomel). Les Valeurs Toxicologiques de Référence pes substances sont de 0,3 a 8 ug/kg
pc/j pour l'arsenic, 0,5 a 1,5 pug/kg pc/jour paeiplomb, 0,36 pg/kg pc/jour pour le cadmium
et 0,23 pg/kg pc/jour pour le mercure tandis quxgdobsition moyenne de la population
francaise adulte a ces substances a pu étre estsgectivement a 0,28 pg/kg pc/jour, 0,20
pno/kg pcl/jour, 0,16 pg/kg pcl/jour et 0,18 pg/kg jgo. Toujours selon I'EATZ2, la

consommation de viande contribue chez les adul8®s de I'exposition a I'arsenic, 4% de



Figure 3. Structure chimiques des polychlorinated ibenzo-p-dioxins (PCDD),

polychlorinated dibenzofurans (PCDF) et polychloroliphényles (PCB)

Isomére ou groupe homologue TEF (OMS 1998) TEF (OMS 2005)
(numéro IUPAC pour les isomeéres de PCB)
PCDD 2,3,7,8-tétraCDD 1 1
1,2,3,7,8-pentaCDD 1 1
1,2,3,4,7,8-hexaCDD 0,1 0,1
1,2,3,6,7,8-hexaCDD 0,1 0,1
1,2,3,7,8,9-hexaCDD 0,1 0,1
1,2,3,4,6,7,8-heptaCDD 0,01 0,01
0ocCbD 0,0001 0,0003
PCDF 2,3,7,8-TCDF 0,1 0,1
1,2,3,7,8-pentaCDF 0,05 0,03
2,3,4,7,8-pentaCDF 0,5 03
1,2,3,4,7,8-hexaCDF 0,1 0,1
1,2,3,6,7,8-hexaCDF 0,1 0,1
1,2,3,7,8,9-hexaCDF 0,1 0,1
2,3,4,6,7,8-hexaCDF 0,1 0,1
1,2,3,4,6,7,8-heptaCDF 0,01 0,01
1,2,3,4,7,8,9-heptaCDF 0,01 0,01
OCDF 0,0001 0,0003
PCB 3,3,4,4'-TCB(77) 0,0001 0,0001
non ortho 3,3',4'5-TCB (81) 0,0001 0,0003
3,3',4,4'5-PeCB (126) 0,1 0,1
3,3'4,4'5,5"-HxCB (169) 0,01 0,03
PCB 2,3,3',4,4’-PeCB (105) 0,0001 0,00003
mono-ortho 2,3,44'5-PeCB (114) 0,0005 0,00003
2,3',4,4'5-PeCB (118) 0,0001 0,00003
2'3,44'5-PeCB (123) 0,0001 0,00003
2,3,3',4,4',5-HxCB (156) 0,0005 0,00003
2,3,3',4,4',5-HxCB (157) 0,0005 0,00003
2,3'4,4'5,5-HxCB (167) 0,00001 0,00003
2,3,3'4,4'5,5'-HpCB (189) 0,0001 0,00003

Tableau 1 : Facteurs d’équivalence toxique définipar I'OMS pour les PCB et PCDD/F



'exposition au plomb, moins de 1% de I'expositian cadmium et 3% de I'exposition au

mercure.

1.2/ Les micropolluants environnementaux

La famille des micropolluants environnementaux eege différents contaminants
dont les polychlorinated dibenzo-p-dioxins (PCDD@s polychlorinated dibenzofurans
(PCDF) et les polychlorobiphényles (PCB) qui soes composés aromatiques comptant
respectivement 75, 135 et 209 congénéres se distmgoar le nombre et la position des
atomes de chlore sur les cycles aromatiques (Figur€es contaminants sont trés stables
chimiquement, insolubles dans I'eau mais tres detutlans les lipides et peu biodégradables
(Joneset al, 1999). Alors que les dioxines et furanes (PCDDgBht formeés lors de
combustions incompletes ou de réactions chimigiessPCB sont des mélanges industriels
fabriqués et utilisés jusqu’en 1987 pour leurs pgai@s isolantes et leur stabilité. D’'un point
de vue toxicologique, seuls 17 congéneres de PCOD/Eongénéres de PCDD et 10
congénéres de PCDF) ont été considérés toxiquesoigéneres de PCB se comportent
comme les PCDD/F en se liant au récepteur celulair (Aryl hydrocarbon), et sont dits «
dioxin-like » (PCB-DL), par opposition aux autreSHE « non dioxin-like » (PCB-NDL). Ces
12 PCB-DL sont classiquement traités avec les PEDpdur I'évaluation des risques
(ANSES, EAT2, Tomel). Le risque lié a I'expositianx PCDD/F et PCB-DL est évalué a
I'aide d’une grandeur appelée facteur d’équivalaogeue (TEF ou toxicological equivalent
factor), qui représente en fait un coefficient degération permettant d’exprimer la toxicité
de I'ensemble des congéneres de méme activitédlogicue dans une méme unité, les
équivalents toxiques (TEQ) (Tableau 1). Avec un TdeF1, le 2,3,7,8-TCDD (congénere
majeur de I'accident de Seveso de juillet 1976)lesteul des 17 congéneres de PCDD/F a
étre classé cancérigene (groupe 1) pour I'hommel'p@RC (International Agency for
Research on Cancer) (Puss$al, 2013). Une exposition aux PCB et PCDD/F peutargeht
entrainer chez I'Homme des effets thyroidiens, to#pgiques ou encore un
dysfonctionnement du systéme immunitaire et deolaction de reproduction. Une dose
journaliére tolérable a été fixée a 2,33 pg TEQ Okipc/jour pour les PCDD/F+PCB-DL
tandis que I'exposition moyenne journaliere de dgation adulte francaise est estimée a
0,47 pg TEQ OMS /kg pc/jour. L'alimentation consétla principale voie de contamination
de la population générale aux PCB et PCDD/F (pri9d % de I'exposition). La viande

représente I'un des vecteurs alimentaires imp@tdatces composes, en contribuant a 13,1%
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Figure 4. Structure chimiques des familles d’antibotiques tétracyclines et sulfamides



de I'exposition aux PCDD, 10,9% de I'exposition &&B-DL et 11,3% de I'exposition aux
PCB-NDL (ANSES, EAT2, Tomel). Il est important deter que, parmi les 209 congéneres
de PCB, six sont plus fréqguemment retrouvés damsniatrices alimentaires (PCB-28, 52,
101, 138, 153 et 180), représentant jusqu’a 50 ¥edeemble des congénéres présents. Ces
six congéeneres de PCB ajoutés aux 12 PCB-DL caestitles 18 PCB classiquement
recherchés dans la viande (Siebtl, 2012).

Les retardateurs de flamme bromés (RFB) sont égalendes micropolluants
environnementaux. Ces substances sont incorpoegesles matiéres plastiques d’appareils
électrigues et de circuits électroniques, maisedgaht dans des mousses et des matériaux de
capitonnage, les intérieurs de voitures et d’aviainsi que dans certains textiles en vue de
leur conférer des propriétés ignifuges. Une exmositaux RFB peut entrainer des
dysfonctionnements des fonctions hépatiques, hoareen reproductives, nerveuses et
immunologiques. Les polybromodiphenyl ethers (PBIdit partie de la famille des RFB
mais I'EAT2 a conclu que leur risque pour la sadés consommateurs peut étre écarté
(ANSES, EAT2, Tomel). A linverse, il n’est a I'neuactuelle pas possible de conclure
guant au risque lié a I'hnexabromocyclododécane (BEBQn autre RFB pour lequel les
données toxicologiques restent parcellaires et peguel il n'existe actuellement pas de
valeur toxicologique de référence pertinente. L@sifjon moyenne journaliere & 'HBCD

s’éleve chez les adultes a 0,211 ng/kg pc/j etdade contribue a 24,7% de cette exposition.

Les hydrocarbures aromatiques polycycliques (HA®)t fégalement partie de la
famille des micropolluants environnementaux maisritgjue lié a la présence de ces
contaminants dans les aliments sur la santé deogonateurs est actuellement écarté par les
autorités (ANSES, EAT2, Tomel).

1.3/ Les antibiotiques

Les antibiotiques peuvent étre administrés aux ankma des fins thérapeutiques ou
prophylactiques. lls peuvent se retrouver dangteduits carnés consommeés par I'Homme
en cas de non-respect des doses d’administratiadeswlélais d'attente (Reéj al, 2008).
Les sulfamides et les tétracyclines (Figure 4) demtdeux familles d’antibiotiques les plus
frequemment détectées dans les derniers plansrdeilince et plans de contrdle réalisés en

France en 2010, 2012 et 2014 (http://agricultunevdd). Une exposition a ces deux familles
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Figure 5. Structure chimiques du diméthoate
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Figure 6. Structure chimiques des mycotoxines aflakines, ochratoxines et fumonisines



d’antibiotiques peut entrainer chez 'Homme destiéas allergiques et le développement de
résistance aux antibiotiques (Kishida, 2002)est pourquoi des Limites Maximales de
Résidu (LMR) ont été fixées a 100ug/kg de viander mes deux familles de contaminants.

Les antibiotiques n’ont pas fait partie des contants ciblés dans le cadre de 'EAT2.

1.4/ Les pesticides

Les pesticides comprennent en particulier les amiosts phytosanitaires utilisées pour
des raisons agronomiques, et regroupent de nomioruposeés de structure et de propriétés
physico-chimiques différentes. Les substances las fréquemment retrouvées dans les
aliments sont le pyrimiphos-méthyl, le chlorpyrighméthyl, le chlorpyriphos-éthyl,
liprodione, le carbendazime et I'imazalil (ANSEEAT2, Tome2). Une exposition aux
pesticides peut entrainer un risque de cancerdgifenctionnements du systeme nerveux et
du systeme de reproduction ou encore une pertarbatdocrinienne (Pussd al, 2013),
méme si les modes d’action et les effets sont bkesad’'une famille de pesticides a I'autre.
L’EAT2 a mis en évidence qu'il était impossible danclure quant au risque sur la santé des
consommateurs pour certains pesticides (dithiocaabes, éthoprophos, carbofuran, diazinon,
méthamidophos, disulfoton, dieldrine, endrine githehlore). Par ailleurs, un pesticide de la
famille des organophosphorés, le diméthoate (Figi)représente des dépassements de la
valeur toxicologique de référence chez certaineg®gosies de la population. Pour ce
pesticide, une dose journaliere admissible de 0j0@lkg pc/j a été établie tandis que
I'exposition moyenne de la population adulte esie&e entre 0,02 pg/kg pcl/j et 1,24 ug/ kg
pc/j. Bien que peu fréguemment détectés, des residipesticides peuvent se retrouver dans
la viande si, au cours de leur élevage, les anincamsomment une alimentation elle-méme
contaminée en pesticides. La viande n’est cependastun contributeur significatif de

I'exposition a ce contaminant.

1.5/ Les mycotoxines

Les mycotoxines sont des métabolites secondairexlujgs par les souches
toxinogénes de moisissures (Aspergillus, Peniaillitrusarium, Byssochlamys...) pouvant se
développer en particulier sur les céréales et lerdge dans des conditions de stockage
favorables (température, humidité). A ce jour, piegs250 mycotoxines ont été identifiees,

parmi lesquelles les aflatoxines, les ochratoxmesncore les fumonisines (Figure 6). La
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Food Matrix Contaminant Cooking mode Cooking lossg Référence
Environmental micropollutants
Fish products PCBs Frying (10-15min) 12% Raatial, 2013
Deep-frying (1min) 47%
Fish PCBs Pan-frying (2min) No significant loss Moyaet al, 1998
Broiling (2min) No significant loss
Beef PCDD/Fs Stewing (15min) No significant loss sBRet al, 2001
Hamburger patties PCDD/Fs Pan-frying (210°C, 20min) 40-50% Petrosket al, 1998

Beef PCDD/F and PCB-DL

Boiling (100°C, 5min)
Broiling (approximately 5min)

31% (PCDD), 54% (PCDF), 29¢t-PCB)
41% (PCDD), 49% (PCQDB1% (dI-PCB)

Hori et al, 2005

PCDD/Fs and

Ground beef coplanar PCBs

Broiling (approximately 30min)

47% (PCDDs), 46% ([P¥X), 52% (coplnar PCBS)

Schecttral, 1998

Salmon PCBs and PBDES

Pan-frying (180°C, 5min)
Microwaving (500W, 5min)
Boiling (100°C, 5min)
Baking (180°C, 30min)

36% (PCBs), 42% (PBDES)
23% (PCBs), 25% (PBDES)
28% (PCBs), 32% (PBDES)
28% (PCBs), 44% (PBDES)

Bayenet al, 2005

Antibiotics

Boiling (100°C, 12min)

45-61%

Chicken thigh muscle Sulfonamide Roasting (170°C, 12min) 38-40% except for sulfaidi@Zno significant loss) Furusaweet al, 2002
Microwaving (500W, 1min) 35-41%
Microwaving (20min) 46-99%
Chicken thigh muscle  Tetracyclines Boiling (100°C, 40min) 44-835% Abou-Rayeet al, 2013
Roasting (180°C, 80min) 42-95%
Pesticides
Grilling (85°C at core) 33%

Ovine meat Lindane Roasting (100°C at core) No significant loss Conchelloet al,, 1993
Pressure cooking (130°C, 30min) No significant loss
Pan-frying (180°C, 5min) 31%
Salmon DDT Microwaving (S00W, Smin) 21% Bayenet al, 2005
Boiling (100°C, 5min) 25% '
Baking (180°C, 30min) 19%

Tableau 2 : Pertes en contaminants chimiques obsef®s dans la littérature lors de la cuisson de prods animaux




toxicité des mycotoxines chez I'homme et I'animsil eariable selon la nature de la toxine et
selon l'espece. Des atteintes rénales, des anandliesysteme nerveux ou du systéme
immunitaire et des développements de cancers dathmoent été décrits dans la littérature
suite a une exposition aux mycotoxines (ANSES, EAT@8mel ; PlUssat al, 2013).
L’exposition moyenne de la population adulte s’élév0,89 ng/kg pc/j. Cette exposition peut
étre liée directement a la consommation d’alimecdstaminés (céréales, fruits....) ou
indirectement ala consommation de produits carnés suite a uneagonation de
lalimentation animale (Marquest al, 2011). D’aprés les résultats de I'EAT2, la seule
mycotoxine dont le risque ne peut pas étre écané ks consommateurs et pour laquelle la
viande est un contributeur de son exposition eshfatoxine B. L'exposition moyenne de la
population adulte est de 1,579 ng/ kg pc/j maig’éiiste pas de valeur toxicologique de
référence. La consommation de viande contribue al&%exposition a cette toxine chez les

adultes.

2/ Devenir des contaminants au cours de la cuissdes aliments

Au cours de la cuisson de la viande, des pertesoataminants chimiques peuvent
étre induites par une libération de ces composés ldgus de cuisson, une thermodégradation
des composés thermosensibles ou encore par uneratirap des contaminants volatils et de
faibles poids moléculaires (Abou-Arab, 1999; Bageal., 2005; Sallanet al, 2008; Rawret
al.,, 2013; Muresanet al, 2015). La cuisson est donc un phénomene a preedre
considération dans la perspective d’'une évaluationisque chimique des aliments parce que
d'une part, seule une fraction des contaminantg@iement présents dans la viande crue se
retrouverain fine dans la viande cuite et d’autre part, certaingdpits de dégradation des

composeés thermosensibles peuvent eux aussi étgeiésx

2.1/ Origine de I'hétérogénéité des données dédadture

Le Tableau 2 recense les principales données titélature traitant des pertes en
contaminants chimiques lors de la cuisson des atsnen ciblant plus particulierement les
produits animaux (viandes et poissons). Ce tablgeunet d’observer que les résultats
obtenus sont tres variables d’une étude a I'aRoseet al. (2001) n’ont par exemple observé
aucune perte en PCDD/F au cours de la cuissoratideide boeuf alors que Hetial. (2005)

ont décrit des pertes allant jusqu’a 41% pour [EBDP et 54% pour les PCDF. La variabilité
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des modes de cuisson étudiés dans la littératuwregipen partie expliquer ces différences.
Ainsi, dans une méme étude, Magtaal. (1998) ont observé que les pertes moyennes en PCB
dans des échantillons de poisson pouvaient vanie & et 47% en fonction du mode de
cuisson.

Au-dela du mode de cuisson en lui-méme, les ceuglmps/température de cuisson
utilisés varient également significativement erlge études. Il est cependant important de
noter que les conditions de cuisson ne sont pasuisuprécisées dans la littérature, limitant
alors la comparaison des études entre elles. Cgurad'information empéche également
I'utilisation de ces données pour les analysessdgie. En effet, si 'on prend I'exemple de la
viande, au moins deux criteres doivent étre pris@npte lors de I'évaluation du risque : le
mode de cuisson, qui doit se rapprocher de celui eptt le plus répandu chez les
consommateurs (la cuisson a la poéle pour les comsteurs francais), mais également la
température a cceur de la viande, qui doit se rapprodes recommandations de 'OMS
(70°C). Or, le manque d’informations concernantteapératures a cceur obtenues dans les
différentes études ne permet pas d'identifier eselti se rapprochent le plus des
recommandations de I'OMS. La comparaison des m@@sulbbtenus dans les études de la
littérature est aussi limitée par le fait que degauteurs ne se sont pas intéressés aux pertes
en contaminants au cours de la cuisson, commeeselgecensé dans le tableau 2, mais aux
concentrations en contaminants dans les alimeatst & aprés cuisson (Peredibal, 2008 ;
Perelléet al, 2009 ; Perell@t al, 2010 ; Nachmast al, 2013).

2.2/ Devenir a la cuisson des composés thermostable

Les principaux contaminants thermostables des @sdanimaux sont des
micropolluants environnementaux tels que les PEBACDD/F ou les métaux lourds. Etant
donné que ces composés ne peuvent pas s'évaparmmapératures de cuisson des aliments,
les pertes observées sont attribuables uniqguemienir &xpulsion dans le jus de cuisson. La
montée en température de la matrice va induirggdésomenes de dénaturation des protéines
et de thermocontraction du collagene induisantlio@éeation de jus, mélange principalement
composeé d’eau et de lipides (Kondjoyatral, 2013).

La libération des contaminants dans le jus de oniss été tout particulierement
étudiée par Bayeat al. (2005) lors de I'étude du devenir des PCB au cderta cuisson de
poisson. Dans cette étude, quatre modes de cudiBérents ont été étudiés : cuisson a la

poéle (5min a 180°C), cuisson aux micro-ondes (5amba®0W), cuisson par €bullition (5min
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a 100°C) et cuisson au four (30min a 180°C). Selmauteurs, les PCB étant des composeés
particulierement lipophiles, leur perte au courslaleuisson est positivement corrélée aux
pertes en lipides dans le jus de cuisson (Figur®at) conséquent, comme le précisent Bayen
et al, la concentration en PCB de la viande, si cellestirapportée a la quantité de matiere
grasse de la matrice, n'est pas significativeméifiérdnte entre la viande crue et la viande
cuite. Plusieurs travaux montrent que les perteBP@B sont positivement corrélées avec la
teneur en matiére grasse de I'échantillon étugiés la teneur de la viande en matiére grasse
est élevée, plus la quantité de lipides expulsés tajus est importante, et plus les pertes en
PCB sont importantes (Baye al, 2005 ; Oroszvaret al, 2006). En revanche, Bayenal.
(2005) n’ont pas observé de corrélation entre &xtep en PCB et la température a cceur de la
viande cuite contrairement a ce que I'on pournaitp®ser au regard des résultats obtenus par
Aaslyng et al (2003) indiquant que plus la température a coms produits animaux

augmente et plus la perte en lipides est importante

2.3/ Devenir a la cuisson des composés thermodessib

Un autre phénomene pouvant expliquer les pertesoataminants au cours de la
cuisson des produits animaux est la dégradatiocedecomposés sous l'effet de la chaleur.
Différentes études ont décrit ce phénomeéene pourcdegposés thermosensibles tels que des

antibiotiques, des pesticides et certains polluanigronnementaux.

2.3.1/ Antibiotiques

Concernant les antibiotiques, les deux principtdeslles qui seraient susceptibles de
subir des phénoménes de dégradation au cours deidaon sont les sulfamides et les
tétracyclines.

Parmi les molécules de la famille des tétracycliteesloxycycline serait la substance
la plus thermorésistante alors que l'oxytetracylserait la plus sensible aux traitements
thermiques (Hassaei al., 2008, Abou-Rayat al, 2013). Concernant la tétracycline et la 4-
epi-tétracycline, Gratacés-Cubaseti al. (2007) ont observé qu’une cuisson par ébullition
(14min a 100°C) ou aux micro-ondes (6min a 440W)videde contaminée par ces deux
substances pouvait entrainer leur dégradation drydamtétracycline (ATC) et 4-épi-
anhydrotetracycline (4eATC). Ces produits de dégfiad pourraient étre impliqgués dans le

développement du syndrome de Fanconi caractéris@éupdrouble de la fonction rénale
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(Kahne et al, 2001). Cette observation renforce la justificatibe la prise en compte de
I'effet cuisson dans les évaluations toxicologiques

Concernant les sulfamides, bien gu’a notre conaa@Es aucune étude ne se soit
intéressée a leur dégradation au cours de la cudes® aliments, les pertes entre 45% et 61%
apres 12min a 100°C observées par Furussved (2002) (Tableau 2) laissent supposer que

ce phénomeéne ne doit pas étre exclu pour cettdléaaiantibiotiques.

2.3.2/ Pesticides

Une isomérisation du lindane lors de la cuissoriadeiande a été décrite dans la
littérature. Le lindane (gamma-hexachlorocyclohejgpourrait en effet étre converti en ses
isomeres alpha (Jaat al, 1982) ou béta (Conchelket al, 1993) sous l'effet de traitements
thermiques, I'isomere béta étant le plus toxiquerpélomme. La cuisson pourrait également
induire la formation de produits de dégradatiorliddane lors de la cuisson de la viande de
bceuf (2h a 115°C) (Jaet al, 1982). Le dichlorobenzene et le trichlorobenzene été
identifiés comme les produits de dégradation prédants du lindane. D’'un point de vue
toxicologique, ces composés ont une toxicité édenta au lindane. De plus faibles quantités
de tetrachlorobenzene, pentachlorobenzene, hexabklwzene, gamma-
pentachlorocyclohexene et hexachlorocyclohexene éagdlement été identifiés comme
produits de dégradation du lindane. D’aprés leswastde cette étude, une viande riche en
lipides limiterait la dégradation du lindane.

Sous l'effet de traitements thermiques, le DDT rpaiti se transformer en DDD et
DDE (Sibandeet al, 2011 ; Abou-Aratet al, 1997 ; Skibniewskat al, 2003 ; Bayarret al,
1994). La conversion du DDT en DDE a notammentodtgerveée lors de cuisson de poulet
(2h30 a 93°C) (Morgast al, 1972). Ce phénomene est important a prendremsidgration
en raison de la toxicité du DDE. En effet, des ésudnt montré que le DDE est neurotoxique
et qu’'une exposition a ce contaminant peut entratmee perturbation du systéme de
reproduction chez 'Homme mais également peut antgnde risque de développement du
cancer du sein chez la femme (Snedekexd, 2001 ; Quaret al, 2014 ; Wnulet al,, 2016).

Les pesticides organophosphorés, tres sensibkeatements thermiques, tels que le
famphur (Coulibalyet al, 1993), le fenthion (Coulibalgt al, 1994) ou encore le parathion
(Coulibalyet al, 1993) pourraient également subir une dégradatos I'effet de la cuisson.
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2.3.3/ Polluants environnementaux

Les polluants environnementaux, et notamment [|'BeamoCycloDodecane
(HBCD) et les PolyBromoDiphenylEthers (PBDE), paient également subir des
phénomenes de dégradation au cours de la cuisson.

Bien qu’aucune étude n’ait validé cette hypothdaas des matrices alimentaires,
'HBCD subirait des phénomenes d’isomérisation @oite thermodégradation lors de
cuissons tres intenses. En effet, au-dela de 16@°Gamma-HBCD (isomeére prédominant
dans les formules commerciales) subit des phénmndiomeérisation principalement en
alpha-HBCD (Barontiniet al, 2001). Au-dela de 230°C, 'HBCD peut se décompose
notamment en tribromocyclododecatriene. Des réastiadle débromation secondaires
conduisent alors a la formation de composeés tétrgenta-bromés (Figure 8). Compte tenu
des températures élevees auxquelles ont été obsereé dégradations, ces phénomenes ne
pourraient cependant se produire qu'a des conditid® cuissons trés intenses, de type
cuisson au grill ou au barbecue.

Pour les PBDE, une étude réalisée sur le BDE 2Q#ranis d’observer que ce
composé pouvait subir des phénomenes de débronaatioaurs de la cuisson (Bendigal,
2012). En effet, la cuisson (15min a 200°C) de smiscontaminé en BDE 209 a entrainé la

formation de composés nona- et octa-bromés.

La libération des contaminants chimiques thermetaésts dans le jus de cuisson et la
thermodégradation des contaminants thermosensibted donc les deux principales
explications des pertes en contaminants chimiquesergées au cours de la cuisson des
produits animaux. Le phénoméne de thermodégradatooependant que peu été étudié dans
la littérature. Ceci laisse supposer que certaingtaminants présentant des pertes
significatives au cours de la cuisson, tels que de#famides, pourraient subir une
thermodégradation, bien que ce phénomeéne n’'aiepesre été décrit dans la littérature pour
ces molécules. Pour finir, bien que [I'évaporatioas dcontaminants de faible poids
moléculaire, tels que certains pesticides, ait agiiservée lors de la cuisson de produits
végétaux (Abou-Arab, 1999), a notre connaissare@hénomene n’a pas été décrit lors de la

cuisson de produits animaux.

13



Mouth

* Chewing and mixing with saliva
* pH 57
® Transit time: 10s—2 min

« Salivary enzymes (amylase, lingual
lipase)

Stomach

* Mechanical and enzymatic processing of
ingested bolus

* pH 1-5
* Transit time: 15 min - 3 hours

* HCI, pepsin, gastric lipase

Small intestine

* Breaking down of macromolecules
and absorption of nutrients

* pH 6~7.5
* Transit time: 2 = 5 hours

* Pancreatic juice, bile, NaHCO,

Colon

* Microbial fermentation of undigested
food and water reabsorption

* pH 5-7
* Transit time: 12 - 24 hours

* Microbiota

TRENDS In Blotechnoiogy

Figure 9 : Principaux organes impliqués dans la digestiofGuerra et al., 2012)




3/ Devenir des contaminants chimiques au cours da tligestion des aliments

3.1/ Le processus de digestion

La digestion est un procédé séquentiel complesarfintervenir des transformations
mécaniques et enzymatiques et lors duquel les algringérés sont dégradés en nutriments
qui seront utilisés pour les besoins de I'organigfigure 9). La digestion débute au niveau
de la bouche ou la mastication combinée a l'adtieta salive et de ses enzymes permettent
une premiere dégradation des aliments et la foomatu bol alimentaire (Dean & Ma, 2007).
Aprés un passage par l'cesophage, la digestion sesyb dans l'estomac ou le bol
alimentaire entre en contact avec la solution gpstrqui contient en particulier de I'acide
chlorhydrique (HCI) permettant une chute progressiv pH gastrique (d’approximativement
6,5 a 1,5), qui va permettre I'hydrolyse protéiqi@uerraet al, 2012). La dégradation
protéigue est amplifiée par la solution gastrigc@nposée d’enzymes comme la pepsine,
alors que la dégradation mécanique des particlie®r#aires par les ondes péristaltiques
intervient au niveau distal de I'estomac et perladéormation du chyme (Guergt al, 2012).

La digestion du chyme acide résultant des dégm@muatastriques se poursuit au niveau des
différentes parties de l'intestin gréle : le duogkdnqui recoit les sécrétions digestives du foie
et du pancréas, le jéjunum puis l'iléon (Dean & N®07). Le bicarbonate de sodium
(NaHCQ) présent au niveau du duodénum permet tout d’aberdeutraliser I'acidité du
chyme afin de rétablir un pH adapté aux activités dnzymes actives au niveau intestinal.
Les enzymes pancréatiques (lipases, amylasesapestéet les enzymes digestives produites
par la paroi interne de l'intestin gréle agissemduite ensemble pour permettre la dégradation
des constituants alimentaires. La bile produiteni@eau du foie joue un réle spécifique dans
la digestion des lipidesia leur émulsification en fines gouttelettes permdtiandébut de
l'activité de la lipase pancréatique. Les résidas absorbés au niveau de l'intestin gréle se
retrouvent au niveau du colon ou a lieu I'absorptibeau et d’électrolytes, la fermentation
des polysaccharides et des protéines par le maimha réabsorption des sels biliaires et la
formation, le stockage et I'élimination des fec@si¢rraetal., 2012).

Lors de la digestion d’aliments contaminés, seulke fuaction des contaminants pourra
étre libérée de la matrice alimentaire avant devpiolétre absorbée par I'organisme et se
retrouver au niveau de la circulation sanguinel@mipourra exercer des effets toxiques @fu
al.,, 2008 ; Yuet al, 2011). Cette fraction est appelée la fractionaboessible. La

bioaccessibilité d’'un contaminant est alors calkewg déterminant le rapport entre la quantité
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de contaminants présents dans cette fraction leesaitile et la quantité totale de

contaminants initialement présents dans la maaliogentaire (Figure 10). Xingt al. (2008)

ont par exemple montré que seuls 3% des PCB cantlans des échantillons de poisson sont
bioaccessibles. Ce faible pourcentage indique dpne pour évaluer de maniére fiable

'exposition humaine aux contaminants alimentairkésgst nécessaire de connaitre cette
fraction bioaccessible mobilisée de la matrice, cuirespond a la fraction maximale de

contaminants effectivement disponibles pour I'apson intestinale (Yiet al, 2009).

3.2/ Les modéelem vitro d’étude de la bioaccessibilité digestive

L’étude in vivo du procédé complexe de la digestion est technigaéerdifficile,
colteux et limité par des contraintes éthiquesqloesl’étude porte sur des substances
potentiellement dangereuses telles que des cordaisiralimentaires. Afin d’étudier le
devenir et la bioaccessibilité des contaminantsigeau du systeme digestif humain, il est
donc nécessaire de développer des approahegtro qui reproduisent les conditions
physiologiques de la digestion (Gueetaal, 2012).

Parmi les digesteurm vitro développés pour évaluer la bioaccessibilité ddupnts
alimentaires, les modeles statiques représentagiss conditions stomacales et intestinales
avec un nombre limité de parameétres simulés santplas répandus et se sont révélés
pertinents (Guerrat al, 2012). La simulation de la phase gastrique abdastion (pH=1-4 ;
37°C) s’appuie notamment sur |'utilisation d’'uneaqtité déterminée de pepsine (Dearml.,
2007). Cette étape peut étre suivie par la modiisal’'une phase intestinale (pH=4-7,5 ;
37°C) avec l'utilisation d’enzymes pancréatiquedetels biliaires.

Cependant, ces systémes statiques ne reprodpaeies processus dynamiques de la
digestion tels que la vidange gastrique, les graslide pH ou les flux de sécrétion. C’est
pourquoi des modéles dynamiques ont été dévelogii@sie se rapprocher des conditions
réelles de la digestion chez I'Homme. Parmi eus, diggesteurs dynamiques a un seul
compartiment permettent de modéliser la phaseigastde la digestion avec notamment une
acidification progressive du contenu gastriqua l'addition d’acide chlorhydrique. Les
modeles dynamiques a deux compartiments mimenttguaox les conditions retrouvées au
niveau de I'estomac et de I'intestin gréle proxir@aldis que les modéles dynamiques multi-
compartiments comme les systemes de type TIM-1 (Td#3tro-Intestinal Model 1)
représentent les conditions stomacales puis ledittmms retrouvées au niveau du duodénum,

du jéjunum et de l'iléon (Guerret al, 2012). Ces systemes integrent donc les variatiens
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vitesse de vidange gastrique, de température,ihgtiques de pH ou encore les temps de
transit retrouvés lors de la digestion, parametyes peuvent grandement influencer les
valeurs de bioaccessibilité obtenues (Guetral, 2012; Torres-Escribaret al, 2011). Tous
ces modeles, bien que pertinents, ne peuvent @asnwns rendre compte des mécanismes
de rétrocontrdle, des contrbles hormonaux et netvale lintervention du systeme
immunitaire ou encore de la complexité du micrabiet des mouvements péristaltiques
retrouvés chez I'Homme lors de la digestion (Guetral, 2012). Leur validation par des

donnéesn vivoreste donc nécessaire.

3.3/ Les facteurs de variation de la bioaccesgbili

Il existe une grande variabilit¢ des données dedgiessibilité disponibles dans la
littérature. Plusieurs facteurs de variation pademé expliquer ces différences: citons
notamment la nature du contaminant étudié et sgwiptés physicochimiques, la variation de
composition et de structure des matrices étudiésgrocédés de transformation des aliments
avant ingestion (notamment la cuisson) ou enc@edeiations concernant les protocoles de

digestionin vitro qui different entre les différentes études.

3.3.1/ Nature du contaminant

Les valeurs de bioaccessibilité dépendent toutaitthlole la famille de contaminants
étudiés et, au sein d’'une méme famille, de la nuddéciblée. Lors d’'une étude sur les métaux
lourds contenus dans des fruits de mer, Amérdl. (2008) ont par exemple observé que la
bioaccessibilité moyenne de ces contaminants \d®i&3% pour le plomb a 54% pour le
cadmium. Xinget al. (2008) ont, quant a eux, remarqué que la bioaixskies des PCB
contenus dans des échantillons de poissons owgdmés variait selon le congénére étudié,
les congénéres les moins chlorés étant les plusctéssibles. Ces différences pourraient
s’expliquer par les propriétés physico-chimiques dentaminants et notamment par leur
caractére lipophile. Wangt al. (2010) ont ainsi suggéré que les HAP les plusplies
étaient les moins bioaccessibles. Cette hypothesgagit confirmer les résultats de Ximeg
al. (2008) précédemment discutés pour les PCB : |d3 IB€ moins chlorés étant les moins
lipophiles.
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3.3.2/ Nature de la matrice alimentaire

Au-dela de la nature du contaminant chimique, lmmasition et la structure de la
matrice étudiée semblent impacter la bioaccessibilles variations de la bioaccessibilité en
fonction de la teneur en matiére grasse des matguaadiées ont notamment été mises en
évidence. Xinget al. (2008) ont par exemple évalué a 3% la bioaccé#éilmhoyenne des
PCB dans des échantillons de poisson contenai8w@de matiére grasse alors que dans des
échantillons d’aliments beaucoup moins gras teks des épinards et des salades (0.1% de
matiere grasse en moyenne), la bioaccessibilite s¢mificativement plus élevée (25%). En
revanche, Yuet al. ont mis en évidence que la teneur en lipides spmedait au facteur
préedominant affectant la bioaccessibilité des auoiriants au-dela d’'un seuil de 1.8% du
poids frais (Yuet al, 2011). A partir de ce seull, ils ont observé woerélation entre la
bioaccessibilité des PBDE et le taux de lipidesplesluits animaux analysés (Figure 11). En
ce qui concerne la structure de la matrice, Katl@l. (2003) ont notamment observé qu’un
broyage fin de la matrice alimentaire étudiée avantéalisation des digestions vitro
pouvait augmenter les valeurs de bioaccessibik® amines hétérocycliques (Kudp al,
2003).

3.3.3/ Influence des procédés de transformati@ncuisson

Les traitements préalables subis par les alimewasitaleur consommation et leur
digestion ont également une influence sur les valdea bioaccessibilité. La cuisson aurait par
exemple un effet non négligeable, avec des vanstiobservées selon les méthodes
employées, l'intensité de la cuisson et la cinéigles traitements thermiques réalisés
(Marqueset al, 2011; Maulvaulet al, 2011; Paget al, 2012). Sheret al. (2016) ont par
exemple observé que la bioaccessibilité des PCBadeande était significativement plus
faible (p<0.05) aprés cuisson par ébullition (5min a 100§Capres friture dans de I'huile de
cuisson (5min a 200-300°C). Différentes étudesgéas sur des éléments métalliques traces
(Cu, Cd, Zn...) ont également montré que la cuissenpdissons et produits de la mer
entrainait généralement une diminution de la biessibilité de ces aliments, quel que soit le
mode de cuisson utilisé (cuisson a la poéle, dl) gar ébullition ou a la vapeur) (Amiaet
al., 2008 ; Metiaret al, 2009 ; Heet al, 2010). Une explication potentielle de la dimiouti
de la bioaccessibilité lors d’une cuisson intenmgcernerait la dénaturation des protéines qui

se produit lors de la cuisson, rendant la matriae pompacte et limitant alors I'acces et donc
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I'activité des enzymes digestives (Kudp al, 2003 ; Heet al, 2010). Ainsi, I'activité de la
pepsine peut par exemple étre réduite au coura digéstion de viande cuite par rapport a de
la viande crue comme cela a été démontré par Sbatdtellieret al. (2008).

3.3.4/Différences inter-laboratoires : les protocolesldgstion

Un autre facteur d’explication de la dispersion dedeurs retrouvées dans la
littérature réside dans les différences entre tesopoles de digestion utilisés, que ce soit en
termes de composition des solutions gastriquasettinales, de pH ou de durée de digestion,
alors que ces criteres influencent significativetiarpioaccessibilité (Maulvaudt al, 2011).

La grande variabilité entre les protocoles en decqacerne les concentrations en enzymes et
les activités enzymatiques est un premier fact&xptication de la dispersion des valeurs de
bioaccessibilité¢ de la littérature (Minekwt al, 2014). De plus, l'utilisation d’extraits
biliaires d’espéces animales différentes et donccdeposition et d’activité différentes
peuvent influencer les mesures de bioaccessibiitasi, Oomenet al. (2004) ont par
exemple observé que l'utilisation dans leur prol®@o vitro de digestion de bile provenant
de volaille entrainait des valeurs de bioacces$sibd a 5,5 fois plus élevées que lors de
I'utilisation de bile d'origine porcine ou bovin®ar ailleurs, le temps d’incubation de la
matrice alimentaire avec les solutions gastro-tirtekes, est lui aussi variable selon les
protocoles et induit des difféerences de bioaccésgsibmesurée . une libération temps-
dépendante des polluants alimentaires dans la@olutestinale a par exemple été observée
lors de l'analyse d’échantillons de poisson (¥ual, 2009). Deux phases de libération
successives ont été mises en évidence au coursodaspus de digestion : une phase plus
rapide durant les 2 premiéres heures ou la bioaitxi® augmente rapidement, puis une
phase plus lente d’augmentation avant d’atteindies valeur d’équilibre au bout de 6 heures
(Yu et al, 2009). Les valeurs de pH utilisées lors d'uneestigpn artificielle influencent
également fortement le résultat final. Un faible @dtiniveau de I'estomac induit par exemple
des valeurs de bioaccessibilité plus élevées (Oanah 2002).

Afin de pouvoir in fine comparer objectivement les résultats obtenus elese
différents laboratoires, un réseau de scientifiguegaillant dans le domaine de la digestion a
récemment proposé un protocole international staisiade digestiom vitro permettant de
mimer au mieux les conditions physiologiques deeslign (Minekuset al, 2014). Ce
protocole statique comprend les trois étapes dassi de digestion : orale, gastrique et

intestinale (Figure 12). Ce protocole a été devmtopour simuler une digestion modele chez
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'adulte mais il est important de garder a I'espyile des variations des conditions de
digestion, notamment en termes de concentratioreneymes digestives et en sels biliaires,
existent physiologiqguement chez 'Homme en fonctien’age (Leviet al, 2014 ; Dupongt

al., 2010 ; Poquett al, 2016 ; Rémonet al, 2015).

Pour conclure, I'état des lieux des données digpesidans la littérature concernant la
bioaccessibilité des contaminants montre que lebi#ité des protocoles de digestion utilisés
empéche de comparer objectivement les données elre et de tirer des conclusions
générales. L'utilisation d’'un protocole « consensustandardisé semble donc un prérequis
indispensable a la poursuite des travaux dans oeaide. L'analyse des données de la
littérature a par ailleurs permis de mettre en @wie les principaux facteurs de variation
pertinents a étudier dans les études de la bicsibdéé. Il s’agit de la composition de la
matrice étudiée, de l'intensité de cuisson de ceitdrice ou encore des concentrations et
activités des enzymes digestives et des selsrbsigui peuvent varier physiologiquement en

fonction de I'age du consommateur.

4/ Conclusion

Cette synthese bibliographique montre que la coissb la digestion sont des
phénomenes qui peuvent moduler significativemeexplosition des consommateurs aux
contaminants chimiques des aliments. Cependantjat@bilité importante des données
disponibles dans la littérature ne permet actuatgnpas de prendre en considération ces
phénomenes dans les évaluations du risque.

La dispersion des données de la littérature s’quplien partie par la variabilité de la
composition des matrices et des niveaux de conttinimétudiés. Afin de pallier ce verrou,
un des prérequis de ce travail de thése est deopadigposer tout au long de I'étude d’'une
matrice de référence intentionnellement contaminéde maniére homogene avec une méme
dose de micropolluants. Cette synthese soulignéedgat que les études s’intéressant au
devenir des contaminants au cours de la cuissateda digestion ne ciblent le plus souvent
gu’un faible nombre de contaminants alors qu’ib#entéressant de pouvoir élargir le spectre
des micropolluants étudiés en analysant des matidentionnellement multi-contaminées
avec desmeéthodes multi-résidus. Ces développements méthodologiquesconstituent

I'objectif des recherches décrites dansHapitre 2 de ce manuscrit.
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Ensuite, les travaux de la littérature qui concetiienpact de la cuisson sur la teneur
de la viande en micropolluants s’appuient sur dedas et des intensités de cuisson souvent
peu décrits, peu controlés et parfois peu réaligtess qu'il serait nécessaire d’obtenir des
données fiables, reproductibles et realistes eocaisant sur le principal mode de cuisson
domestique utilisé en France, a savoirclasson a la poélel’incidence de ce mode de
cuisson sur les trois principales familles de contants de la viande, lewicropolluants
organiques environnementaux, lemétaux lourds et les antibiotiques est le sujet des
recherches présentées danshapitre 3.

Enfin, en ce qui concerne les protocoles de digesin vitro utilisés pour déterminer
la bioaccessibilité des contaminants, ceux-ci sgalement trés variables, limitant alors la
comparaison des données entre elles et ainsi l@epates conclusions. L'utilisation du
protocole standardisé développé par Mine&usil. (2014) pourrait cependant apporter une
réponse pertinente a cette problématique. Danscaeditions dedigestion standardisége
I'étude des principaux facteurs de variation dbeiteccessibilitéque sont la teneur dipides
de la matrice, l'intensité deuisson et les variations physiologiques liéesl'age du
consommateurpermettrait également d’apporter des informatiomsplémentaires a celles

de la littérature. Ces travaux constituent le cdegrrecherches décrites dansHapitre 4.
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Chapitre Il : Mise au point d'une
méthode d’analyse multirésidus des
polluants environnementaux dans une

viande surchargée
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Figure 13 : Schéma d’'un systeme de chromatograph@n phase gazeuse
bidimensionnelle systématique couplé a un spectrorné de masse a temps de vol
(GCxGC-TOF/MS).



Chapitre 1l : Mise au point d'une méthode d’analysemultirésidus des

polluants environnementaux dans une viande surchagg

La premiere partie de ce travail de recherche aistina mettre en place une méthode
analytique « multirésidus » pour suivre dans ur@de intentionnellement contaminée deux
familles de contaminants pertinentes en raisoredeftéquence de détection dans les produits
carnés : les PCB et les PCDD/F.

209 congéneres de PCB et 17 congéneéres toxiqueED®/F peuvent étre retrouvés
dans I'environnement. Les méthodes multirésidus, pgumettent le suivi simultané d’un
large spectre de molécules, sont donc particulienrénmtéressantes pour l'analyse de ces
deux familles de contaminants (Tamegal, 2013). L'utilisation de la chromatographie en
phase gazeuse bidimensionnelle (GCxGC) est aladaamnique de choix. Comme l'illustre
la Figure 13, cette technique s’appuie sur la coaibon en série de deux colonnes de
chromatographie en phase gazeuse, une premiemneodie dimensions « classiques » et une
deuxieme colonne beaucoup plus courte dimensiopaéedes séparations dite « rapides ».
Ces deux colonnes ont une sélectivité différenteoat séparées par une interface appelée
modulateur dont le fonctionnement nécessite Isdtion de liquide cryogénique, le plus
souvent de l'azote liquide. Cet outil permet lasgétion des analytes sur deux dimensions
indépendantes et orthogonales avec un pouvoir gera#on élevé (Focaet al, 2004a). Le
spectrométre de masse a temps de vol (TOF/MS)redétecteur de choix lors de I'analyse
d’'un mélange complexe de composeés puisqu’il est datne frequence d’'acquisition élevée
requise notamment par la chromatographie rapidesjuiéalisée a chaque modulation sur la
seconde dimension (Focast al, 2004a). La combinaison GCxGC-TOF/MS s’avére donc
particulierement indiquée pour I'analyse de mélande contaminants avec des structures
chimiques trés proches (Focantal, 2004a, Engett al, 2013).

Plusieurs auteurs se sont déja intéresseés a Ismalynultanée par GCxGC-TOF/MS
de tous les congénéeres de PCB ou des congénérgsasxie PCDD/F (Megsaat al, 2013 ;
Focantet al, 2004a ; Focardt al, 2004b ; Focangt al, 2005 ; Hohet al, 2007 ; Zapadl@t
al., 2011). Cependant, aucune étude ne s’est end@ressee a I'analyse simultanée des 209
congéneéres de PCB et des 17 congénéres toxiqueSmB/F. C’est donc un des objectifs de
cette premiere partie. Le temps d’analyse maximuici até fixé a 75min afin de pouvoir

utiliser, par la suite, cette méthode en routinee fbis la méthode analytique développée en
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solvant pur, cette derniere a été éprouvée encgratamplexe en prenant comme modele de
la viande intentionnellement contaminée en PCBGRB/F.

De la viande hachée a été choisie comme modélecddiesétude. La viande de bceuf
a 15% de matiere grasse étant la viande hachdadagnsommeée en France, cette matrice a
éteé choisie comme référence. 40kg de steak hashé un méme lot nous ont alors été
fournis par un fabricant de steaks hachés surgdlasde pouvoir travailler sur le méme
produit tout au long de ce travail de these etidimster la variabilité entre échantillons. La
viande hachée présente I'avantage de pouvoir @meobeneiseée facilement apres avoir été
intentionnellement contaminée.

De nombreuses études de la littérature s’appuient I'stilisation de matrices
alimentaires intentionnellement contaminées. Eate# I'inverse des aliments naturellement
contaminés, l'utilisation de ces matrices permetihéter la variabilité des échantillons en
termes de structure ou encore de composition eneean lipides qui sont des facteurs
confondants pour les études que nous envisageamgmker sur la cuisson ou la digestion. La
surcharge intentionnelle en micropolluants permgdlément de contréler le niveau de
contamination des aliments et d’éviter d’étre confé a des problémes de sensibilité des
méthodes analytiques ou a des biais éventuelsaliéges difféerences de rendement de
récupération a l'extraction en fonction de la conaion en contaminants. Bien que de
nombreuses études de la littérature reposent stilishtion de matrices intentionnellement
contaminées, trés peu de données sont disponibfeeimant les méthodes employées pour
réaliser la surcharge en contaminants. Afin d'oibtetme viande intentionnellement
contaminée de maniére homogene et reproductihisjguirs techniques de contamination de
la viande ont donc été testées et comparées. Cksidaes couplent toutes une étape de
surcharge dans la viande des PCB et PCDD/F préatanit dilués dans du solvant et une
étape d’homogéneéisation de la viande.

L’extraction des PCB et PCDD/F de la viande estémpe lourde et délicate a mettre
en ceuvre au cours de laquelle des composés prdij@éesmpour une analyse ultérieure par
GC, tels que les lipides, peuvent étre co-exteitx les composés d’'intérét. Au cours des dix
dernieres années, le développement de I'extraetoglérée par solvant (ASE) qui permet de
réaliser des extractions au solvant, sous pressioad une température élevée, a permis
d’améliorer la vitesse et les rendements d’extwactSunet al, 2012). Cette technique a donc
été utilisée et optimisée dans cette étude. Cepénela raison de la teneur en matiére grasse
élevée de la matrice ciblée, une délipidation ddsaiis a été nécessaire. Deux étapes de

délipidation ont donc été mises en plaga I'ajout d’alumine dans la cellule d’extraction

22



ASE, selon Bjorkluncet al. (2000), permettant ainsi de limiter la co-extractides lipides
avec les PCB et PCDD/F gta une chromatographie par perméation de gel (GPG&¥} po
extraction selon Saitet al. (2004).
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ABSTRACT

This paper evaluates different multiresidue methods based on comprehensive two-dimensional gas chro-
matography coupled to time-of-flight mass spectrometry (GC x GC-TOF/MS) to analyze dioxin-related
micropollutants in complex food matrices. In a first step, the column sets Rtx-PCB/BPX-50 and Rtx-
Dioxin2/BPX-50 were compared in terms of peak shape (width and symmetry) and resolution for the
separation of polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins/dibenzofurans
(PCDD/Fs) in solvent. A satisfactory separation of 206 dioxin-related micropollutants including the 17
toxic PCDD/Fs was achieved in 75 min with the column set Rtx-Dioxin2/BPX-50. In a second time, the
GC x GC-TOF/MS method was spread to the analysis of dioxin-related micropollutants in complex food
matrices. An extraction procedure including accelerated solvent extraction (ASE), centrifugal evapora-
tion and gel permeation chromatography (GPC) was optimized. Starting with meat as a model matrix,
a micropollutant spiking method was then set up by comparing seven methods in terms of recoveries
and reproducibility. The method combining immersion of the meat in a large volume of solvent contain-
ing micropollutants followed by homogenization by blender induced recoveries in the acceptable range
of 70-130% and satisfactory standard deviations (<10%) for most of the compounds studied. Limits of
detection of the GC x GC-TOF/MS method ranged between 50 and 100 pg/g of spiked fresh meat for PCBs

and between 65 and 227 pg/g for PCDD/Fs. Potential applications of this method are discussed.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The principal source of human exposure to persistent organic
pollutants (POPs) is food, and most particularly, the consumption
of animal products [1,2]. With the safety of health in mind, it is
therefore important to accurately assess the risk the presence of
these substances in food has on human health. This risk is currently
assessed by determining the micropollutant content in raw food,
yet knowing solely the content in the raw material is not enough
to assess the amount actually assimilated by consumers. In actual
fact, the transformations undergone by the food whether they be

* Presented at 38th International Symposium on Capillary Chromatography and
11th GCxGC Symposium, 18-23 May 2014, Riva del Garda, Italy.
* Corresponding author. Tel.: +33 4 73624589.
E-mail address: erwan.engel@clermont.inra.fr (E. Engel).

http://dx.doi.org/10.1016/j.chroma.2015.02.054
0021-9673/© 2015 Elsevier B.V. All rights reserved.

technological such as cooking [3,4] or physiological such as diges-
tion [5,6] should also be taken into consideration. To assess the
impact of these transformations on the contaminants contained in
food, multiresidue methods (MRM) are particularly valuable as they
allow for simultaneous monitoring of a large number of molecules
in a single analysis. Of the toxic contaminants potentially present
in food and remaining a current concern [7], polychlorinated
biphenyls (PCBs), polychlorinated dibenzo-p-dioxins (PCDDs) and
polychlorinated dibenzofurans (PCDFs) are interesting candidates
to monitor as these families of molecules have a wide variety of
congeners whose structure is not affected by the different stages
of the analytical protocol due to their thermoresistance. PCBs, used
on a massive scale as insulating materials in industry up until the
1980s and PCDD/Fs, whose release is related to human and indus-
trial activities and particularly combustion phenomena, are also
persistent in the environment [8,9]. In addition, these molecules
are carcinogenic, mutagenic and reprotoxic, mainly via their action
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on the aryl hydrocarbon receptor (AhR) [10,11]. Thus, the World
Health Organization has defined toxic equivalency factors (WHO-
TEF) to assess the toxicity of dioxin-like PCBs and PCDD/Fs [9]. The
European Regulations laying down methods of sampling and anal-
ysis for the EU official control of levels of PCDD/Fs and PCBs in
food and feed have been recently amended by EU Regulations No.
589/2014 and 709/2014.

To analyze PCBs and PCDD/Fs, several studies have shown the
relevance of using two-dimensional gas chromatography (GC x GC)
coupled with time-of-flight mass spectrometry (TOF-MS) [12,13].
This method is particularly useful on complex matrices because
the high resolution provided by GC x GC enables to reduce any
overlap between target analytes and matrix interferences, and to
get lower LODs than with GC-TOF/MS [14,15]. Additionally, even if
sensitivity and linearity range of GC x GC-TOF/MS are lower than
that of GC-HRMS [13] which is used by reference laboratories, it
could be a relevant alternative to study the impact of technologi-
cal or physiological transformation on the level of contaminants in
food. Although, to our knowledge, no study to date has explored
the simultaneous analysis of all the congener profiles of PCBs and
PCDD/Fs, several authors have worked on optimising the separa-
tion of 209 PCB congeners or 17 toxic dioxin congeners in solvent.
For the PCBs, 188, 192 and 196 of the 209 congeners were respec-
tively able to be separated with the Rtx-PCB/Rxi-17, HT8/BPX-50,
and SPB-Octyl/SLB-IL59 columns sets [16-18]. For the dioxins, the
17 toxic congeners were able to be separated by GC x GC-TOF/MS
coupled with an Rtx-Dioxin2/Rtx-PCB column set [19]. The Rtx-
Dioxin2 column was also used coupled to a Rtx-500 column to
analyze 17 toxic PCDD/F congeners and 4 dioxin-like PCB con-
geners [12]. In view of this research, the Rtx-PCB, HT8, SPB-Octyl
and Rtx-Dioxin2 columns in first dimension seem to be the most
promising to simultaneously analyze the existing 209 PCB con-
geners and the 17 toxic dioxin congeners by GC x GC-TOF/MS. For
coupling with these different columns, the use of a BPX-50 type col-
umn in second dimension appears to be the preferred and classic
choice [17,20].

To be able to study the health risk associated to the presence
of PCBs and PCDD/Fs in food, the analytical methods assessed in
pure solvent should then be validated on real and complex matrices
the contaminants of which should be extracted with good recovery
rates [21]. To do this, homogeneous and reproducible multicontam-
inated products are required [22]. Several studies have explored
spiking with contaminants in environmental matrices such as soils
[23], even if the spiking methods used were highly varied and the
descriptions often incomplete. The literature relating to spiking
food matrices with contaminants is virtually nil. Efficient methods
for food spiking must therefore be found.

In order to ultimately improve the assessment of the risk related
to chemical contaminants of food, this study is aimed at proposing
an analysis method to monitor toxic dioxin-like PCB and PCDD/F
congeners in complex food matrices such as meat products with a
high water, protein and fat content. A first study will be conducted
to assess the relevance of GC x GC-TOF/MS to simultaneously mon-
itor the PCBs and PCDD/Fs. In order to obtain the best possible
chromatographic separation of these contaminants, the perfor-
mance of different column combinations will initially be compared
in pure solvent on the most toxic compounds [24] and most fre-
quently found in meat [25] based on peak shape [14] and peak
resolution [18]. When the pure solvent analytical method is set
up, it will then be proven in complex matrices taking high fat
content ground meat as a model. To do this an extraction, concen-
tration and clean-up method will be proposed working on a matrix
destructured by freeze-drying. Different spiking scenarios will then
be compared to a structured matrix based on the standard devia-
tions and recovery rates obtained on the different contaminants
studied. The performance of the analytical method will then be

assessed in terms of linearity (R?) and sensitivity (LOD) on a spiked
matrix.

2. Materials and methods
2.1. Chemicals and standards

Hexane, dichloromethane and toluene were organic trace analy-
sis grade solvents (Sigma-Aldrich, Saint-Quentin Fallavier, France).
Activated aluminum oxide (acidic, Brockmann I) and diatomaceous
earth used for the preparation of ASE cells were obtained from
Sigma-Aldrich. Micropollutant reference standards were obtained
from AccuStandard Europe (Niederbipp, Switzerland) and LGC
Standards (Molsheim, France) for the 209 PCBs and the 17 PCDD/Fs,
respectively. The 209 PCBs were divided into nine stock solu-
tions concentrated to 10 ng/p.L. For the PCDD/Fs, the concentration
of the stock solution was different according to the congeners:
tetra’s 2.5 ng/uL, penta’s, hexa’s and hepta’s 6.25 ng/uL and octa’s
12.5 ng/pL. Internal standards were used for the accurate quan-
tification of target compounds: 3’-F-PCB-28 (Chiron, Trondheim,
Norway), 3’-F-PCB-81 (Chiron), 13C-labelled PCB-101 (Welling-
ton laboratories, Guelph, ON, Canada) and 13C-labelled PCB-194
(Wellington).

2.2. Sample spiking

Ground beef samples (15% fat) were purchased from a French
supplier. Matrix blanks consisting in spiking meat with pure
dichloromethane without micropollutant were made on five dif-
ferent unspiked meat samples to determine the level of PCBs or
PCDD/Fs in fresh meat. Seven methods for ground beef spiking
were compared with a concentration of 2 ng/g of fresh meat cho-
sen to give concentration in ready-to-run samples within the range
of linearity of GC x GC-TOF/MS for these compounds. These meth-
ods combined micropollutant addition to 120 g of ground meat and
matrix homogenization. Two approaches for micropollutant addi-
tion were tested: (i) addition of a micro-volume of dichloromethane
(1 mL) containing micropollutants to ground beef, (ii) immersion
of ground beef in a large volume of dichloromethane (20 mL)
containing micropollutants followed by evaporation under hood.
Dichloromethane (DCM) was used as solvent in the spiking method
because of the high solubility of PCBs and PCDD/Fs in DCM and
because of the high volatility of this solvent. After micropollutant
addition, four homogenization methods were tested: 2 min with a
stand mixer, 2 min with a blender, 2 min with an Ultra-turrax and
3 min with a liquid nitrogen grinder.

2.3. Extraction, clean-up and concentration

Extraction and clean-up were performed according to Saito
et al. with slight modifications [26]. Briefly, all samples were
extracted by Accelerated Solvent Extraction (ASE) using a Dionex
ASE 350 extractor (Sunnyvale, CA, USA). 34mL stainless-steel
extraction cells were filled from bottom to top with 15g of acidic
alumina and 5g of ground beef dispersed with diatomaceous
earth according to Bjorklund et al. [27]. Paper filters were placed
at the bottom of the cell and between the layers. ASE extraction
included heating (5min), static time (5min) and purging (90s)
with two extractions per sample. Hexane was used as extraction
solvent at a temperature of 100°C and pressure of 1500 psi. After
filtration through a 0.2 wm filter (Phenomenex, Torrance, CA), the
extract (approximately 40 mL) was evaporated (Rocket, Genevac
Ltd.) using toluene as keeper in order to minimize loss of analytes
during the evaporation step, then 4 mL of dichloromethane were
added. Gel Permeation Chromatography (GPC) (Gilson, Middleton,
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WI, USA) purification was carried out on a S-X3 Bio-Beads column
using dichloromethane as eluting solvent at a flow rate of 5 mL/min.
The fraction obtained was evaporated to dryness (Rocket, Genevac
Ltd.) and redissolved in 100 wL of hexane prior to analysis. All
samples were spiked with internal standards at 100ng/mL at
different steps (ASE, evaporation and GC x GC analysis).

2.4. GC x GC-TOF/MS analysis

Samples were analyzed on a time-of-flight mass spec-
trometer (Pegasus 4D, Leco, St Joseph, MI) coupled to a
two-dimensional gas chromatograph (6890, Agilent Technolo-
gies) equipped with a dual stage jet cryogenic modulator
(licensed from Zoex). Four 1D columns were tested in the
study: SPB-Octyl (60m x 0.25mm x 0.25um) (Sigma-Aldrich),
HT8 (50 m x 0.25 mm x 0.25 wm) (SGE, Austin, TX, USA), Rtx-PCB
(60m x 0.18 mm x 0.18 wm) (Restek, Bellefonte, PA, USA) and Rtx-
Dioxin2 (60 m x 0.25 mm x 0.25 wm) (Restek). The 1D column was
connected by a deactivated ultimate union (Agilent Technolo-
gies, Santa Clara, CA) to a BPX-50 (2m x 0.1 mm x 0.1 wm) (SGE)
2D column. A splitless injection of 1 wL of sample extract was
performed through a CTC CombiPal autosampler (CTC Analytics,
Zwingen, Switzerland) with an inlet temperature set at 280°C. A
split/splitless inert liner (Restek, sky® 4.0 mm ID liner) was used.
Ultra-pure grade helium (purity 99.9995%) was used as carrier gas
with a constant flow rate of 1.5mLmin~!. Purge time was set to
60s with a flow rate of 50 mLmin~!. The primary oven tempera-
ture was initially set at 90°C for 1 min, then increased to 200°C at
20°Cmin~1, thento308°Cat2°Cmin~! and at 5°Cmin~! to 330°C
for 10 min. The secondary oven temperature was set at 5 °C higher
than the primary oven temperature. The modulator temperature
was set at 15 °C higher than the primary oven temperature and the
modulation period was 5 s with 1.20 and 1.305s for the hot and cold
pulses, respectively. The transfer line temperature was set at 280 °C.
The mass spectrometer was operated with an ionization energy of
70eV, a detector voltage of 1800V and a data acquisition rate of
100 spectras~!. The run time for each sample was 75 min. Analyt-
ical blank samples of pure solvent were run to check the absence
of targeted analytes. GC x GC data were processed using the LECO
ChromaTOF software (version 4.50.8.0).

2.5. Peak shape, resolution factor, and limit of detection

The peak shape of targeted compounds was studied through the
peak width at half height and the tailing factor. The mass fragments
used for identification and quantification of PCBs and PCDD/Fs
are given in supporting information (Table SI). Peak width at half
height is defined as the width of a peak (in time units) at half peak
height. Tailing factor (T) provides a peak symmetry metric defined
by the formula T=wyg5/2f, where w5 is the peak width defined
at 5% of peak height and f'is the distance from the peak maximum
to the leading edge of the peak, the distance being measured at
a point 5% of the peak height from the baseline [14]. Resolution
factor (Rs) was calculated according to Zapadlo et al. [18]. Briefly,
Rs = Atg/wyp, where tg is the retention time and wy, is the mean
peak width at the base. Neighboring peaks were considered as
resolved for a resolution factor Rg1p > 0.6 in the 1D or Rs,p > 0.4
in the 2D. Calibration curves were generated for 19 PCBs and 7
PCDD/Fs from seven concentration levels: 10, 25, 50, 100, 250, 500
and 1000ngmL-! prepared both in solvent and in matrix. Each
concentration level was injected in triplicate. Calibration curves
were constructed by plotting the analyte/internal standard peak
area ratio against the concentration. The linearity of the calibration
curves was assessed for each compound by calculating the coeffi-
cients of determination (R2). The limit of detection (LOD), using the
definition 3s/m (where s is the standard deviation of the intercept,

and m is the slope of the linear calibration curve), was determined
from the calibration curves for each individual compound studied
[14]. The “Im” (linear model) function of R (release 2.14.0) [28]
was used on the calibration curve data for the determination of R?
as well as s and m requested for LOD calculation.

3. Results and discussion
3.1. Comparison of column sets in pure solvent

Preliminary analyses with the SPB-Octyl and HT8 columns
revealed for the first, significant bleeding as well as a maximum
operating temperature (280 °C) limited for the study of the PCDD/Fs
and for the second, a low separation capacity (data not shown).
Rtx-PCB and Rtx-Dioxin2 were therefore used as a first dimension
with a run time determined to get the best separation of dioxin-like
micropollutants without wrap-around.

3.1.1. Peak shape

In order to compare the two column sets selected for this study,
Rtx-Dioxin2/BPX-50 and Rtx-PCB/BPX-50, the width at half height
and the tailing factor of the peaks obtained on analysis of the 209
PCBs and 17 toxic PCDD/Fs in pure solution were determined [14].

Table 1 shows the widths at half height obtained for the 17
PCDD/Fs and 18 PCBs considered as the most relevant due to the
frequency of their presence in meat (12 dioxin-like and 6 PCB
congeners which represent up to 50% of the PCBs found in food
matrices) [25]. Mean width at half height of the peaks obtained on
analysis of the 209 PCBs is 0.119+0.021 s for the column set Rtx-
PCB/BPX-50 and 0.087 +0.014 s with the Rtx-Dioxin2/BPX-50 set.
Width at half height of the peaks obtained for the 17 PCDD/Fs is
greater than that obtained for the PCBs as it is 0.126 +0.005 and
0.099+0.008 s, respectively, for the column sets Rtx-PCB/BPX-50
and Rtx-Dioxin2/BPX-50. The results show that the width at half
height of the peaks obtained with the column set Rtx-Dioxin2/BPX-
50 is less than that obtained with the column set Rtx-PCB/BPX-50
both for the 209 PCBs and the 17 PCDD/Fs. Despite optimizations
of hot/cold pulses, modulation period and temperature offset (data
not shown), peaks are wider than 0.06 s of peak width at half height
obtained for PCBs and PCDD/Fs by Focant et al. [13].

Two or three modulations per peak could be observed for the
17 PCDD/Fs and 18 PCBs most relevant in meat showing no signif-
icant tailing in the first dimension. The tailing factors obtained for
these compounds on the second dimension are shown in Table 1.
The mean tailing factor of the peaks of the 209 PCBs is 1.08 +0.18
for the column set Rtx-PCB/BPX-50 and 1.21+0.23 with the col-
umn set Rtx-Dioxin2/BPX-50. Concerning the 17 PCDD/Fs, the mean
tailing factor obtained is 1.11+0.17 and 1.32 £+ 0.15, respectively,
for the column sets Rtx-PCB/BPX-50 and Rtx-Dioxin2/BPX-50. The
tailing factor obtained is therefore higher with the column set Rtx-
Dioxin2/BPX-50 regardless of the family of compounds.

The column set Rtx-Dioxin2/BPX-50 allows for finer peaks to be
obtained but with a greater tailing factor than the Rtx-PCB/BPX-50
set. Itis therefore difficult to choose the column set on this criterion.

3.1.2. Peak resolution

In order to objectively compare the separation capacity of the
two column sets studied, resolution factors were calculated as per
Zapadlo et al. [ 18]. Out of the existing 209 PCB congeners, 189 were
thus resolved with the column set Rtx-Dioxin2/BPX-50 compared
to 194 with the column set Rtx-PCB/BPX-50. In both cases, PCBs
126 and 169 with the highest WHO-TEFs are not coeluted. These
results are similar to those obtained by Focant et al. [17] and Meg-
son et al. [16] who managed to respectively separate 192 PCBs with
the column set HT8/BPX-50 and 188 PCBs with the Rtx-PCB/Rxi-17
set. However, the analysis time was 146 and 153 min, respectively,
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Table 1

Comparison of the peak shape obtained by GC x GC-TOF/MS for 18 most relevant PCBs and 17 PCDD/Fs with Rtx-Dioxin2/BPX-50 and Rtx-PCB/BPX-50, respectively.

Compound Congener Rtx-Dioxin2/BPX50 Rtx-PCB/BPX50
Wy! T2 Wh I

244-TCB BZ-28 0.077 1214 0.100 1.000
2,2',5,5'-TCB BZ-52 0.125 0.947 0.121 1.100
2,2'4,5,5-PCB BZ-101 0.085 1.127 0.116 1.031
3,44',5-TCB BZ-81 0.092 1.250 0.120 0.833
3,3',4,4'-TCB BZ-77 0.088 1.417 0.124 0.752
2'3,4,4',5-PeCB BZ-123 0.097 1.143 0.145 0.562
2,3',4,4',5-PeCB BZ-118 0.089 1.106 0.116 1.027
2,3,4,4',5-PeCB BZ-114 0.117 1.261 0.128 0.875
2,2',4,4',55-HxCB BZ-153 0.088 1.563 0.128 0.875
2,3,3,4,4'-PeCB BZ-105 0.090 1.308 0.128 0.794
2,2',3,44',5'-HxCB BZ-138 0.148 0.994 0.130 1416
3,3',4,4',5-PeCB BZ-126 0.083 1.278 0.059 0.969
2,3',4,4',5,5-HxCB BZ-167 0.040 1.071 0.107 1.071
2,3,3',4,4',5-HxCB BZ-156 0.085 1.042 0.110 0.978
2,3,3',44'5'-HxCB BZ-157 0.092 1.091 0.110 1.161
2,2'344'5,5-HpCB BZ-180 0.091 1.500 0.135 1.079
3,3',4,4',5,5'-HxCB BZ-169 0.082 0.891 0.109 0.762
23,3,445,5-HpCB BZ-189 0.092 0.979 0.122 1.133
2,3,7,8-TCDF 0.092 1.409 0.118 0.974
2,3,7,8-TCDD 0.081 1318 0.119 1.067
1,2,3,7,8-PeCDF 0.095 1.219 0.125 1.068
2,3,4,7,8-PeCDF 0.100 1577 0.124 1.068
1,2,3,7,8-PeCDD 0.094 1.269 0.127 0.972
1,2,3,4,7,8-HxCDF 0.100 1.367 0.127 0.947
1,2,3,6,7,8-HxCDF 0.096 1417 0.131 0.865
2,3,4,6,7,8-HxCDF 0.102 1.567 0.121 1.079
1,2,3,4,7,8-HxCDD 0.106 1375 0.129 1.263
1,2,3,6,7,8-HxCDD 0.098 1.115 0.131 1.000
1,2,3,7,8,9-HxCDD 0.100 1.071 0.125 1357
1,2,3,7,8,9-HxCDF 0.107 1.500 0.134 1.294
1,2,3,4,6,7,8-HpCDF 0.091 1.292 0.128 1.025
1,2,3,4,6,7,8-HpCDD 0.091 1.286 0.129 1.361
1,2,3,4,7,8,9-HpCDF 0.097 1.333 0.121 1.071
0CDD 0.109 1.200 0.121 1.452
OCDF 0.118 1.139 0.126 1.056

1 Peak width at half height in 2D seconds, determined from the main peak modulation.

2 Tailing factor defined by the formula T=wygs/2f, where wqgs is the peak width defined at 5% of peak height and f is the distance from the peak maximum to the leading
edge of the peak, the distance being measured at a point 5% of the peak height from the baseline [14].

in these two studies compared to only 75 min in our study. Even
if the proposed analytical method led to wider peaks than former
studies, it enables a separation comparable to literature data while
reducing the analysis time significantly. With regard to the 18
most relevant PCBs for our meat model matrix, the two column
sets have an equivalent separation capacity with 15 PCBs resolved
out of the 18. Of these 18 PCBs, the coelution between PCBs 101
and 90 found with the two column sets were already reported
by Megson et al., who used a column set Rtx-PCB/Rxi-17 and by
Zapadlo et al. with a column set SPB-Octyl/SLB-IL59 [16,18]. In
addition, the coelutions found between PCBs 138 and 163 with
the column set Rtx-Dioxin2/BPX-50 and between PCBs 123 and
107 with the Rtx-PCB/BPX-50 set were already described in other
studies [17].

Out of the 17 toxic PCDD/Fs, the column set Rtx-Dioxin2/BPX-
50 allows for all the compounds to be separated. In fact, although
the calculation of the resolution factors shows coelution between
2,3,4,7,8-PeCDF and PCB 203, these two compounds were con-
sidered as resolved due to the presence of specific ions in their
respective mass spectra allowing for individual monitoring. These
results are consistent with those obtained by Focant et al. [12]
and Hoh et al. [19] who succeeded in correctly separating the
17 toxic PCDD/F congeners via GC x GC-MS with the column set
Rtx-Dioxin2 in the first dimension. With the column set Rtx-
PCB/BPX-50, 2 congeners out of the 17 PCDD/Fs are coeluted,
2,3,4,7,8-PeCDF and 1,2,3,7,8-PeCDD. With a TEF=1, 1,2,3,7,8-
PeCDD is however very relevant to analyze as it is part of the most
toxic PCDD/Fs and the most monitored in food. Fig. 1 shows the

coelution of this compound obtained with the Rtx-PCB/BPX-50 set
compared to the Rtx-Dioxin2/BPX-50 set allowing for it to be moni-
tored. Itis interesting to also point out that, out of the toxic PCDD/Fs,
TCDD which has already been found coeluting with PCB 126 [12],
is resolved here with the two column sets tested.

As the two column sets are the same to monitor the 18 most
relevant PCBs in meat, the column set Rtx-Dioxin2/BPX-50 which
allows for the 17 toxic PCDD/Fs to be separated was therefore cho-
sen for the rest of this study. Fig. 2 shows the contour plot obtained
with this column set which therefore allows for 189 PCBs and
17 PCDD/Fs to be separated, i.e. 206 dioxin-like micropollutants
(supporting information, Table SI). Further studies might enable to
compare BPX-50 separation capacity with other 2D columns com-
plementary from the Rtx-Dioxin2 in order to optimize the use of
the 2D space for PCBs while maintaining the separation obtained
for dioxins.

3.2. Assessment of an extraction, concentration and clean-up
protocol

In order to be able to use the GCx GC-TOF/MS method to
monitor toxic PCBs and PCDD/Fs in a high-fat complex matrix
such as ground beef, a protocol of extraction of contaminants
by ASE, defatting and concentration of the extract obtained was
proposed according to Saito et al. [26] with slight modifications
concerning the solvent used for extraction, the type of in-cell fat
retainer, the clean-up of the resulting extract and evaporation
time. Firstly, PCBs and PCDD/Fs were quantified in matrix blanks.
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A) Rix-PCB/BPX-50

1,2,3,7,8-
PeCDD

?D retention time (s)

'D retention time (s)

B) Rtx-Dioxin2/BPX-50

1,2,3,7,8-
PeCDD

’D retention time (s)

’D retention time (s)

Fig. 1. Separation of 1,2,3,7,8-PeCDD and 2,3,4,7,8-PeCDF by GC x GC-TOF/MS with Rtx-PCB/BPX-50 (A) and Rtx- Dioxin2/BPX-50 (B).

Then, considering the high fat matrix used in this study, differ-
ent clean-up procedures (cold extraction with acetonitrile, in-cell
clean-up, GPC, ASE followed by GPC) were tested. Only the com-
bination of in-cell clean-up with GPC enabled to concentrate the
final extract and thus to get satisfactory reliability and sensitiv-
ity (data not shown). To assess the relevance of the protocol in
concrete terms, a matrix contaminated at a known concentration
was required. In order to initially overcome recovery and homo-
geneity problems posed by impregnation of the structured meat
matrix, the extraction/concentration/clean-up protocol was from a
spiked freeze-dried matrix according to Reid et al. [29]. The con-
taminant recovery rates after the ASE, GPC and concentration steps
were measured on 5 PCBs spread over the chromatogram obtained
after analysis of 5 extracts by GC x GC-TOF/MS. These recovery rates
were within the 70-130% range generally considered as accept-
able [21], with 92+ 13% for BZ-1, 110+ 7% for BZ-19, 118 +10%
for BZ-172, 130+ 10% for BZ-206 and 130+ 8% for BZ-209. These
results are of the same proportions as those obtained by Wang
et al. who also explored the recoveries measured after extraction
by ASE then defatting by GPC on samples of soil freeze-dried then
spiked with PCBs [30]. The recoveries obtained therefore vary from
87% to 160% but only PCBs BZ-153 and BZ-180, not quantified in
our study, had very high recoveries, outside the 70-130% range.
In our study, the standard deviations were also measured for the
same previously stated 5 PCBs. The values obtained are between
7.2% and 13.1%, only 2-chlorobiphenyl (BZ-1) has a standard devia-
tion greater than 10%. This may be explained by its less repeatable
extraction due to being the most water soluble congener of the 209
PCBs [31].

?D retention time (s)

3.3. Comparison of different spiking methods and performance of
GC x GC-TOF/MS with the column set Rtx-Dioxin2/BPX-50

In order to be able to monitor the future of PCBs and PCDD/Fs
during the technological and physiological processes the food
matrices are subjected to, a homogeneous and reproducible multi-
contaminated, fixed concentration meat matrix is required. Based
on protocols found in the literature for spiking contaminants in a
real matrix via the addition of an organic solvent [23,32], seven dif-
ferent spiking methods were tested and compared. Each method
includes a step where the matrix is impregnated with a contam-
inant solution (injection of a small volume or immersion) and a
homogenizing step (ultra-turrax, blender or mixer). Although the
use of an organic solvent to spike can alter the properties of the
matrix, it was required due to the low water solubility of the
POPs studied [33]. For the seven different spiking methods, solvent
choice, volume of solvent used, evaporation time, homogeniza-
tion method and homogenization time were optimised in order
to have the best recoveries and standard deviations for targeted
analytes. Table 2 shows the recovery rates and standard deviations
of the areas corrected for 5 PCBs spread over the GC x GC-TOF/MS
chromatogram with the seven spiking methods tested. Only the
methods coupling the injection of a small volume of contami-
nant solution diluted in a solvent and homogenizing by blender or
mixer don't allow for recoveries within the traditionally accepted
limit of 70-130% to be obtained [21]. Among the other methods,
the one coupling the injection of a small volume of solvent and
mixing by ultra-turraxis the one inducing the least efficient homog-
enizing of the spike with standard deviations between 57% and

234,678

Q. 3428
XCD!

HPCOF 1234678
HpCDD

'D retention time (s)

Fig. 2. GC x GC-TOF/MS contour plot of the 209 PCBs and 17 PCDD/Fs with the Rtx-Dioxin2/BP-X50 column set.
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Comparison of 7 spiking methods on the basis of the recovery rates and the standard deviations of the extraction of 5 PCBs in meat. These methods differed in their ways to
add the micropollutants into the meat matrix and to homogenize the spiked matrix after micropollutant addition.

PCB Immersion Micro-volume addition

Blender LN, grinder Ultra-turrax None Blender Stand mixer Ultra-turrax

RR! SD? RR SD RR SD RR SD RR SD RR SD RR SD
BZ-1 83.6 85 87.9 11.7 93.6 7:1 97.0 21.2 37.7 51.0 213 125 93.1 59.3
BZ-19 90.0 7.3 93.2 10.2 91.9 4.1 104.4 18.1 35.2 484 195 10.7 94.1 58.8
BZ-172 117.2 7.6 119.1 123 109.3 73 1215 9.1 414 499 26.4 195 954 59.4
BZ-206 110.2 6.8 107.4 8.2 98.4 5.8 112.7 9.8 39.7 445 283 15.1 91.0 59.2
BZ-209 101 36 104.0 8.8 96.6 5.1 104.3 93 39.0 483 24.0 12.2 88.3 57.0

1 Recovery rates (%).

2 Standard deviations (%).

60%. The methods coupling an immersion step with homogeniz-
ing by blender or ultra-turrax are alternatively those allowing for
the lowest standard deviations to be obtained, therefore the best
homogeneity of the spike, which is essential for the statistical valid-
ity of future findings which could be conducted on this matrix
[22]. In order to further assess the reliability of these two spiking
methods, their reproducibility was then tested. Table 3 shows the
standard deviations and recovery rates which were then obtained
after extraction of the contaminants and analysis via GC x GC-
TOF/MS for 20 different PCBs, among which the 15 most relevant
PCBs in meat and not coeluted with the column set chosen in this
study. For the majority of the PCBs, the recovery rates are greater
when homogenizing with a blender is performed. Only BZ-28 has a
recovery rate outside the 70-130% limits with this spiking method.
Regarding the standard deviations obtained, they remain lower
than 10% for the majority of the PCBs quantified when homoge-
nizing with a blender is performed. Only PBZ-77 and BZ-114 have
greater standard deviations with this spiking method. In addition
to these two compounds, seven other PCBs and particularly the 4
PCBs quantified as the heaviest have standard deviations greater
than 10% with the method using the ultra-turrax. These results
may be compared to those of Suedel et al. who implemented, in
samples of sediments, a protocol coupling the injection, in 1g of
matrix, of a few microlitres of fluoranthene dissolved in a very
small volume of acetone, an evaporation step of the solvent for
two minutes then a manual mixing step for 60s [34]. A standard

Table 3

deviation of 10.3% of the fluoranthene was then reported which cor-
responds to the mean standard deviation obtained in our study with
homogenizing by ultra-turrax. Reid et al. compared eleven different
spiking protocols to contaminate soil samples with phenanthrene
and benzo[a]pyrene [29].In the eleven protocols, the standard devi-
ations recorded could go up to 43% which is much greater than
those obtained in our study. Alternatively, the best homogeneity
(2.4% of standard deviation) was obtained on dehydrated samples.
Among the protocols tested on non-dehydrated samples as is the
case inour study, the lowest standard deviation (4.1%) was obtained
using a small volume of ethanol (1 wL for 1g of sample) to per-
form the spike solution before manual mixing coupled to mixing
of the spiked matrix with a blender. This standard deviation is less
than the lowest mean standard deviation obtained in our study
on a structured matrix which was therefore 7.8% with homogeniz-
ing by blender. It is, however, to be pointed out that these results
were obtained with polycyclic aromatic hydrocarbons which can
explain for the differences found with our results relating to the
PCBs. For the rest of this study, the method coupling a step of
immersing the meat into a solvent solution containing the contam-
inants and a homogenizing step with a blender is the one retained
after the recoveries obtained with the PCBs were validated on some
dioxins (99.9 + 12% for 2,3,7,8-TeCDD, 84.1 + 9% for 2,3,7,8-TeCDF,
73.6 +11% for 2,3,4,7,8-PeCDF, 88.8 +12% for 1,2,3,7,8-PeCDD). In
order to validate the method for official control procedures, these
recovery results will have to be confirmed at a second spiking level.

Comparison of the recovery rates and reproducibility for the two best spiking methods selected for 20 PCBs (n =5 replicates).

Immersion +blender

Immersion + ultra-turrax

RR! SD? RR SD
BZ-1 87.0 4.7 81.2 9.7
BZ-19 92.0 8.6 823 8.7
BZ-28" 1334 6.1 120.0 76
BZ-52* 1122 94 1019 82
BZ-77* 116.2 20.8 1246 205
BZ-81* 102.5 8.0 92,0 10.7
BZ-105* 1146 31 106.4 32
BZ-114* 110.7 10.1 111.8 10.8
BZ-118* 1123 8.5 1013 13.0
BZ-123* 105.1 58 1004 7.8
BZ-126* 924 71 82.6 4.6
BZ-153* 1234 9.1 109.7 21.6
BZ-156* 107.9 5.0 112.6 103
BZ-157* 91.3 8.6 914 55
BZ-167* 106.5 38 1033 85
BZ-169* 96.1 6.1 87.2 6.1
BZ-172* 119.2 7.8 116.1 111
BZ-189* 943 6.1 93.0 15.7
BZ-206 120.7 9.7 116.3 104
BZ-209 1114 8.3 104.9 120
1 Recovery rates (%).

2 Standard deviation (%).
“Non-coeluted PCBs forming part of the 18 most relevant in meat.
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Table 4
Performance of GC x GC-TOF/MS used with a Rtx-Dioxin2/BPX50 column set for quantification of 19 PCBs and 7 PCDD/Fs.
Compound Ttg? (s) 2625 (s) Linearity (pg/g) Correlation coefficient R? LOD* (pg/g) LOQ? (pg/g)
BZ-1 970 242 50-5000 0.995 66 218
BZ-3 1085 2.57 50-5000 0.991 98 327
BZ-8 1260 2.89 50-5000 0.992 62 205
BZ-19 1315 3.10 50-5000 0.991 66 220
BZ-18 1385 3.08 50-5000 0.995 64 214
BZ-15 1440 3.04 50-5000 0.988 77 256
BZ-54 1510 345 50-5000 0.986 83 277
BZ-28 1580 317 50-5000 0.991 86 288
BZ-33 1615 3.34 50-5000 0.994 55 182
BZ-22 1655 339 50-5000 0.996 50 155
BZ-52 1705 3.35 50-5000 0.980 100 333
BZ-49 1725 334 50-5000 0.990 70 234
BZ-74 1970 3.61 50-5000 0.986 85 283
BZ-87 2220 3.79 50-5000 0.993 60 201
BZ-151 2300 3.73 50-5000 0.990 70 232
BZ-77 2320 3.76 50-5000 0.990 7 238
BZ-149 2350 3.85 50-5000 0.981 99 329
BZ-123 2390 3.72 50-5000 0.996 50 142
BZ-118 2415 3.70 50-5000 0.993 58 194
2,3,7,8-TCDF 2670 3.90 50-2500 0.989 75 251
2,3,7,8-TCDD 2725 3.77 50-2500 0.977 118 393
1,2,3,7,8-PeCDF 3030 4.08 50-5000 0.985 120 399
2,3,4,7,8-PeCDF 3145 4.11 50-5000 0.997 65 217
1,2,3,4,7,8-HxCDF 3460 4.20 50-2500 0.992 65 218
1,2,3,6,7,8-HxCDF 3475 421 50-2500 0.986 84 279
1,2,3,6,7,8-HxCDD 3575 4.16 50-5000 0.974 227 757

2 Retention time in first dimension(s).
b Retention time in second dimension(s).

¢ Limit of detection. LOD is defined by the formula 3s/m (s is the standard deviation of the intercept, and m is the slope of the linear calibration curve).

d Limit of quantification.

In order to determine method performance, the limits of detec-
tion (LOD) and quantification (LOQ) were measured in spiked meat
for 7 PCDD/F congeners and 19 PCB congeners spread over the
whole chromatogram (Table 4). The linearity of the calibration lines
allowing for these LODs and LOQs to be estimated was assessed
by calculating coefficients of determination. All these values are
greater than 0.980 except for one of the dioxin congeners (0.974).
As shown in Table 4, the range of linearity spans from 50 to
5000 pg/g for the majority of the constituents. The LODs obtained
vary from 50 to 100 pg/g for the PCBs and 65 to 227 pg/g for the
PCDD/Fs. Excluding sample preparation that includes a concentra-
tion by a factor of about 100, our results may be compared to those
obtained by Van der Lee et al. for several PCBs contained in dif-
ferent food matrices and analyzed on a GC x GC-TOF/MS with a
column set RTX-CL pesticides/BPX-50 [35]. Of the seven PCBs con-
sidered, five therefore had LODs less than those obtained in our
study (from 1.25 to 2.5 ng/g) whereas two PCBs had LODs compa-
rable to our results (10 ng/g). The results obtained for the PCBs are
therefore consistent with those obtained by Van der Lee et al. which
enables our method to be validated. With LOQs at pg level [36],
TOF/MS has a lower sensitivity for PCB and PCDD/F analysis [13]
than HRMS or MS/MS whose LOQs range between 30 and 80 fg for
tetra- to hexa-chlorinated compounds and between 80 and 320 fg
for hepta- to octa-chlorinated compounds [37]. However, GC x GC
and adapted sample preparation procedures may help to partially
compensate the lower sensitivity of TOF/MS detection in case of
trace contaminants in complex matrices [14,15].

4. Conclusion

The GC x GC-TOF/MS method assessed in this study allows for
simultaneous analysis of 206 dioxin-like micropolluants thanks to
the use of a column set Rtx-Dioxin2/BPX-50. To be able to study
these compounds present in trace form in a complex and high fat
matrix such as ground beef, this method was coupled to acceler-
ated solvent extraction, GPC clean-up and concentration protocols

allowing for good recovery rates to be obtained. This work has also
allowed for a sample preparation optimization to obtain a matrix
of ground beef homogeneously spiked with these contaminants.
Before reference laboratories use it, more extensive investigations
will be necessary to validate reproducibility and robustness of the
spiking method proposed by the present study. The aim is now to
use these methodological breakthroughs to monitor these contam-
inants during technological or physiological transformations which
the food may be subjected to. These data could be incorporated into
the analyses of risks relating to the presence of these contaminants
in food.
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Supplementary Data

Table 1. Elution order of PCB and PCDD/F congeners using Rix-Dioxin2/BPX-50
column set. Coeluting congeners determined fronrelkelution factor proposed by Zapadlo
et al [18] are enclosed in a box.

Compound Congener ID mass 'tz(s) s (S)
(m/z)

2-MoCB Bz-1 188* 970 2.42

3-MoCB BZ-2 188 1065 2.55
4-MoCB BZ-3 188* 1085 2.57

2,6-DiCB BZ-10 222 1120 2.75
2,2'-DiCB BZ-4 222 1125 2.75
2,4-DiCB BZ-7 222 1200 2.74
2,5-DiCB BZ-9 222 1205 2.74
2,3'-DiCB BZ-6 222 1230 2.85
2,3-DiCB BZ-5 222 1255 2.92

2,4'-DiCB BZ-8 222* 1260 2.89

3,5-DiCB BZ-14 222 1305 2.80
2,2',6-TrCB BZ-19 186* 1315 3.10
2,4,6-TrCB BZ-30 256 1340 2.88
3,3'-DiCB BZ-11 222 1380 2.98
2,2'5-TrCB BZ-18 256* 1385 3.08
2,2',4-TrCB BZ-17 256 1400 3.06
3,4-DiCB BZ-12 222 1405 3.02

3,4'-DiCB BZ-13 222 1410 3.01
2,3',6-TrCB BZ-27 256 1425 3.14
2,3,6-TrCB BZ-24 256 1435 3.15
4,4'-DiCB BZ-15 222* 1440 3.04

2,2',3-TrCB BZ-16 256 1460 3.27
2,4'.6-TrCB BZ-32 256 1465 3.17
2',3,5-TrCB BZ-34 256 1490 3.09
2,3,5-TrCB BZ-23 256 1500 3.08
2,2'6,6'-TeCB BZ-54 292* 1510 3.45
2,4,5-TrCB BZ-29 256 1515 3.10
2,3',5-TrCB BZ-26 256 1540 3.14
2,3,4-TrCB BZ-25 256 1550 3.16
2,2',4,6-TeCB BZ-50 292 1555 3.25
2,4,4-TrCB BZ-28 256* 1580 3.17

2,4'.5-TrCB BZ-31 256 1585 3.19
2,2'5,6'-TeCB BZ-53 292 1595 3.38
2,3,3-TrCB BZ-20 256 1610 3.34
2,3,4-TrCB BZ-21 256 1615 3.34
2,3,4'-TrCB BZ-33 256* 1615 3.34

2,2',4,6'-TeCB BZ-51 292 1620 3.39
2,3,4-TrCB BZ-22 256* 1655 3.39
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2,2',3,6-TeCB
3,3,5-TrCB
2,3'5',6-TeCB
2,2',3,6'-TeCB
2,3',4,6-TeCB
2,2',3,5-TeCB
2,2'5,5-TeCB
3,4',5-TrCB
2,2',4,5-TeCB
2,2',4,5-TeCB
2,2',4,4'-TeCB
2,4,4'6-TeCB
2,3,5,6-TeCB
2,2',4,6,6'-PeCB
3,4,5-TrCB
2,3,4,6-TeCB
2,2',3,5-TeCB
2,3,3',6-TeCB
2,2',3,4'-TeCB
3,3,4-TrCB
2,3'5,5-TeCB
2,3,4',6-TeCB
2,2',3,4-TeCB
2,3,4,5-TeCB
2,2',3,6,6'-PeCB

2,2',4,5',6-PeCB
3,4,4-TrCB

2,3,4',6-TeCB
2,2',3,3-TeCB
2,2',4,4'6-PeCB
2,3,3',5-TeCB
2,2',3,5,6'-PeCB
2,3,4,5-TeCB
2,3,3'5-TeCB
2,2',4,5,6'-PeCB
2,3,4',5-TeCB
2,3,4,5-TeCB
2,2',3',4,6-PeCB
2,3,4,5',6-PeCB

2,4,4'5-TeCB
2,2',3,5,6-PeCB

2'3,4,5-TeCB
2,2',3,5,6-PeCB
2,3,4'5-TeCB
2,2',3,4,6-PeCB
3,3',5,5-TeCB

BZ-45
BZ-36
BZ-73
BZ-46
BZ-69
BZ-43
BZ-52
BZ-39
BZ-49
BZ-48
BZ-47
BZ-75
BZ-65
BZ-104
BZ-38
BZ-62
BZ-44
BZ-59
BZ-42
BZ-35
BZ-72
BZ-71
BZ-41
BZ-68
BZ-96
BZ-103
BZ-37
BZ-64
BZ-40
BZ-100
BZ-57
BZ-94
BZ-67
BZ-58
BZ-102
BZ-63
BZ-61
BZ-98
BZ-121
BZ-74
BZ-93
BZ-76
BZ-95
BZ-70
BZ-88
BZ-80

292
256
292
292
292
292
292*
256
292*
292
292
292
292
326
256
292
292
292
292
256
292
292
292
292
326
326
256
292
292
326
292
326
292
292
326
292
292
326
326
292*
326
292
326
292
326
292

1655
1680
1680
1685
1690
1700
1705
1725
1725
1730
1740
1745
1750
1755
1760
1765
1795
1805
1810
1815
1835
1835
1850
1855
1855
1860
1860
1860
1885
1890
1900
1910
1920
1925
1950
1950
1960
1965
1970
1970
1970
1975
1975
1985
1990
2005

3.51
3.16
3.31
3.59
3.25
3.35
3.35
3.22
3.34
3.41
3.32
3.32
3.39
3.51
3.35
3.39
3.54
3.49
3.54
3.42
3.28
3.57
3.65
3.31
3.79
3.42
3.46
3.58
3.76
3.44
3.40
3.61
3.43
3.49
3.46
3.64
3.57
3.63
3.34
3.61
3.67
3.47
3.66
3.53
3.68
3.25
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2,34,4-TeCB
2,2',3,4',6-PeCB
2,2'4,4'6,6-HxCB
2,3,3,4-TeCB
2,2',3,5,5-PeCB
2,3,3,4-TeCB

2,2',3,3',6-PeCB
2,2',3,4,6'-PeCB

2,2',3,4',5-PeCB
2,2',4,5,5'-PeCB

2,3,3',5,6-PeCB
2,3,4,4'-TeCB
2,2',4,4'5-PeCB
2,2',3,4'6,6'-HxCB
2,3,4,4',6-PeCB
2,2',3,5,6,6'-HxCB
2,3,3,5,6-PeCB
2,2',3,3',5-PeCB
3,3,4,5'-TeCB
2,3,3',4,6-PeCB
2,3,3',5,5'-PeCB
2,2',3,4,5-PeCB
2,2',3,4,5-PeCB
2,2',3,4,6,6'-HxCB
2,2',3,4',5,6'-HxCB
3,3,4,5-TeCB
2',3,4,5,6'-PeCB

2,3,4,5,6-PeCB
2,3,4',5,6-PeCB

2,2',3,4,5-PeCB
2,3,4,4',6-PeCB
2,2',3,3',6,6'-HxCB
2,2',4,4'5,6'-HxCB
2,2',3,4,4'-PeCB
2,3,4,5,5'-PeCB
3,4,4'5-TeCB
2,3,3,4',6-PeCB
2,2',3,5,5',6-HxCB
2,2',3,3,5,6'-HxCB
3,3,4,4'-TeCB
2,2',3,3,4-PeCB
2,2',3,4,5',6-HxCB
2,2',3,4',5,6-HxCB
2,2',3,4'5',6-HxCB
2,2',3,4,4',6-HxCB
2'3,4,5,5'-PeCB

BZ-66
BZ-91
BZ-155
BZ-55
BZ-92
BZ-56
BZ-84
BZ-89
BZ-90
BZ-101
BZ-113
BZ-60
BZ-99
BZ-150
BZ-119
BZ-152
BZ-112
BZ-83
BZ-79
BZ-109
BZ-111
BZ-86
BZ-97
BZ-145
BZ-148
BZ-78
BZ-125
BZ-116
BZ-117
BZ-87
BZ-115
BZ-136
BZ-154
BZ-85
BZ-120
BZ-81
BZ-110
BZ-151
BZ-135
BZ-77
BZ-82
BZ-144
BZ-147
BZ-149
BZ-139
BZ-124

292
326
360
292
326
292
326
326
326
326*
326
292
326
360
326
360
326
326
292
326
326
326
326
360
360
292
326
326
326
326*
326
360
360
326
326
292*
326
360*
360
292*
326
360
360
360*
360
326

2005
2005
2010
2045
2055
2080
2080
2080
2085
2085
2090
2095
2110
2120
2140
2150
2155
2155
2160
2165
2170
2180
2185
2185
2190
2205
2215
2215
2215
2220
2230
2230
2235
2240
2245
2265
2265
2300
2310
2320
2320
2325
2340
2350
2360
2360

3.55
3.70
3.51
3.68
3.53
3.77
3.91
3.91
3.56
3.56
3.55
3.72
3.57
3.75
3.59
3.88
3.63
3.75
3.51
3.65
3.79
3.81
3.78
3.91
3.59
3.63
3.44
3.72
3.72
3.79
3.73
4.00
3.62
3.84
3.47
3.69
3.83
3.73
3.81
3.76
4.03
3.76
3.79
3.85
3.68
3.81
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2,2',3,4,4'6'-HxCB
2,3,3,4,5'-PeCB
2,2',3,4,5,6'-HxCB
2,3,3,4',5-PeCB
2'3,4,4'5-PeCB

2,3,3',4,5-PeCB
2,2',3,4',5,6,6'-HpCB

2,2'3,3',5,6-HxCB
2,3',4,4' 5-PeCB
2,2',3,3',5,5'-HXCB
2,2'3,3',4,6-HxCB
2,2',3,4,5,6-HXCB
2,3,3',5,5',6-HxCB
2,2'3,4,4',6,6-HpCB
2,2'3,4'5,5-HxCB
2,3,3,4' 5'-PeCB
2,3,3',4,5',6-HxCB
2,3,4,4'5-PeCB
2,3',4,4' 5 6-HXCB
2,2'4,4' 5,5 -HXCB
2,2'3,3',4,6'-HXCB
2,2',3,3',5,6,6-HpCB
2,3,3',4,4'-PeCB
3,34,5,5'-PeCB
2,2'3,4,5,5'-HxCB
2,2',3,3',4,6,6-HpCB
2,2'3,4,4' 5-HXCB
2,2',3,3',4,5'-HXCB
2,2'3,4,5,6,6'-HpCB
2,3,3,4' 5',6-HXCB
2,2'3,3',5,5',6-HpCB

2,2',3,4,4'5'-HxCB
2,3,3,4',5,6-HxCB

2,3,3',4,4',6-HxCB
2,3,3,4,5,6-HxCB
2,2',3,3',4,5-HxCB

2,2'3,3,4,5,6-HpCB
2,2'3,4,4'5,6'-HpCB

2,3,7,8-TCDF
2,2'3,4' 5,5 6-HpCB
2,2'3,4,4'5' 6-HpCB
2,3,4,4',5,6-HXCB
2,3,7,8-TCDD
3,3',4,4' 5-PeCB
2,3,3',4,5,5'-HXCB
2,3,3',4' 5,5 -HXCB

BZ-140
BZ-108
BZ-143
BZ-107
BZ-123
BZ-106
BZ-188
BZ-134
BZ-118
BZ-133
BZ-131
BZ-142
BZ-165
BZ-184
BZ-146
BZ-122
BZ-161
BZ-114
BZ-168
BZ-153
BZ-132
BZ-179
BZ-105
BzZ-127
BZ-141
BZ-176
BZ-137
BZ-130
BZ-186
BZ-164
BZ-178
BZ-138
BZ-163
BZ-158
BZ-160
BZ-129
BZ-175
BZ-182

BZ-187
BZ-183
BZ-166

BZ-126
BZ-159
BZ-162

360
326
360
326
326*
326
392
360
326*
360
360
360
360
392
360
326
360
326*
360
360*
360
392
326*
326
360
392
360
360
392
360
392
360*
360
360
360
360
392
392
306*
392
392
360
322*
326*
360
360

2375
2380
2380
2385
2390
2410
2410
2410
2415
2420
2430
2435
2445
2450
2455
2460
2465
2465
2485
2490

2500
2525
2545
2555
2555
2565
2580
2595
2600
2610
2630
2630

2630
2645
2650
2655
2665
2665

2670
2680
2710
2715
2725

2730
2735
2760

3.86
3.72
4.01
3.72
3.72
3.78
3.81
3.96
3.70
3.64
3.99
4.00
3.61
3.84
3.69
3.95
3.64
3.87
3.72
3.70
411
4.03
4.01
3.61
3.86
4.06
3.91
3.97
4.20
3.96
3.82
3.93
3.93
3.93
3.93
414
3.88
3.88
3.90
3.90
3.90
4.02
3.77
3.88
3.74
3.80
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2,2',3,4,5,5',6-HpCB
2,2'3,3',4,4"-HxCB
2,2',3,3',4,5,6-HpCB
2,3'4,4'5,5-HxCB
2,2'3,3',5,5',6,6-OcCB
2,2',3,4,4'5,6-HpCB
2,2',3,3',4,5',6'-HpCB
2,2'3,3'4,5',6,6-OcCB
2,2'3,3',4,4' 6-HpCB
2,2'3,4,4'5,6,6-OcCB
2,2',3,3',4,5,6-HpCB
2,2'3,3',4,4',6,6-OcCB
2,3,3',4,4'5-HXCB
2,2'3,3',4,5,5-HpCB
2,3,3',4,4' 5'-HXCB
2,3,3,4,5,5',6-HpCB

2,2'3,4,455-HpCB
2,3,3,4'5,5',6-HpCB

2,2'3,3,4,5,6,6-OcCB
2,3,3,4,4'5' 6-HpCB
1,2,3,7,8-PeCDF
2,2'3,3',4,5,5',6-OcCB
2,2'3,3'4'5,5,6-OcCB
2,2'3,3',4,4' 5-HpCB
3,3'4,4',5,5'-HxCB
2,3,3,4,4',5,6-HpCB
2,2'3,3',4,4',5',6-OcCB
2,2'3,4,4'5,5',6-OcCB
2,3,4,7,8-PeCDF
1,2,3,7,8-PeCDD

2,2',3,3,4,5,5',6,6-NoCB

2,3,3',4,4',5,5-HpCB

2,2',3,3,4,4',5,6,6-NoCB

2,2',3,3',4,4'5,6-OcCB
2,2',3,3,4,4'5,5-0OcCB
2,3,3',4,4',5,5',6-OcCB
1,2,3,4,7,8-HXCDF
1,2,3,6,7,8-HXCDF
2,3,4,6,7,8-HxCDF
1,2,3,4,7,8-HxCDD

2,2',3,3,4,4'5,5',6-NoCB

1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,7,8,9-HXCDF

2,2',3,3,4,4'5,5',6,6'-DeCB

1,2,3,4,6,7,8-HpCDF

BZ-185
BZ-128
BZ-174
BZ-167
BZ-202
BZ-181
BZ-177
BZ-201
BZ-171
BZ-204
BZ-173
BZ-197
BZ-156
BZ-172
BZ-157
BZ-192
BZ-180
BZ-193
BZ-200
BZ-191

BZ-198
BZ-199
BZ-170
BZ-169
BZ-190
BZ-196
BZ-203

BZ-208
BZ-189
BZ-207
BZ-195
BZ-194
BZ-205

BZ-206

BZ-209

392
360
392
360*
426
392
392
426
392
426
392
426
360*
392*
360*
392
392*
392
426
392
340*
426
426
392
360*
392
426
426
340*
356*
460
392*
460
426
426
426
374*
374*
374*
390*
460*
390*
390*
374*
498*
408*

2770
2770
2790
2795
2805
2815
2830
2850
2855
2860
2885
2890
2915
2920
2930
2935
2960
2960
2975
2985
3030
3100
3105
3105
3125
3125
3140
3145
3145
3170
3245
3280
3290
3300
3415
3450
3460
3475
3555
3565
3565
3575
3615
3655
3670
3820

4.00
4.26
4.15
3.83
4.02
4.08
4.14
4.07
4.21
4.09
4.29
412
4.02
3.95
4.12
3.83
3.97
3.97
4.33
4.00
4.08
4.06
412
4.27
3.94
4.17
4.15
411
411
4.00
4.26
4.07
4.33
4.41
4.20
4.18
4.20
4.21
4.30
4.14
4.35
4.16
4.22
4.48
4.39
3.84
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1,2,3,4,6,7,8-HpCDD 424* 3935 3.75

1,2,3,4,7,8,9-HpCDF 408* 3990 412
OCDD 460* 4275 4.53
OCDF 444 4295 4.85

*Mass fragmenalso used for quantification in the study accordmfl3] for PCDD/Fs and [16] for PCBs
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Complément de discussion sur la mise au point d’'unméthode d’analyse multirésidus

des polluants environnementaux dans une viande surargée :

Les développements méthodologiques mis en ceuvre cktte premiere partie ont
tout d’abord permis la mise au point d’'une méthd@straction et d’analyse multirésidus des
PCB et PCDD/F. Cette méthode permet le suivi siaméltd’'un mélange de 189 PCB et des
17 PCDDI/F toxiques en 75min. Cette méthode pouorac cBtre utilisée dans la suite de
I'étude pour déterminer 'impact des transformasio@chnologiques et physiologiques sur les
PCB et PCDD/F de la viande. Les données de laditiee et I'expérience du laboratoire
(Engel et al, 2013 ; Giriet al, 2015) permettent cependant de penser que cetteod®d
pourrait étre élargie au suivi d'autres contamisartimiques dont les pesticides dans la suite
de cette étude.

La méthode de surcharge de la viande en contarsimaise au point dans ce chapitre
permet de travailler sur une matrice contaminéfagen similaire tout au long de cette étude,
permettant ainsi une comparaison objective de tessrésultats obtenus. Moyennant des
adaptations (modification du solvant de surchaegigptation de la durée d’évaporation du
solvant), ce protocole de contamination intentidienge la viande développé pour le cas des
PCB et PCDD/F peut également étre utilisé pour tdsu familles de contaminants
(pesticides, antibiotiques, métaux lourds), aprésfigation des taux de récupération et de
’lhomogénéité de la matrice. Cependant, il n’est ipapossible que I'utilisation de solvant et
’lhomogénéisation au blender induisent des modiboa de structure de la viande étudiée et
que l'imprégnation des contaminants dans la matdidfre par rapport a une viande
« naturellement » contaminée. Il est donc pertindmts’interroger sur I'impact que ces
phénomenes pourraient avoir sur le devenir desantinants au cours de la cuisson et de la
digestion. Pour élucider cette question, des édltarst naturellement contaminés préleves en
abattoir dans le cadre du projet SOMEAT seront yeé@sl en parallele des échantillons
surchargés dans la suite de cette étude afin dpar@mles résultats obtenus.

38



Chapitre III : Impact de la cuisson sur
les contaminants chimiques de la
viande




Chapitre 11l : Impact de la cuisson sur les contammnants chimiques de la

viande

Comme nous I'avons indiqué dans le chapitre 1,i@lus auteurs se sont intéressés a
'étude de l'impact de la cuisson sur le devenis dentaminants chimiques des aliments.
Cependant, les résultats obtenus dans ces étudetré différents et ne permettent pas de
tirer de conclusion générale. Beaucoup d’auteutseaneffet travaillé sur des échantillons
naturellement contaminés avec une variabilité idtgrantillons importante, en termes par
exemple de concentration initiale en contaminantsde teneur en eau et en lipides. Ces
facteurs influencent le devenir des contaminantda acuisson, et doivent donc étre
impérativement pris en compte et controlés lorsédedes. Pour pallier ce biais potentiel, des
échantillons de viande intentionnellement contamiigélon la méthode développée dans le
chapitre précédent ont été utilisés dans cetteeétud

L’étude des données de la littérature a permis s#pker une grande variabilité en
termes de modes et d'intensités de cuisson aveesbpeu d’informations concernant les
temps et températures de cuisson utilisés. Dates €gide, une cuisson a la poéle a été ciblée,
ce mode de cuisson étant le plus répandu en Fpanoda cuisson de steaks hachés. A partir
de la viande surchargée en contaminants, des dbeakes ont été calibrés, préformés dans
un moule puis systématiquement pesés avant cuiafiond’étre le plus reproductible
possible. Une plaque a induction contrblée en teatpée et des poéles en inox permettant
une diffusion plus homogene de la chaleur ont éliéaes afin de limiter la variabilité de la
montée en température dans la viande. Un couplpsté@mpérature a été déterminé grace a
l'utilisation de thermocouples afin d’obtenir urerpérature a cceur de la viande de 70°C en
accord avec les recommandations faites par 'OMe@dant, les habitudes de cuisson étant
trés variables entre les consommateurs, l'influeteéintensité de cuisson sur le devenir des
contaminants a été étudiée en utilisant deux awoeslitions de cuisson : une cuisson
saignante (50°C a cceur) et une cuisson intens€ (8%teur).

Afin de pouvoir suivre le devenir des contaminagéss la viande cuite, la méthode
d’extraction et d’analyse multirésidus décrite dEnshapitre 2 a été étendue a I'analyse de 16
pesticides aprés que leurs taux de récupération é@é déterminés. L’analyse des pesticides
a pu étre réalisée car la combinaison des colocimesnatographiques utilisée pour I'analyse
des PCB et PCDD/F est également fréquemment wtilg#ur I'analyse multirésidus des
pesticides en GCxGC. Par ailleurs, les taux depération des PCB et PCDD/F déterminés
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dans le chapitre 2 dans la viande crue ont étérd&tés dans ce chapitre sur de la viande
cuite. De plus, afin d’élargir le spectre de contants étudiés, des collaborations ont été
établies avec des Laboratoires Nationaux de Ré&férdisposant de matériel de pointe et de
meéthodes validées pour l'analyse des contamindue partie des analyses a ainsi été
réalisée en collaboration avec d’'une part 'Ansesdeéres pour I'analyse des antibiotiques, et
d’autre part 'Anses Maisons-Alfort pour l'analyskes métaux lourds. En revanche, les
résultats préliminaires obtenus dans le cadre djetpSOMEAT ayant indiqué que I'étude
des mycotoxines s’avere peu pertinente dans ladeiaces molécules n’ont pas été ciblées
dans cette étude.

Le large spectre de contaminants ciblés a ainsnigede distinguer les contaminants
thermorésistants des contaminants thermosensitlledomc susceptibles de subir une
dégradation dans certaines conditions de cuissoa.dtude spécifique a été menée sur I'un
des composés qui s’est révélé fortement thermdsensil s’agit d’'un antibiotique, le
sulfaméthoxazole, pour lequel nous avons cheradértifier, apreés cuisson, les produits de
dégradation, composés ultimes auxquels le consoeumeast réellement exposé. La détection
spécifique des produits de dégradation et leur tification absolue ont été facilitées grace a
I'utilisation de I'antibiotique modéle sous sa femadiomarquée aldC, et leur identification
a été réalisée grace a des analyses par LC-HRN&reRMN. La difficulté d’obtention des
contaminants radiomarqués € n’a cependant pas permis d’étudier la thermodigian
d’autres contaminants thermosensibles tels quexdivmocyclododecane ou certains

pesticides.
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Abstract

This work presents the effects of pan cooking orygidorinated biphenyls (PCBS),
polychlorinated dibenzo-p-dioxins/dibenzofurans [BZFs), pesticides and heavy metals in
meat in a risk assessment perspective. Three differealistic cooking intensities were
studied. A GCxGC-TOF/MS method was set up for thiétinesidue analysis of 189 PCBs, 17
PCDD/Fs and 16 pesticides whereas Cd, As, Pb anddtg assayed by ICP-MS. In terms of
guantity, average PCB losses after cooking were %% for rare, 30 + 3% for medium, and
48 + 2% for well-done meat. In contrast, averagddBP losses were not significant. For
pesticides, no loss occurred for aldrin, lindanBEDor DDD whereas losses exceeding 80%
were found for dieldrin, sulfotep or phorate. Lasstse to the margin of error of the method
were observed for heavy metals. These resultsisacessed in light of the physico-chemical

properties of the micropollutants as well as ofevand fat losses into cooking juice.

Keywords

Meat; Pan cooking; Polychlorinated biphenyls (PCB#olychlorinated dibenzo-p-
dioxins/dibenzofurans (PCDD/Fs); Heavy metals; ieelss; Comprehensive two-
dimensional gas chromatography-time-of-flight massectrometry (GCxGC-TOF/MS);
Chemical risk assessment

1. Introduction

Food represents one of the main sources of humaosare to harmful pollutants, of
which meat in particular can form a non-negligibtairce (Engeét al, 2015). For example,
about 90-98% of the average exposure of human€BsRnd PCDD/Fs results from dietary
intake, with food of animal origin being the predoant source (Malischkt al.,2014). Most
micropollutants, whether environmental or phytosayi can accumulate in animal tissues
during stock raising and remain in meat end-praglémt human consumption (Takadd al,
2015). Among the toxic contaminants liable to beiognd in foods, and in particular meat
products, polychlorinated biphenyls (PCBs), polgcbtlibenzop-dioxins (PCDDs),
polychlorodibenzofurans (PCDFs), pesticides andvyaaetals are important to monitor
because these chemicals include many toxic congédhat are especially persistent in the
environment (Darkcet al, 2007 ; Zhenget al, 2013 ; Malischet al, 2014). PCBs were
massively used in industry as insulators until #880s. PCDD/Fs are released in the

environment by industrial and other human actisitiesticides used as crop-control agents
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persist in cereals and other plants consumed byaisj and levels of heavy metals naturally
present in the environment can be increased bystriduactivities or pollution.

Although these micropollutants are generally founttace amounts in animal tissues,
the human health risk they imply cannot be ignorgds therefore important to assess
precisely the risk incurred by consumers. To timd,ghe technological processes the food
undergoes before consumption, in particular cook{rtpri et al, 2005) have to be
considered. Indeed, levels of contaminants canfleetad by cooking, since contaminants
can be released in cooking juices, evaporate, dirbleen down by heat (Abou-Arab, 1999;
Bayenet al, 2005; Rawret al, 2013; Muresamet al, 2015). A wide examination of literature
data regarding the effects of cooking on food npottutants show major discrepancies
between laboratories (Stachet al, 1988; Zabiket al, 1995; Schectest al, 1998; Petroske
et al, 1998; Roseet al, 2001). For instance, Hoet al (2005) reported an approximately
40% cooking-induced decrease of PCBs and PCDD/Bsef (250g chunks) whereas Perello
et al. (2010) found that cooking enhanced PCB concentrain veal steak, loin of pork,
breast and thigh chicken or even steak and rilarobl At least two factors may explain these
inconsistencies. First, cooking conditions couldyva lot between studies but the extent of
these variations is difficult to assess becausekingoprotocols are generally poorly
documented, with no or very few information regagdtemperature monitoring and control.
Second, most of these studies deal with naturallytaominated food matrices. Thus, these
matrices differ significantly not only in micropatiant concentration but also in water and fat
content, that may explain the variability of theokimg effects observed on micropollutants.
Due to these discrepancie® clear conclusion can be drawn regarding thecetiecooking
on micropollutants. Thusthese former studies are not sufficient to fee’# assessment
models which require robust and reproducible data.address this challenging issue, a
realistic, standardized and reproducible cookinghwd must be set up. It is also necessary to
use a homogeneous matrix intentionally and unifgrodntaminated at a known and high
enough concentration to be detected, even aftdimg@¢Northcottet al, 2000). Finally, since
it is expected that micropollutants have differeahaviors during cooking depending on their
physicochemical properties, there is a need to nidiee range of micropollutants
investigated.

To enable a high-throughput assessment of thetefétdacooking on a wide variety of
harmful contaminants in food, multiresidue meth@d&Ms) are particularly suitable (Tang
et al, 2013). Several studies demonstrated the relevahcemprehensive two-dimensional

gas chromatography (GCxGC) in tandem with timelight mass spectrometry (TOF-MS) to
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assay PCBs, PCDD/Fs (Focattal, 2004a; Focaret al, 2005) and pesticides (Engal al,
2013). Some authors have focused on the combirsy @ PCBs and PCDD/Fs (Plancite
al., 2015) or PCBs and pesticides (Van der ke¢eal, 2008), but to our knowledge, no
GCxGC-TOF/MS method had yet been developed fosittelltaneous assay of PCBs, toxic
PCDD/Fs, and organochlorine and organophosphorstices. For heavy metals, a method
was validated by the French National Reference taboy (Chevallieret al, 2015) to
qguantify 31 essential and non-essential trace ei&snia food by inductively coupled plasma
mass spectrometry (ICP-MS).

With the ultimate aim of making a better assessnwntisks due to chemical
contamination of food, we have studied the effeaftscooking on the levels of PCBs,
PCDD/Fs, pesticides and heavy metals in meat. lisrpurpose the first part of this paper
was focused on the set up of a GCxGC-TOF/MS maltree method for the simultaneous
assay of PCBs, PCDD/Fs and pesticides in cookaghgrbeef. In a second part, this method,
together with the ICP-MS method, were used to asses effects of different realistic
cooking intensities on micropollutant levels in taminant-spiked meat. The validity of these
results obtained with spiked meat will be discussedhe light of contaminant levels

measured after cooking in naturally contaminatedtrsamples.

2. Materials and Methods

2.1. Chemicals and standards

Hexane, dichloromethane, acetone, methanol anértelwere organic trace analysis
grade solvents (Sigma-Aldrich, Saint-Quentin-Fa#avFrance). Activated aluminum oxide
(acidic, Brockmann 1) and diatomaceous earth usethk preparation of Accelerated Solvent
Extraction (ASE) cells were obtained from Sigma+idd. Micropollutant reference
standards were obtained from AccuStandard Europed@xbipp, Switzerland) for the 209
PCBs, the organochlorine and organophosphorus cmkesti and from LGC Standards
(Molsheim, France) for the 17 PCDD/Fs. The 209 P@®Bse divided into nine 10 ng [iL
stock solutions. For PCDD/Fs, the concentratiothefstock solution was different according
to the congeners: tetra- 2.5 ngfilpenta-, hexa- and hepta- 6.25 ng'iend octa- 12.5 ng
uL™. Organochlorine and organophosphorus pesticidgtienl concentrations were 2000 ng
uL™ Internal standards were used for the accuratatifigation of target compounds: 3'-F-
PCB-28 (Chiron, Trondheim, Norway), 3-F-PCB-81 (®m), 13C-labeled PCB-111
(Wellington laboratories, Guelph, ON, Canada), 18:led PCB-194 (Wellington) and
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fenchlorphos (Sigma-Aldrich). For heavy metal asmly standard solutions containing
arsenic, cadmium, mercury and lead and internaiddsta solutions were purchased from
Analytika (Prague, Czech Republic) or from Ultraiedtific (North Kingstown, USA).

Suprapur HNOS3 (67% v/v) and Rectapur HNO3 (54% wkgs purchased from VWR

(Fontenay-sous-Bois, France).

2.2. Meat samples

Two types of meat samples were used, corresponttingoth intentionally and
naturally contaminated meat. Intentionally contaatea meat was prepared with ground beef
samples from a same blend of muscles (11% fat)haged from a French supplier. 125 g
weight aliquots were stored at —80 °C before usatriM blanks of these samples were made
before spiking. Naturally contaminated meat samplese obtained in the frame of the
French project SOMEAT (Contract No. ANR-12-ALID-G00Safety of Organic Meat.
Available at www.so-meat.fr) and were ground befmse.

2.3. Spiking and cooking
2.3.1. Sample spiking

Ground beef was spiked according to Planehal. (2015) combining micropollutant
addition to ground meat with matrix homogenizati@riefly, ground beef (120 g) was
immersed in dichloromethane (20 mL) containing th&ropollutants (PCBs, PCDD/Fs,
pesticides and heavy metals) followed by evapanatieder a hood and homogenization for 2
min in a blender. For PCBs, PCDD/Fs and pesticidespiking concentration of 8 ng* @f
fresh meat was chosen to give concentrations idyre@arun samples within the range of
linearity of our GCxGC-TOF/MS method. For heavy at&t meat was spiked at a
concentration of 0.1 ng gfresh meat corresponding to the authorized limitiéad in meat
according to EU Directive 466/2001.

2.3.2. Cooking method

To study the fate of micropollutants during cookiegcular small ground beef patties
weighing 26 g (2.5 cm thickness) were shaped temése commercial ground beef patties.

Ground beef patties were cooked in a stainlesd étgiag pan (17 cm diameter) on a
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controlled-temperature induction hob (Bosch Elengéaager, Saint-Ouen, France). A sheet of
11 pum thick aluminum foil was laid on the bottomtbé frying pan to recover juice released
during meat cooking. Three different cooking coiotit were used to simulate rare (core 50
°C), medium (core 70 °C, according to WHO recomnagiods for ground meats) and well-
done (core 85 °C) meain (= 3 for each cooking condition). These cooking dibons
corresponded to: 7 min heating (patty turned overed at 160 °C at the bottom of the pan, 14
min heating (turned over three times) at 200 °Ghatbottom of the pan and 14 min heating
(turned over three times) at 250 °C at the bottérthe pan, respectively. Temperatures at the
core of the meat and at the bottom of the pan weomitored by thermocouples (RS

Components, Beauvais, France).

2.3.3. Determination of fat content

The determination of fat content was realized adiogr to Blanchet-Letrouvét al.
(2014) with slight modifications. Raw and cookedatneere freeze-dried. 1 g of the powder
obtained was then extracted by accelerated sobsrdaction (ASE) using a Dionex ASE 350
extractor (Sunnyvale, CA, USA) fitted with 22 mlastless-steel extraction cells. A toluene-
acetone (70:30) mixture was used as extractionesbhat a temperature of 120 °C and a
pressure of 1500 psi with three extraction cycles gample. The extract obtained was then

evaporated under a hood and weighed to determimmefident.

2.4. Sample extraction
2.4.1. Extraction of PCBs, PCDD/Fs and pesticides

Before extraction, the cooked ground beef pattiegewpowdered with a liquid
nitrogen grinder. Extraction, clean-up and coneaidn of the extract were then carried out
according to Planchet al.(2015) with slight modifications. Briefly, 5 g ofeat powder were
extracted by accelerated solvent extraction (ASEnhgs a Dionex ASE 350 extractor
(Sunnyvale, CA, USA). 34 mL stainless-steel extoactells were used, with 12 g of acidic
alumina placed at the bottom of the cells. Papgtrsi were placed at the bottom and top of
the alumina layer. The cells were then filled wBhg of ground beef dispersed in
diatomaceous earth. Hexane was used as extraciieens at a temperature of 100 °C and
pressure of 1500 psi. ASE extraction included ngaf> min), static time (5 min) and purging

(90 s) with two extraction cycles per sample. Aftiration through a glass fiber prefilter
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and a 0.2um nylon filter (Phenomenex, Torrance, CA), the astr(ca. 40 mL) was
evaporated (Rocket, Genevac Ltd.) using toluena &eeper to minimize analyte losses
during the evaporation step, and 4 mL of dichlortbrare were then added. To clean up
extracts, gel permeation chromatography (GPC) @Gjlsiddleton, WI, USA) was carried
out on an S-X3 Bio-Beads column (Bio-Rad, PhiladelpUSA) using dichloromethane as
eluting solvent at a flow rate of 5 mL miinThe fraction obtained was evaporated to dryness
(Rocket, Genevac Ltd.), and 100 pL of hexane wiea tadded prior to analysis. All the

samples were spiked with internal standards (10@hg) at different steps.

2.4.2. Sample digestion for heavy metals analysis

Samples were digested using a Multiwave 3000 miax@digestion system (Anton-
Paar, Courtaboeuf, France), equipped with a raioeifght 80 mL quartz vessels (operating
pressure, 80 bar). The sample digestion procedasepsrformed according to the EN 13805
standard and had previously been optimized (Mbél, 2003). Before use, the quartz vessels
were decontaminated with 6 mL of 50% HN®B4%, v/v) in the microwave digestion system,
then rinsed with ultrapure water and dried in aGl@ven. From 0.3 to 0.5 g (dry food) and
from 0.5 to 2.0 g (fresh diet) of dietary samplesrevweighed precisely in the quartz
digestion vessels and wet-oxidized with 3 mL ultnepwater and 3 mL Suprapur HMO
(67%) in the microwave digestion system. One rargoselected vessel was filled with
reagents only and taken through the entire proeedsr a blank. After cooling to room
temperature, sample solutions were transferred5atomL polyethylene flasks. Then, 100 pL
of the internal standard solution (1 m{ internal standards and 10 mgAu) were added to
a final concentration of 2 pg’Linternal standards and 20 ug Bu; the digested samples

were filled with ultrapure water to the final volenbefore analysis by ICP-MS.

2.5. Micropollutant analysis
2.5.1. Multiresidue analysis of PCBs, PCDD/Fs aedtwides

Samples were analyzed on a time-of-flight masstepeeter (Pegasus 4D, Leco, St
Joseph, MI) coupled to a two-dimensional gas chtograph (6890, Agilent Technologies)
equipped with a dual stage jet cryogenic modulfétoensed from Zoex) according to Planche
et al. (2015). A Rtx-Dioxin2 1D column (60 m x 0.25 mm0Ox®25 um) (Restek, Bellefonte,
PA, USA) was connected to a BPX-50 2D column (2 @&.Xxmm x 0.1 um) (SGE, Austin,
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TX, USA) with a deactivated ultimate union (Agilemechnologies, Santa Clara, CA). A
splitless injection of 1 pL of sample extract wasrfprmed through a CTC CombiPal
autosampler (CTC Analytics, Zwingen, Switzerlanddwvan inlet temperature set at 280 °C.
A split/splitless inert liner (Restek, sky® 4.0 nithliner) was used. Ultra-pure grade helium
(purity 99.9995%) was used as carrier gas withrsstmt flow rate of 1.5 mL mih Purge
time was set to 60 s with a flow rate of 50 mL thiThe primary oven temperature was
initially set at 90 °C for 1 min, then ramped td02T at 20 °C mifl, then to 308 °C at 2 °C
min™ and lastly to 330°C at 5 °C mirfor 10 min. The secondary oven temperature was set
°C higher than the primary oven temperature. Thelufaior temperature was set 15 °C
higher than the primary oven temperature, and thdutation period was 5 s with 1.20 and
1.30 s for the hot and cold pulses, respectivehe fransfer line temperature was set at 280
°C. The mass spectrometer was operated with artr@bedonization source (ionization
energy: 70 eV), a detector voltage of 1800 V addta acquisition rate of 100 spectra $he
run time for each sample was 75 min. Analyticahklaamples of pure solvent were run to
check for absence of targeted analytes. GCxGC datee processed using LECO
ChromaTOF software (version 4.50.8.0).

In order not to be restricted by the sensitivity tbe GCxGC-TOF/MS method,
naturally contaminated samples, in which the cotraéion of contaminants is unknown, were
analyzed according to Berget al. (2011) by a French National Reference Laboratory
(LABERCA, Nantes, France).

2.5.2. Analysis of heavy metals

ICP-MS measurements were performed with a 770C6Seri(Agilent Technologies,
Courtaboeuf, France) equipped with a third genemactopole Reaction System (ORS
using He gas. The sample solutions were pumpedg®riataltic pump from tubes arranged
on a CETAC ASX-500 Series auto-sampler (CETAC Tebtdgies, Omaha, NE, USA). The
torch position, ion lenses, gas output, resolutigis (10% of peak height, m £ 0.05 a.m.u)
and background (<20 shots) were optimized daily e tuning solution (1 mg1) to carry
out a short-term stability test of the instrumeiot,maximize ion signals and to minimize
interference effects due to high oxide levels (JeCe < 1.2%) and doubly charged ions
(CE'ICe" < 2%). Linearity response in the pulsed and ansognodes (P/A factor

determination) was verified daily using PA tuninguions. Further details of instrumental
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settings, optimization and validation process fbe tsimultaneous determination of 31

elements are given in Chevalletral. (2015).
2.6. Data processing
Micropollutant losses induced by cooking were dateed according to Rawaet al.

(2013):

([Micropollutant cooked meat] x mass cooked meat)

Loss =1 — ,
([Micropollutant raw meat]x mass raw meat)

where [Micropollutant raw meat] and [Micropollutaoboked meat] are the micropollutant
concentrations in raw or cooked meat ("o meat) and mass raw meat and mass cooked
meat are the mass of meat (g) before and aftenmgok

Data were processed using Statistica software arers0 (StatSoft, Maisons-Alfort,
France). Principal component analysis (PCA) wasopmed on the level of micropollutants
in meat before and after cooking to visualize ttnecsure of the data. To determine whether
the cooking process had an effect on the leveliofapollutants in meat, a one-way analysis
of variance (ANOVA,; p < 0.05) was performed on diitan GCxGC-TOF/MS and ICP-MS
analyses. A Newman-Keuls mean comparison test lveasgerformed on the resulting dataset

to determine which cooking intensity distinguishostween the three (p<0.05).

3. Results and Discussion
3.1. Multiresidue assay of PCBs, PCDD/Fs and pesties in cooked meat

To study the effects of cooking on levels of PCBEDD/Fs and pesticides in meat,
we first designed a multiresidue method based ox@CGTOF/MS for the simultaneous
monitoring of these three families of contaminaimscooked meat. Thus, we adapted the
method recently developed by Plandteal. for the simultaneous monitoring of PCBs and
PCDD/Fs to extend its scope to the assay of pdetdiPlanchet al, 2015).

A set of 16 pesticides (12 organochlorine and 4woophosphorus) likely to be found
in meat were targeted in this work. The separatiapacity of the column set used (Rtx-
Dioxin2/BPX50) was determined by calculating resiolu factors (R) according to Zapadlo
et al. with Ry = Atg/wp, Where £ is the retention time andpvihe average peak width at the
base (Zapadlet al, 2011). Two successive peaks were consideredvexss@then Rip> 0.6
in 1D or R 2p> 0.4 in 2D. The average resolution factors forip&kts were 2.44 in the first
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Fig. 1. GCxGC-TOF/MS contour plot of a set of PCBsPCDD/Fs and pesticides in

medium-cooked meat. The zoom shows how DDT (No. 1&d PCB160 (No. 18) can be
resolved by means of their specific ions.

1-DDD; 2-PCB168; 3-PCB153; 4-PCB132; 5-PCB179; BR(5; 7-PCB141; 8-PCB127; 9-

PCB176; 10-PCB137; 11-PCB130; 12-PCB186; 13-PCB184PCB163; 15-PCB138; 16-
PCB178; 17-PCB158; 18-PCB160; 19-DDT; 20-PCB129:PEZB175; 22-PCB182; 23-
2,3,7,8-TCDF; 24-Methoxychlor; 25-PCB187; 26-PCBl1&7-PCB183; 28-PCB126; 29-
2,3,7,8-TCDD; 30-PCB159; 31-PCB162; 32-PCB128; EBP85; 34-PCB174; 35-PCB167,

36-PCB202; 37-PCB181.



Table 1. Recovery rates obtained for a set of PCDBg, PCBs and pesticides, both

organochlorine (OC) and organophosphorus (OP), aftespiking, extraction and analysis

of medium cooked meat rf = 3). *: significantly lower at p < 0.05than recovery rates
obtained in raw meat by Planceeal. (2015)

Family Compound Recovery rate (%) RSD (%)
PCDD/F 2,3,7,8-TCDD 86 8.3
PCDD/F 2,3,7,8-TCDF 94 11
PCDD/F 1,2,3,7,8-PeCDD 74 6.3
PCDD/F 2,3,4,7,8-PeCDF 72 5.4
PCDD/F 1,2,3,4,7,8-HxCDD 67 12
PCDD/F 1,2,3,4,7,8-HXCDF 69 12
PCDD/F 1,2,3,6,7,8-HXCDF 62 14
PCB (1) 2 91 6.7
PCB (8) 2,4 102* 5.9
PCB (19) 2,26 91 6.8
PCB (28) 2,44 103* 6.4
PCB (52) 2,2'5,5 94* 8.1
PCB (77) 3,344 107* 4.1
PCB (81) 3,4,4'5 83* 6.5
PCB (105) 2,3,3,4,4 72* 7.3
PCB (114) 2,3,4,4'5 71* 6.5
PCB (118) 2,3,4,4'5 70* 6.4
PCB (123) 2',3,4,4'5 80* 3.2
PCB (126) 3,3,4,4'5 71* 3.2
PCB (153) 2,2'4,4' 55 80* 0.6
PCB (156) 2,3,3,4,4'5 59* 9.0
PCB (157) 2,3,3,44 5 106 4.0
PCB (167) 2,3,4,455 65* 7.5
PCB (169) 3,3,4,4' 5,5 113 5.0
PCB (172) 2,2',3,3,4,55 107* 4.0
PCB (189) 2,3,3,4,4' 5,5 94 2.3
PCB (206) 2,2',3,3,4,4' 55,6 83* 3.0
PCB (209) 2,2',3,3,4,4'55',6,6' 95* 21
Pesticide (OC) aldrin 107 6.8
Pesticide (OC) dieldrin 117 9.7
Pesticide (OC) 4,4-DDT 136 10
Pesticide (OC) 4,4-DDD 90 7.8
Pesticide (OC) 4,4'-DDE 92 3.3
Pesticide (OC) lindane 88 9.0
Pesticide (OC) alpha BHC 94 54
Pesticide (OC) béta BHC 87 5.9
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dimension and 0.45 in the second one. These valgesf the same order of magnitude as
those obtained by Planckeal. (2015) for PCBs and PCDD/Fs (on averagg,oX 2.05 and
Rs2p = 0.51). The GCxGC-TOF/MS method optimized for thealysis of PCBs and
PCDD/Fs was thus also satisfactory for the analg$ipesticides. Figure 1 presents an
expanded region of the contour plot obtained from dnalysis of an extract of cooked meat
spiked beforehand with PCBs, PCDD/Fs and pesticgleswving the separation of PCBs 105,
141 and 127 (Nos. 6, 7 and 8 in Figure 1), and@B R26 (No. 28) and 2,3,7,8-TCDD (No.
29) using the second chromatographic dimensionhef ECxGC-TOF/MS. In addition,
compounds that were not chromatographically resblgeuld be individually monitored
provided that they displayed specific ions in threspective mass spectra: this was the case
for DDT (No. 19) and PCB 160 (No. 18). The GCxGCHRS method used thus allowed
the simultaneous assay of 222 micropollutants @88s, 17 PCDD/Fs and 16 pesticides), in
75 min (Table S1. Supplementary material). Thesalt® further support GCxGC-TOF/MS
as an effective method for multiresidue analysis.

In order to further use this method for PCB, PCDBYid pesticide quantification after
cooking, recovery rates of these micropollutantsewtetermined after spiking, extraction and
analysis of cooked meat using the protocol develdpePlanchest al. on raw meat (Planche
et al, 2015). Table 1 shows the recovery rates obtdmoad medium cooked meat for a set of
21 PCBs (including 15 of the 18 PCBs considereth@asnost relevant due to their occurrence
in meat), the 16 pesticides listed in Table Sl1.pfmentary material), and a set of 7
PCDD/Fs including 2,3,7,8-TCDD and 1,2,3,7,8-PeCIH2, most toxic dioxins with WHO-
TEF = 1 (Sirotet al, 2012). If the expanded uncertainty is taken dsetwhe RSD, we can
note that many of the component recoveries shown2falegrees of freedom are not
significantly different from 100%. Indeed, mosttbe recovery rates lay between 70% and
130%, a classically acceptable interval (EPA Metl@D0OC, 2003), with RSB 10%.
Hexachlorodibenzo-dioxins/furans, PCBs 156, 167 a@€, heptachlor, DDT and O,0,0-
triethylphosphorothioate had recovery rates and®8D values outside the classical
acceptable limits. For these compounds, the resultsequently obtained in this study must
therefore be interpreted with caution. Note that ¥6 of the 21 PCBs monitored, cooking
lowered recovery rates relative to the values obthiin raw meat by Plancle al. (2015).
This decrease was especially marked for PCBs 109 86, with respective recovery rates of
72% and 59% after extraction and analysis of cookedt, against 115% and 108% from raw
meat. Sporringet al. (2004) also showed for an ASE extraction methad BCB recovery

rates varied widely according to the matrix, foample averaging 113% (RSD = 1.8%) when
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Fig. 2. Discrimination of concentration (ng @ of fat) of PCBs in meat according to

intensity of cooking of samples.



Table 2. Concentrations ( = 3) of PCBs and PCDD/Fs in spiked raw meat and ispiked meat cooked at different intensities
(rare, medium and well-done) All results are corrected for individual recoveatas®?*? The letters represent the groups given by the
Newman-Keuls mean comparison test when compareeaicnt compound, based on the concentration obté&mneke different cooking
conditions. Two groups with distinct letters cancoasidered as significantly differemt € 0.05).

Medium-cooked

Raw meat Rare-cooked meat Well-done meat
meat
Lipid content 11% 13% 15% 16%
Cooking mass loss 23% 34% 36%
Compound qungllgncy Conc_?ntration RSD Conc_?ntration RSD Conc_?ntration RSD Conc_?ntration RSD
factor (TEF) (ng g of fat) (%) (ng g of fat) (%) (ngg offat) (%) (ngg offat) (%)

PCB 1 64 4.6 49 8.2 51° 12 47 11
PCB 8 77 5.6 75 14 79 13 60° 23
PCB 19 68 8.6 55° 11 58 32 53 15
PCB 28 od’ 0.60 81° 1.3 73 2.9 63 7.5
PCB 52 78 2.2 9 8.2 73 11 56° 20
PCB 77 0.0001 84 5.3 4 5.1 A4 3.1 3 5.3
PCB 81 0.0003 78 6.4 70° 13 66> 3.1 55° 12
PCB 105 0.00003 8% 0.62 68° 11 69° 35 47 7.7
PCB 114 0.00003 768 1.6 79 11 68° 8.5 48 6.6
PCB 118 0.00003 78 3.1 71 11 70° 2.2 49 8.0
PCB 123 0.00003 8% 4.1 68° 11 71° 2.7 30 6.1
PCB 126 0.1 72 2.3 62 11 67" 4.5 54 2.8
PCB 153 97 3.9 47 8.6 50° 15 37 27
PCB 156 0.00003 8b 2.7 76° 4.5 80 4.8 3 7.3

PCB 157 67 4.6 105 7.8 73 2.1 55° 3.0
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extracting from a vegetable feedstuff, against 48%6D = 2.2%) when extracting from pork
fat. According to Ishiwataret al. (2013), the different matrix structures could explthese
differences. In our study conditions, the protegnaturation that occurs during cooking
causes a marked change in the structure of the mmataitx that may account for the decreased
recovery rates obtained from cooked relative to maeat.

The recovery rates of the micropollutants monitosenle determined in the same way
from rare-cooked and well-done meat. Contrary tatwdne might expect, the results were of
the same order of magnitude as those obtained afégtium cooking (data not shown).
Indeed, although high cooking intensity raised lthiel content of the meat (13%, 15% and
16% of lipids respectively in rare, medium and waElhe cooked meat) and lowered its water
content (61%, 52% and 50% of water respectivelyaire, medium and well-done cooked

meat), the recovery rates obtained were not saamtly affected.

3.2. Effects of cooking on contaminant loads in na¢
3.2.1. PCBs and PCDD/Fs

As shown in the first map of the PCA (Figure 2)asl differences in meat PCB
concentrations can be observed according to thkirmgpantensity. A similar separation was
obtained starting with the quantities of PCBs inwrar cooked meat (Figure S1.
Supplementary material). The examination of theafof the different cooking intensities on
each PCB (Table 2 and Table S2. Supplementary mteonfirms these observations. The
average total PCB concentration decreapes.05) from 79 ng g of fat in raw meatr=3)
to 69, 63 and 43 ng’gof fat after rarer=3), medium (=3), and intensen3) cooking. This
corresponds to a loss of respectively 18 %, 30 % 481% of total PCBs (ng) in the meat.
Higher cooking intensity thus causes significangieater PCB losse9 € 0.05), which
induce a decrease in PCB concentration in meahoAtth both the matrix studied and the
cooking intensities were different, these resuftsia line with those of Bayeet al. (2005)
for pan-fried fish (5 min at 180 °C) containing -818.3% lipids, in which average losses of
PCBs were 36 + 11% (Bayeet al, 2005). Loss observed for intense cooking is also
consistent with the average decrease of 44% in HERDd dioxin-like PCB concentration
reported by Horet al. (2005) after a 10 minute broiling of ground beés.71+ 4.6% fat). In
contrast, Rawret al. (2013) reported narrow variations in PCB concertnat when cooking
fish, these variations being partly attributed te uncertainty in the quantification method

used. Considering the different PCB congeners €'&a. Supplementary material), cooking
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effect varied with the congener assayed, with f@neple non-significant losses of PCBs 8,
19 and 52, but losses greater than 50% of PCB453, 169, 206 and 209 after medium
cooking. Note that the losses observed for PCBsat26169, which had the highest WHO-
TEF values of all the PCB congeners studied (0dLGa@3), were respectively 16% and 57%,
showing the importance of taking into account thiigating effects of cooking when
assessing risks ascribed to this family of contamis.These losses cannot be explained by a
volatilization of PCBs during cooking because P@Bsresistant to temperatures up to 300°C
whereas, even in the most intense cooking conditr@temperature at the bottom of the pan
is 250°C and only 85°C at the core of the meabun study, the greatest losses (>55% for
medium cooking and >80% for intense cooking) werseoved for PCBs 206 and 209, the
most highly chlorinated PCB congeners (9 and 10raie atoms, respectively). Bayenhal
also found greater losses of more highly chlorid®®€Bs after cooking: they explained this
effect by the expulsion of these particularly lipdg compounds into cooking juices along
with lipids contained in the food matrix (Bayet al, 2005). This explanation also fits our
results, where PCBs 206 and 209 were the mostHipopwing to their high chlorination
level (highest lod, values of 7.9 and 8.3, respectively). Also, Aaglghal (2003) showed
that the higher the core temperature in the medhglicooking, the greater were the lipid
losses in the cooking juice. Extraction of PCBshia expelled lipids thus explains why losses
caused by intense cooking (core 85 °C) were grelaser those observed with gentle cooking
(core 50 °C). The matrix studied, and in particutarinitial lipid content and the method of
cooking chosen thus seem to strongly influenceatians in PCB loads observed during
cooking.

For total PCDD/Fs in meat, the average losses natrsignificant, irrespective of the
cooking intensity (Table S2. Supplementary matgrighese results are consistent with those
obtained by Roset al, who also found no significant losses of PCDDdRsr beef cooking,
whatever the method used (Roseal, 2001). Table 2 shows that meat concentration in
1,2,3,4,7,8-HXCDF and 1,2,3,6,7,8-HxCDF (in nig af fat) increase after rare or medium
cooking whereas no significant increase could beeoked after intense cooking. However,
these results must be interpreted with cautiontiese two compounds, their recovery rates
being respectively 63.8% and 63.9% after intensikiog, with RSD> 10%. For the other
targeted PCDD/Fs, no significant difference in @mcation during cooking could be
observed, whatever the cooking intensity. Theseltsesontrast with those obtained by Hori
et al (2005), who showed an average decrease in caatient (pg TEQ d) of 54% for
PCDD/Fs when ground beef (15.7 + 4.6% fat) waslédojapproximately 10 min) (Hoet
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Table 3. Concentrations § = 3) of organochlorine (OC) and organophosphorusdP) pesticides in spiked raw meat and in spiked méa
cooked at different intensities (rare, medium and wll-done).All results are corrected for individual recoveagas*"“? The letters represent
the groups given by the Newman-Keuls mean compatisst when compared for each compound, basedeocoticentration obtained for the
different cooking conditions. Two groups with digti letters can be considered as significantlyedéiit (p < 0.05).

Raw meat Rare-cooked meat Medium-cooked meat Well-done meat
Compound Concentration RSD Concentration RSD Concentration RSD Concentration RSD
(hgg'ofmeat) (%) (hggofmeat) (%) (nggiofmeat) (%)  (ng g of meat) (%)
Aldrin oC 7.8 3.9 10° 9.6 13 12 12 12
Dieldrin ocC 8.4 8.5 1.3 5.9 2.4 4.7 0.87 16
4,4'-DDT ocC 8.5 5.9 6.5 9.9 3.4 13 4.3 4.6
4,4'-DDD oC 7.5 12 9.4 12 11° 3.3 17 8.4
4,4-DDE oC 6.9 14 8.1° 3.2 9.9 6.3 6.4 10
Lindane (Gamma BHC) OC 7.8 6.6 12 9.8 10 4.3 10 12
Alpha BHC OoC 6.9 7.3 7.00 10 8.5 7.0 8.12 12
Béta BHC oC 6.5 5.4 9.8 4.5 10° 4.6 8.3 11
Delta BHC ocC 5.9 4.9 3.6 15 3.2 4.6 4.2 20
Heptachlor oC 8.7 1.8 45" 7.9 5.0° 5.1 4.2 10
Heptachlor epoxide  OC 6.5 6.1 5.8 11 5.1° 18 6.8 13
Methoxychlor oC 7.3 45 10° 6.0 10° 4.7 7.5 12
Sulfotep OP 7.5 6.8 1.2 17 1.5 29 1.2 6.9
0,0,0-
triethylphosphorothioate OP 6.7° 12 1.62 17 1.9 10 1.5 11
Phorate oP 8.4 6.4 2.1 15 2.3 20 1.7 28

Disulfoton OP 6.07 4.6 7.8 26 8.8 11 8.0 14




al., 2005). As already reported by Peradioal. (2010), we thus observed different behavior
during cooking between key PCBs and PCDD/Fs, ekengh both families of compounds
are lipophilic.

In order to determine whether a difference mayterithe fate of contaminants during
cooking, between spiked contaminants and contartsnainaccumulated in muscles during
animal breeding, beefn(= 3), pork 6 = 3) and chickenn = 3) samples naturally
contaminated with PCBs and PCDD/Fs were studiethleT&3. (Supplementary material)
presents concentrations of PCBs and PCDD/Fs irethas or medium-cooked samples.
Except one beef sample (n°3), an increase was \a¢dasén the concentration of PCBs and
PCDD/Fs in meat after cooking. In terms of quantity significant losses were observed for
these compounds during cooking (data not shownjclwls consistent with the results
observed for PCDD/Fs in spiked meat but differsmfrthose obtained for PCBs in spiked
meat (30% loss). These differences could be paxained by the fact that meat fat content
may vary significantly between samples and theseatans could affect the fate of
micropollutants during cooking (Watkiret al, 2010). Moreover, it is also important to note
that the lipid content of naturally contaminateanpées (from 1.0% to 5.3% fat) is much
lower than in spiked samples (11% fat). As PCBseapelled in the cooking juice with fat, it
can be hypothesized that for lean meat, thereaammrding to Oroszvast al (2006), small
lipid losses in the cooking juice which thus induge significant loss of PCBs during
cooking. To confirm this hypothesis, additional lgeas were carried out on chicken meat
samples (mean fat level: 1.5%) intentionally spikeith PCBs before cooking. Consistent
with the results observed with naturally contamsdasamples, no significant losses of PCBs
were observed during cooking for these low-fat sgiksamples (data not shown). Thus,
differences that were observed between 11% fatedpdamples and naturally contaminated
samples seems to be due to the different lipidl lbeéwveen these samples and not to the

spiking protocol.
3.2.2. Pesticides

Table 3 gives the concentrations in ng gf meat of the 16 pesticides (12
organochlorine and 4 organophosphorus) for theewdfft cooking intensities, these
concentration units being classically usedisk assessment according to Reg 396/2005/EC.
Losses in the total load of pesticides in meat mdurcooking are reported in Table S2.

(Supplementary material).
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Different behaviors can be observed in Table 3stFian increase in concentration
during cooking could be observed for 6 pesticideddr(n, DDE, DDD, lindane,
methoxychlor, and beta-BHC). This increase may X@ated by the mass loss of meat
during cooking (22.6 = 1.5%, 34.0 £ 1.5% and 35.6.8% of mass loss after respectively
rare, medium and well-done cooking) that exceediqés losses reported in Table S2.
(Supplementary material), resulting in a concemnateffect. Secondly, three pesticides
(alpha-BHC, heptachlor epoxide and disulfoton) sbdwno significant variation in
concentration during cooking. Indeed the lossesrted in Table S2. (Supplementary
material) were of the same order of magnitude thass loss of meat during cooking. These
losses can be explained by an elimination of tlkesepounds with juice during cooking or by
their volatilization, in particular for disulfotowhich is more volatile than the others. Note
that the high variability of the results obtained flisulfoton (RSD> 10%) may also explain
that its small concentration increase after coolobgerved in Table 3 was not significant.
Lastly, a decrease in concentration could be olsefor 7 pesticides (DDT, heptachlor,
dieldrin, sulfotep, phorate, O,0,0-triethylphospitbroate and delta-BHC), with losses of
contaminants, that can exceed 80% after medium itgokTable S2. Supplementary
material), greater than meat mass losses. Thesestitiges included 3 organophosphorus
pesticides (sulfotep, phorate and O,O,O-triethy§pimrothioate) which are known to be
thermosensitive even at current cooking temperatdbemu-Arab, 1999). Their breakdown
during cooking could thus explain their lowered cemiration in cooked meat. For
heptachlor, dieldrin and DDT, Muresai al. (2015) reported lower losses than in our study
after baking pork (1 h at 110 °C): loss of 44.196.3% and 51.1% for respectively
heptachlor, dieldrin and DDT (loss of 61.6%, 81.9%d 74.7% in our study for medium
cooking). In our study, the conversion of DDT i@®D by reductive dechlorination or into
DDE by dehydrochlorination under the effect of hea explain the marked losses of DDT
during cooking (Bayarret al, 1994; Muresaet al, 2015). There seems to be an equilibrium
state for DDD and DDE between losses in cookinggand formation from DDT, which
could explain why their quantities in meat remaiadrtiost constant during cooking (except
for DDE during intense cooking with losse40%), as shown in Table S2 (Supplementary
material). According to Muresaet al (2015), the oxidation of heptachlor into heptachl
epoxide could also explain the marked losses amdrked concentration of heptachlor during
cooking. This is consistent with the smaller lossésheptachlor epoxide during intense
cooking than during medium cooking (Table S2. Sep@ntary material), possibly due to the

formation of heptachlor epoxide by oxidation of tegghlor. In contrast, neither the physical
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Table 4. Concentrations ( = 3) of heavy metals in spiked raw meat and in sked
medium-cooked meatAll results are corrected for individual recoveages.*: significantly

different atp < 0.05.

Raw meat Medium-cooked meat

Compound Concentration RSD Concentration RSD
(mg kg* of meat) (%) (mg kg* of meat) (%)

Arsenic 0.13 5.6 0.22* 3.7
Cadmium 0.12 4.9 0.15* 4.8
Mercury 0.11 6.0 0.15* 6.7

Lead 0.12 3.6 0.15* 3.8




and chemical properties of dieldrin and delta-BH@r, their high temperature stability data
available in the literature can explain the deaeasconcentration of these two pesticides
during cooking.

3.2.3. Heavy metals

Table 4 presents concentrations in mg' kaf meat (classical expression of heavy
metal concentration in food for risk assessmenbaicg to Reg 466/2001/EC) of the four
heavy metals studied (arsenic, cadmium, mercuryleam). A significant increas@ € 0.05)
was observed in the concentration of heavy metatlse meat during cooking for all 4 metals
monitored. This increase was of the same orderagfmude for cadmium, mercury and lead,
with an average concentration for each metal befooking of 0.116 mg k§jof meat (RSD
= 1.83%) and an average concentration after cooking.151 mg kg of meat (RSD =
0.66%). This increase may be explained by the rosssof meat during cooking that exceed
heavy metal losses reported in Table S2. (Supplamenmaterial), resulting in a
concentration effect. A more marked concentratifece was observed for arsenic (from
0.133 mg kg of meat before cooking (RSD = 5.60%) to 0.215 g &f meat after cooking
(RSD = 3.67%)) because its quantity in meat staystant during cooking while meat mass
decreases. This increase in the arsenic concemtrati meat during cooking was already
reported in earlier studies (Devestaal, 2001; Ersoyet al, 2006; Perellcet al, 2008). Note
that losses of heavy metals observed during mediaoking (Table S2. Supplementary
material) are close to the margin of error of thetmd used to assay the heavy metals,
making difficult their critical reading (Chevalliet al, 2015). Thus, given the weak or nil
effect of cooking on the heavy metal levels in meat did not collect data for rare or intense
cooking in addition to medium cooking.

In order to assess the impact of spiking on the &dtheavy metals during cooking,
beef o = 9), pork 6 = 7) and chickenn(= 6) samples naturally contaminated with arsenic
were studied. Table S4. (Supplementary materiadsents concentrations (in mg keof
meat) of arsenic in these raw or medium-cooked Bssngxcept one beef sample (n°6) and
one pork sample (n°15), an increase was observigkinooncentration of arsenic in meat after
cooking, whereas its quantity in meat stays comstdata not shown). These results are
consistent with those observed with spiked meatsTlpiking does not seem to affect the

fate of heavy metals during cooking.
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4. Conclusion

The GCxGC-TOF/MS multiresidue method set up enatdestudy the effects of cooking on
a broad range of PCBs, PCDD/Fs and pesticidesikedground beef meat. The fate of some
heavy metals in meat was assessed by ICP-MS amaRssults show that cooking could
induce a significant decrease in levels of PCBs pesticides in meat, this decrease being
more marked as cooking conditions were more inteBgecontrast, cooking only slightly
affected levels of PCDD/Fs and heavy metals in m@at results indicate that meat lipid
levels, hydrophobicity of the contaminants studaedl their sensitivity to heat represent the
major factors explaining the variations observedsis obtained on spiked meat proved to
be relevant for future modeling / prediction of nojgollutant fate in naturally contaminated
meat during cooking. The ultimate goal of the peojwill be to improve chemical risk
assessment procedures taking into account the ebarigduced by cooking on

micropollutants in meat.
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Supplementary Material

Table S1.Elution order of PCBs, PCDD/Fs and pesticides in aked meat using the Rtx-
Dioxin2/BPX-50 column set.Coeluting congeners determined from the resolufamior
proposed by Zapadilet al. (2011) are listed in a box.

Compound Congener ID mass 'tg(s) s (s)
(m/z)
0,0,0-triethylphosphorothioate 198 640 1.75
2-MoCB 1 188 970 2.42
3-MoCB 2 188 1065 2.55
4-MoCB 3 188 1085 2.57
sulfotep 322 1115 2.68
2,6-DiCB 10 222 1120 2.75
2,2'-DiCB 4 222 1125 2.75
phorate 260 1185 2.77
2,4-DICB 7 222 1200 2.74
2,5-DiCB 9 222 1205 2.74
2,3-DiCB 6 222 1230 2.85
2,3-DiCB 5 222 1255 2.92
a-BHC 219 1260 2.88
2,4'-DiCB 8 222 1260 2.89
3,5-DIiCB 14 222 1305 2.80
2,2',6-TrCB 19 256 1315 3.10
2,4,6-TrCB 30 256 1340 2.88
3,3-DiCB 11 222 1380 2.98
disulfoton 88 1380 3.00
B-BHC 219 1380 3.13
2,2',5-TrCB 18 256 1385 3.08
2,2',4-TrCB 17 256 1400 3.06
3,4-DIiCB 12 222 1405 3.02
3,4'-DiCB 13 222 1410 3.01
2,3',6-TrCB 27 256 1425 3.14
2,3,6-TrCB 24 256 1435 3.15
4,4'-DiCB 15 222 1440 3.04
lindane 181 1450 3.06
2,2',3-TrCB 16 256 1460 3.27
2,4',6-TrCB 32 256 1465 3.17
2',3,5-TrCB 34 256 1490 3.09
2,3,5-TrCB 23 256 1500 3.08
2,2'6,6'-TeCB 54 292 1510 3.45
2,4,5-TrCB 29 256 1515 3.10
2,3'5-TrCB 26 256 1540 3.14
2,3',4-TrCB 25 256 1550 3.16
3-BHC 181 1550 3.32
2,2',4,6-TeCB 50 292 1555 3.25
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2,4,4-TrCB
2,4'5-TrCB
2,2'5,6'-TeCB
2,3,3-TrCB

2,3,4-TrCB
2,3,4-TrCB

heptachlor
2,2',4,6'-TeCB
2,3,4-TrCB
2,2',3,6-TeCB
3,3',5-TrCB
2,3'5',6-TeCB
2,2',3,6'-TeCB
2,3,4,6-TeCB
2,2',3,5-TeCB
2,2'5,5-TeCB
3,4',5-TrCB
2,2',4,5'-TeCB
2,2',4,5-TeCB
2,2',4,4-TeCB
2,4,4'6-TeCB
2,3,5,6-TeCB
2,2',4,6,6'-PeCB
3,4,5-TrCB
aldrin
2,3,4,6-TeCB
2,2',3,5-TeCB
2,3,3,6-TeCB
2,2',3,4'-TeCB
3,3,4-TrCB
2,3'5,5-TeCB
2,3,4'6-TeCB
2,2',3,4-TeCB
2,3,4,5-TeCB
2,2',3,6,6'-PeCB

2,2',4,5',6-PeCB
3,4,4-TrCB

2,3,4',6-TeCB
2,2',3,3-TeCB
2,2',4,4'6-PeCB
2,3,3',5-TeCB
2,2',3,5,6'-PeCB
2,3,4,5-TeCB
2,3,3'5-TeCB
2,2',4,5,6'-PeCB
2,3,4',5-TeCB

28
31
53
20
21
33

51
22
45
36
73
46
69
43
52
39
49
48
a7
75
65
104
38

62
44
59
42
35
72
71
41
68
96
103
37
64
40
100
57
94
67
58
102
63

256
256
292
256
256
256
272
292
256
292
256
292
292
292
292
292
256
292
292
292
292
292
326
256

263

292
292
292
292
256
292
292
292
292
326
326
256
292
292
326
292
326
292
292
326
292

1580
1585
1595
1610
1615
1615
1620
1620
1655
1655
1680
1680
1685
1690
1700
1705
1725
1725
1730
1740
1745
1750
1755
1760

1765

1765
1795
1805
1810
1815
1835
1835
1850
1855
1855
1860
1860
1860
1885
1890
1900
1910
1920
1925
1950
1950

3.17
3.19
3.38
3.34
3.34
3.34
3.06
3.39
3.39
3.51
3.16
3.31
3.59
3.25
3.35
3.35
3.22
3.34
3.41
3.32
3.32
3.39
3.51
3.35

3.22

3.39
3.54
3.49
3.54
3.42
3.28
3.57
3.65
3.31
3.79
3.42
3.46
3.58
3.76
3.44
3.40
3.61
3.43
3.49
3.46
3.64
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heptachlor epoxide
2,3,4,5-TeCB
2,2',3,4,6-PeCB
2,3',4,5',6-PeCB

2,4,4'5-TeCB
2,2',3,5,6-PeCB

2'3,4,5-TeCB
2,2',3,5',6-PeCB
2,3,4'5-TeCB
2,2',3,4,6-PeCB
3,3.,5,5-TeCB
2,3,4,4'-TeCB
2,2',3,4',6-PeCB
2,2'4,4'6,6'-HxCB
2,3,3,4-TeCB
2,2',3,5,5'-PeCB
2,3,3,4'-TeCB

2,2',3,3',6-PeCB
2,2',3,4,6'-PeCB

2,2',3,4'5-PeCB
2,2',4,5,5'-PeCB

2,3,3',5',6-PeCB
2,3,4,4'-TeCB
2,2',4,4'5-PeCB
2,2',3,4',6,6'-HxCB
2,3',4,4'6-PeCB
2,2',3,5,6,6'-HxCB
2,3,3',5,6-PeCB
2,2',3,3',5-PeCB
3,3,4,5-TeCB
2,3,3.,4,6-PeCB
2,3,3',5,5'-PeCB
2,2',3,4,5-PeCB
2,2',3',4,5-PeCB
2,2',3,4,6,6'-HxCB
2,2',3,4'5,6'-HxCB
4,4-DDE
3,3,4,5-TeCB
2',3,4,5,6'-PeCB

2,3,4,5,6-PeCB
2,3,4',5,6-PeCB

2,2',3,4,5'-PeCB
2,3,4,4',6-PeCB
2,2',3,3,6,6'-HxCB
2,2',4,4'5,6'-HxCB
2,2',3,4,4'-PeCB

61
98
121
74
93
76
95
70
88
80
66
91
155
55
92
56
84
89
90
101
113
60
99
150
119
152
112
83
79
109
111
86
97
145
148

78
125
116
117
87
115
136
154
85

353
292
326
326
292
326
292
326
292
326
292
292
326
360
292
326
292
326
326
326
326
326
292
326
360
326
360
326
326
292
326
326
326
326
360
360
246
292
326
326
326
326
326
360
360
326

1955
1960
1965
1970
1970
1970
1975
1975
1985
1990
2005
2005
2005
2010
2045
2055
2080
2080
2080
2085
2085
2090
2095
2110
2120
2140
2150
2155
2155
2160
2165
2170
2180
2185
2185
2190
2205
2205
2215
2215
2215
2220
2230
2230
2235
2240

3.46
3.57
3.63
3.34
3.61
3.67
3.47
3.66
3.53
3.68
3.25
3.55
3.70
3.51
3.68
3.53
3.77
3.91
3.91
3.56
3.56
3.55
3.72
3.57
3.75
3.59
3.88
3.63
3.75
3.51
3.65
3.79
3.81
3.78
3.91
3.59
3.59
3.63
3.44
3.72
3.72
3.79
3.73
4.00
3.62
3.84
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2,3,4,5,5'-PeCB
3,4,4'5-TeCB
dieldrin
2,3,3',4',6-PeCB
2,2',3,5,5',6-HxCB
2,2'3,3',5,6'-HxCB
3,3,4,4-TeCB
2,2'3,3',4-PeCB
2,2',3,4,5',6-HxCB
2,2'.3,4'5,6-HxCB
2,2',3,4'5',6-HxCB
2,2'.3,4,4',6-HxCB
2'3,4,5,5'-PeCB
2,2'3,4,4'6'-HxCB
2,3,3',4,5'-PeCB
2,2'.3,4,5,6'-HxCB
2,3,3',4',5-PeCB
2'.3,4,4' 5-PeCB

2,3,3,4,5-PeCB
2,2'3,4'5,6,6-HpCB

2,2',3,3,5,6-HxCB
2,3',4,4'5-PeCB
2,2',3,3,5,5-HxCB
2,2',3,3',4,6-HxCB
2,2',3,4,5,6-HxCB
2,3,3',5,5',6-HxCB
2,2',3,4,4',6,6'-HpCB
2,2',3,4'5,5'-HxCB
2,3,3,4',5'-PeCB
2,3,3',4,5',6-HxCB
2,3,4,4',5-PeCB
4,4'-DDD
2,3,4,4'5',6-HxCB
2,2',4,4'5,5'-HxCB
2,2',3,3,4,6'-HxCB
2,2',3,3',5,6,6'-HpCB
2,3,3,4,4'-PeCB
3,3,4,5,5'-PeCB
2,2',3,4,5,5'-HxCB
2,2',3,3',4,6,6'-HpCB
2,2',3,4,4'5-HxCB
2,2',3,3',4,5'-HxCB
2,2',3,4,5,6,6'-HpCB
2,3,3',4'5',6-HxCB
2,2',3,3,5,5,6-HpCB

2,2',3,4,4'5'-HxCB

120
81

110
151
135
e
82

144
147
149
139
124
140
108
143
107
123
106
188
134
118
133
131
142
165
184
146
122
161
114

168
153
132
179
105
127
141
176
137
130
186
164
178
138

326
292
263
326
360
360
292
326
360
360
360
360
326
360
326
360
326
326
326
392
360
326
360
360
360
360
392
360
326
360
326
165

360
360
360
392
326
326
360
392
360
360
392
360
392
360

2245
2265
2265
2265
2300
2310
2320
2320
2325
2340
2350
2360
2360
2375
2380
2380
2385
2390
2410
2410
2410
2415
2420
2430
2435
2445
2450
2455
2460
2465
2465
2485

2485
2490
2500
2525
2545
2555
2555
2565
2580
2595
2600
2610
2630
2630

3.47
3.69
3.73
3.83
3.73
3.81
3.76
4.03
3.76
3.79
3.85
3.68
3.81
3.86
3.72
4.01
3.72
3.72
3.78
3.81
3.96
3.70
3.64
3.99
4.00
3.61
3.84
3.69
3.95
3.64
3.87
3.85
3.72
3.70
411
4.03
4.01
3.61
3.86
4.06
3.91
3.97
4.20
3.96
3.82
3.93
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2,3,3',4'5,6-HxCB

2,3,3',4,4',6-HxCB
2,3,3,4,5,6-HxCB
4,4-DDT

2,2',3,3,4,5-HxCB

2,2'3,3'4,5,6-HpCB
2,2'3,4,4'5,6-HpCB

2,3,7,8-TCDF
methoxychlor
2,2',3,4'5,5,6-HpCB
2,2',3,4,4'5',6-HpCB
2,3,4,4'5,6-HxCB
2,3,7,8-TCDD
3,3,4,4'5-PeCB
2,3,3',4,5,5'-HxCB
2,3,3,4'5,5-HxCB
2,2',3,4,5,5,6-HpCB
2,2',3,3',4,4'-HxCB
2,2',3,3,4,5,6'-HpCB
2,3,4,4'5,5-HxCB
2,2',3,3',5,5,6,6'-OcCB
2,2',3,4,4'5,6-HpCB
2,2',3,3,4,5',6'-HpCB
2,2',3,3',4,5,6,6'-OcCB
2,2',3,3',4,4',6-HpCB
2,2',3,4,4'5,6,6'-OcCB
2,2',3,3',4,5,6-HpCB
2,2',3,3',4,4'6,6'-OcCB
2,3,3',4,4'5-HxCB
2,2',3,3',4,5,5-HpCB
2,3,3',4,4'5'-HxCB
2,3,3,4,5,5,6-HpCB

2,2'3,4,455-HpCB
2,3,3,4'5,5',6-HpCB

2,2'3,3,4,5,6,6-0OcCB
2,3,3,4,4'5' 6-HpCB
1,2,3,7,8-PeCDF
2,2'3,3,4,5,5',6-OcCB
2,2'3,3'4'5,5,6-OcCB
2,2',3,3',4,4' 5-HpCB
3,3',4,4',5,5'-HxCB
2,3,3,4,4',5,6-HpCB
2,2'3,3',4,4', 5 ,6-OcCB
2,2'3,4,4'5,5',6-OcCB
2,3,4,7,8-PeCDF
1,2,3,7,8-PeCDD

163
158
160

129
175
182

187
183
166

126
159
162
185
128
174
167
202
181
177
201
171
204
173
197
156
172
157
192
180
193
200
191

198
199
170
169

190
196
203

360
360
360
235
360
392
392
306
227
392
392
360
322
326
360
360
392
360
392
360
426
392
392
426
392
426
392
426
360
392
360
392
392
392
426
392
340
426
426
392
360
392
426
426
340
356

2630
2645
2650
2650
2655
2665
2665
2670
2680
2680
2710
2715
2725
2730
2735
2760
2770
2770
2790
2795
2805
2815
2830
2850
2855
2860
2885
2890
2915
2920
2930
2935
2960
2960
2975
2985
3030
3100
3105
3105
3125
3125
3140
3145
3145
3170

3.93
3.97
3.93
3.90
414
3.88
3.88
3.90
4.30
3.90
3.90
4.02
3.77
3.88
3.74
3.80
4.00
4.26
4.15
3.83
4.02
4.08
4.14
4.07
4.21
4.09
4.29
4.12
4.02
3.95
4.12
3.83
3.97
3.97
4.33
4.00
4.08
4.06
412
4.27
3.94
4.17
4.15
411
411
4.00
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2,2',3,3',4,5,5',6,6'-NoCB
2,3,3,4,4',5,5-HpCB
2,2',3,3',4,4',5,6,6'NoCB
2,2'3,3'4,4',5,6-OcCB
2,2',3,3',4,4'5,5-OcCB
2,3,3,4,4'5,5',6-OcCB
1,2,3,4,7,8-HxCDF
1,2,3,6,7,8-HXCDF
2,3,4,6,7,8-HXCDF
1,2,3,4,7,8-HxCDD
2,2',3,3,4,4'5,5',6-NoCB
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,7,8,9-HxCDF
2,2'3,3,4,4'5,5',6,6'-DeCB
1,2,3,4,6,7,8-HpCDF
1,2,3,4,6,7,8-HpCDD
1,2,3,4,7,8,9-HpCDF
OCDD

OCDF

208
189
207
195
194
205

206

209

460
392
460
426
426
426
374
374
374
390
460
390
390
374
498
408
424
408
460
444

3245
3280
3290
3300
3415
3450
3460
3475
3555
3565
3565
3575
3615
3655
3670
3820
3935
3990
4275
4295

4.26
4.07
4.33
441
4.20
4.18
4.20
4.21
4.30
4.14
4.35
4.16
4.22
4.48
4.39
3.84
3.75
412
4.53
4.85
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Table S2. Lossesn=3) of PCBs, PCDD/Fs, pesticides and heavy metals spiked
meat cooked at different intensities (rare, mediunand well-done) relative to the
total load of POPs in the raw meatAll results are corrected for individual recovery
rates. *®¢ The letters represent the groups given by the miamwvKeuls mean
comparison test when compared for each compousedoan the loss obtained for the
different cooking conditions. Two groups with dmsti letters can be considered as
significantly different p < 0.05). N.D.: non detectable.

Rare-cooked Medium-cooked

Compound meat meat Well-done meat
Loss (%) Loss (%) Loss (%)
PCB 1 28.4+5.8& 20.2+9.8 30.0+6.7°
PCB 8 10.5+9.1° 10.0 + 13.8° 25.1 + 15.8°
PCB 19 23.4 +8.3° 24.4 + 25.0° 24.6 +9.7°
PCB 28 22.8 +2.2° 34.1+0.7° 38.6 + 3.4°
PCB 52 N.D. @ 16.2 +11.8%° 31.4+125°
PCB 77 44.2 + 2.4° 53.5+1.9° 56.9 + 3.1°
PCB 81 11.7 + 12.0° 22.5+3.2° 30.5 + 7.0°
PCB 105 25.8+9.1° 29.4 + 1.6° 47.8 +3.2°
PCB 114 5.1 +8.9° 20.3 +5.9° 39.2 +3.0°
PCB 118 13.7 + 10.5° 20.8 +1.2° 40.0 + 4.3°
PCB 123 19.4 + 10.2° 21.3+4.7° 64.2 +2.8°
PCB 126 18.3 + 10.1° 16.4 + 2.4° 27.0+1.2°
PCB 153 54.2 + 4.3° 54.1 +7.7° 67.9 + 8.2°
PCB 156 9.3+26° 10.5 + 1.4° 53.7 +3.5°
PCB 157 N.D. @ 2.4+1.6° 20.7 + 1.4°
PCB 167 None @ 17.3+3.3° 36.2 + 1.6¢
PCB 169 None 2 56.8 + 2.6° 66.4 + 5.6°
PCB 172 39.4 +6.9° 37.7+2.7° 56.0 + 3.4°
PCB 189 20.6 +5.5° 11.7 + 2.0° 57.1+ 4.7
PCB 206 47.0 + 4.4° 58.6 + 2.7° 83.5+1.7°
PCB 209 43.9 +5.2° 57.4+3.1° 84.4 +0.8°
2,3,7,8-TCDD 12.7 +12.1° 15.1 + 9.9° 12.2 +12.6°
2,3,7,8-TCDF 2.5+4.3° N.D. @ 3.4 +3.3°
1,2,3,7,8-PeCDD N.D. @ 13.5 + 23.4° 28.5 +6.2°
2,3,4,7,8-PeCDF 6.6 +11.4° N.D. @ 1.0 +0.9°
1,2,3,4,7,8-HxCDD N.D.2 N.D. @ 6.0 + 10.4°
1,2,3,4,7,8-HxCDF N.D? N.D. @ N.D. @
1,2,3,6,7,8-HXCDF N.D? N.D. @ 1.2 +2.0°
Aldrin 29+28° 2.2+2.3° 3.3+5.7°
Dieldrin 88.0 + 0.6° 81.9 +1.1° 93.4+1.0°
4.4-DDT 41.6 +6.2° 74.7 +2.3° 67.9+2.0°
4.4-DDD 3.0 +11.0° 10.4 + 4.9° 0.4+0.7°
4.4'-DDE 9.5+4.2° 8.6 + 7.6° 40.2 + 4.8°
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Lindane
Alpha BHC
Béta BHC
Delta BHC
Heptachlor
Heptachlor epoxide
Methoxychlor
Sulfotep
0,0,0-
triethylphosphorothioate
Phorate

Disulfoton
Arsenic
Cadmium
Mercury
Lead

N.D.?
222+ 8.4
N.D.®
526+7.7
57.7+2.8
31.4 +8%
N.D.?
88.0+ 2.7

81.5+3.1%

81.0+3.1
10.1+8.9

~ T~ -

14.9 +6.3°
22.7 +8.1°
1.5+ 2.28
65.8 +2.7°
61.6 + 3.0%°
51.0+7.4°
11.6 + 0.9
87.3+3.3°

81.9+1.7°

82.7 +2.8°
7.0+8.0°
N.D.
16.5+3.2
14.4+4.3
18.1+1.1

13.0 + 8.6°
25.2 + 8.2°
18.5 +10.3"
53.9 + 8.5°
67.6 +3.8°
33.8+7.3°
33.7 £9.5°
89.6 + 0.7°

85.7 +1.4°

87.5+3.3°
14.6 + 10.5°
/
/
/
/
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Fig. S1. Discrimination of quantity (ng) of PCBs inmeat according to intensity of

cooking of samples.
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Table S3. Concentrations of PCBs and PCDD/Fs in nattally contaminated meat samples raw or medium-coatd. Beef i = 3),
pork (n = 3) and chickenn(= 3) samples were studied.

PCBs PCDD/Fs
Concentration in Concentration in Concentration in Concentration in
raw meat medium-cooked meat raw meat medium-cooked meat

(ng g* of fat)

(ng g of fat)

(pg g of fat)

(pg g of fat)

Beef
Sample 1 8.74+1.94 10.3 +2.53 3.08+0.54 7.97 +1.39
Sample 2 10.3+2.29 11.1+2.74 3.17 £ 0.55 6.77 +1.18
Sample 3 48.6 £ 10.9 46.0+£11.6 1.99 +0.35 5.29£0.92
Pork
Sample 4 2.69 + 0.67 7.59 +1.69 1.43 +0.25 6.18 + 1.08
Sample 5 3.65+£0.92 6.43 +1.43 1.91 +0.33 5.12 £+ 0.89
Sample 6 6.31+1.51 13.5+3.00 2.18 £0.38 458 +0.80
Chicken
Sample 7 2.68 + 0.60 5.96 + 1.48 5.39+0.94 20.3 +3.53
Sample 8 0.58+0.14 0.71£0.17 450+0.78 12.0 £ 2.09
Sample 9 1.72 +0.37 3.71£0.92 3.93+0.68 7.20+1.25
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Table S4. Concentrations of arsenic in naturally cataminated meat samples raw or

medium-cooked.Beef f = 9), pork (= 7) and chickenn(= 6) samples were studied.

Concentration in Concentration in
raw meat medium-cooked meat

(mg kg* of meat) (mg kg of meat)

Beef
Sample 1 0.014 +0.003 0.021 £ 0.004
Sample 2 0.004 +0.001 0.013 +0.002
Sample 3 0.009 + 0.002 0.016 +0.003
Sample 4 0.007 +0.002 0.009 £ 0.002
Sample 5 0.022 £ 0.005 0.034 + 0.006
Sample 6 0.023 + 0.006 0.014 £ 0.002
Sample 7 0.022 +0.005 0.040 £ 0.007
Sample 8 0.004 +0.001 0.035 +0.006
Sample 9 0.007 +0.002 0.013 £ 0.002
Pork
Sample 10 0.003 +0.001 0.008 £ 0.001
Sample 11 0.005 +0.001 0.010 +0.003
Sample 12 0.007 +0.002 0.009 £ 0.002
Sample 13 0.011 £0.003 0.014 £ 0.002
Sample 14 0.011 £0.003 0.012 £ 0.002
Sample 15 0.023 + 0.006 0.010 £ 0.002
Sample 16 0.005 +0.001 0.011 £ 0.002
Chicken
Sample 17 0.012 £ 0.003 0.019 +0.003
Sample 18 0.013 +0.003 0.022 £ 0.004
Sample 19 0.008 + 0.002 0.015 +0.003
Sample 20 0.007 +0.002 0.012 £ 0.002
Sample 21 0.010 +0.002 0.016 £ 0.003
Sample 22 0.013 +0.003 0.020 + 0.003
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Abstract

Even if it is now admitted that food represents ohd¢he main sources of human
exposure to harmful pollutants, little is known abdhe fate of these toxicants during
cooking. This work presents the effects of pan aopkn 15 sulfonamides and 6 tetracyclines
in meat in a risk assessment perspective. Thededethese antibiotics in raw and cooked
spiked meat were determined by HPLC-MS/MS analyeadized by a French National
Reference Laboratory. Results show that cookinddcimaluce a significant decrease in levels
of 4-epi-chlortetracycline (43% loss) and sulfanoetizole (55% loss). In contrast, no
significant losses of tetracycline and doxycyclimere observed. To determine the origin of
losses observed, the thermal degradation of sutfeamme and sulfamethoxazole was
investigated by use of radiolabeling associatetidiln radiodetection and HRMS, allowing
for both absolute quantification and structuralniifecation of degradation compounds. No
degradation products were observed for sulfametieaiin contrast, six different degradation
products of sulfamethoxazole were formed dependmthe cooking conditions. Degradation
products were identified using LC-HRMS and NMR. Aegdadation scheme of

sulfamethoxazole during food cooking is proposedl discussed.

Highlights

* No significant loss of tetracycline and doxycwpeliwas observed during meat cooking

» Cooking losses exceed 40% for 4-epi-chlortetriiegand 50% for sulfamethoxazole

* No degradation product of sulfamethazine wasalete

» Six degradation products of sulfamethoxazole wkmened depending upon cooking
conditions

* A degradation scheme of sulfamethoxazole dummgl fcooking was proposed

Keywords
Sulfonamides; Tetracyclines; Radiolabeling; Degtiatieproducts; Cooking
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1. Introduction

Veterinary drugs are extensively used in food ahipmraduction for therapeutic and
prophylactic purposes. Among these drugs, sulfodamiand tetracyclines are the most
commonly used antibiotics. These compounds aredbspactrum antibiotics widely used for
the prevention and treatment of animal farm to @eneral infectious diseases or used as feed
additives to promote animal growth (Sukul & Speell2006 ; Gaghrir & Drogui, 2013).
However, residues of these compounds may remanimal food products if these drugs are
incorrectly used or if recommended drug withdrapeatiods are not observed (Regal,
2008). Although these antibiotics are generallynfibun trace amounts in animal tissues, the
human health risk they imply cannot be ignored.réntty this risk is most often assessed
from their levels in raw foods. However, such knedge alone does not enable a precise
assessment of the risk incurred by consumers, bedauels of antibiotics can be affected by
the technological processes the food undergoesébefmnsumption, in particular cooking
(Engelet al, 2015).

A wide examination of literature data regarding éffects of cooking on sulfonamides
and tetracyclines show major discrepancies betweparted results (Fischet al, 1992 ;
Ibrahimet al, 1994 ; Roset al, 1995 ; Roset al, 1996 ; Xuet al, 1996 ; Fedeniukt al,
1997 ; Lanet al, 2001 ; Furusawat al, 2002 ; Ismail-Fitryet al, 2008 ; Abou-Rayat al,
2013). For instance, Ibrahirat al. (1994) reported an approximately 80% decrease of
oxytetracycline in ground lamb after 20 min boiliwpereas Abou-Rayat al. (2013) found
that 20 min boiling induced 51.5% loss of oxytey@me in thigh meat. For sulfadiazine,
Furusawaet al. (2002) found no significant reduction of this &idtic in chicken muscles
after 12 min roasting whereas Ismail-Fiey al. (2008) reported a 37.5% loss after deep-
frying chicken meat-balls at 190°C for 9 min. Atas two factors may explain these
inconsistencies. First, cooking conditions couldnelot between studies. The extent of these
variations is difficult to assess because cookirgjgeols are generally poorly documented,
with no or very few information regarding temperatmonitoring and control. Second, most
of these studies deal with naturally contaminatsatifmatrices which differ significantly in
micropollutant concentration. Due to these discnepes, these former studies cannot be used
to feed risk assessment models which require rohost reliable data. To address this
challenging issue, a realistic, standardized aptbriicible cooking method must be set up. It
is also necessary to use a homogeneous matrixiorially and uniformly contaminated at a

known and high enough concentration to be deteeeel after cooking. It is important to
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note that little is known about the thermal degttaof sulfonamides and tetracyclines
during cooking whereas the potential toxic effemtshe breakdown compounds should be
investigated and their formation in cooked meaushbde taken into account when maximum
residue limits are established (Gratac6s-Cularai, 2007).

With the ultimate aim of getting a better assessnwénrisks related to chemical
contamination of food, we have studied the effesfscooking on sulfonamides and
tetracyclines in meat. For this purpose the fiest pf this paper was focused on the impact of
a realistic medium cooking on the level of 15 so#fmides and 6 tetracyclines in meat
samples. In a second part, the thermal degraddtiang meat cooking of two sulfonamides,
namely sulfamethazine and sulfamethoxazole, hasn bstedied using radio-labeled
compounds and analysis by LC-HRMS and NMR. The ohpH cooking level on the

formation of degradation products will be discusard a degradation scheme is proposed.

2. Materials and Methods
2.1. Chemicals and standards

Methanol, acetonitrile, and ethanol were HPLC gré8karlau, Barcelona, Spain).
Hexane, formic acid and diatomaceous earth usethépreparation of ASE cells were from
Sigma-Aldrich (Saint-Quentin-Fallavier, France).trépure water was obtained using a
Milli-Q system (Millipore, St Quentin en Yvelinegrance). Flo-Scint 1l and Ultima Gold
liquid scintillation cocktails were purchased fraPerkinElmer Life and Analytical Sciences
(Courtaboeuf, France). Sulfamethazine, sulfamethaea sulfanilamide, sulfamethoxazole
impurity F and 1-sulfanilylurea were purchased fro®igma Aldrich. N-acetyl
sulfamethoxazole was purchased from Cayman Chengfwah Arbor, MI, USA). **C-
Sulfamethazine (specific activity of 55 mCi/mmolhda*“C-Sulfamethoxazole (specific
activity of 77 mCi/mmol) were obtained from Amencd&adiolabeled Chemicals Inc. (St
Louis, MO, USA). Radiopurities were checked by caHPLC and chemical purities obtained
for these standards were greater than 99%. Stdok@t were prepared in ethanol, and kept
at -20°C.

All non-radiolabeled sulfonamides and tetracyclisésndards (purity > 95%) were
from Sigma-Aldrich (Saint-Quentin Fallavier, Frapceexcept for 4-Epi-tetracycline
hydrochloride, Epi-oxytétracycline chlorhydrate walni were from VWR International
(Fontenay-sous-Bois, France). Sulfadiméthoxine-fi6fadiazine-13C6, sulfathiazole-13C6,

sulfadimidine-13C6 and sulfadoxine-D3and demeclieyhydrochloride used as internal
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standards during LC-MS/MS analysis were purchagedh fWitega (Berlin, Germany),
andSigma-Aldrich (Saint-Quentin Fallavier, Franceypectively.

HPLC grade and LC-MS grade acetonitrile (ACN), HPg&de methanol (MeOH),
were purchased from Fisher Scientific (lllkirch, akRce). Trichloroacetic acid,
ethylenediaminetetraacetic acidtrisodium salt titaye (EDTA), citric acid monohydrate
were from Fisher Scientific (lllkirch, France). @ial acetic acid, oxalic acid dehydrate were
from VWR International (Fontenay-sous-Bois, FrancAhhydrous Disodium hydrogen
phosphate (N#1PQy) was from Roth Sochiel (Lauterbourg, France).

Heptafluorobutyric acid 99.5 %, and pentafluoropooc acid were from Sigma-
Aldrich (Saint-Quentin Fallavier, France). Ultrapuwater was obtained using a Milli-Q
system (Millipore, Molsheim, France).

2.2. Meat samples

Two types of meat samples were used: intentionatlg naturally contaminated
samples. Intentionally contaminated meat was pegpavith ground beef samples from a
same blend of muscles (11% fat) purchased fromeadfr supplier. 125 g weight aliquots
were stored at —80 °C before use. Matrix blankthese samples were made before spiking.
Naturally contaminated meats were sampled in thendr of the French project SOMEAT
(Contract No. ANR-12-ALID-0004. Safety of Organicelst. Available at www.so-meat.fr)

and were ground before use.

2.3.Spiking and cooking
2.3.1. Spiking

Ground beef samples from the same blend of mu§tle% fat) were purchased from
a French supplier. 125 g weight aliquots were st@e—-80 °C before use. Matrix blanks
made by spiking meat with pure methanol withoutropollutant were used to determine the
level of sulfonamides and tetracyclines in freshspiked meat. Ground beef spiking
combining micropollutants addition to ground medhwnatrix homogenization was realized
according to Planchet al (2015) with slight modifications. Briefly, grourimkef (120 g) was
immersed in methanol (20 mL) containing the antibgfollowed by evaporation under a
hood and homogenization 2 min with a blender. Fon-radiolabeled sulfonamides and

tetracyclines, a spiking concentration of 200 pug kg fresh meat was chosen whereas for

78



radiolabeled sulfamethazine and sulfamethoxazolatmvas spiked at a concentration of
0.019 uCi/g fresh meat. Small ground beef pattiegiang 26 g (2.5 cm thickness) were then
shaped to resemble commercial ground beef patties.

2.3.2. Cooking method

To study the fate of sulfonamides and tetracyclih@sng cooking, ground beef patties
were cooked in a stainless steel frying pan (17 dtameter) on a controlled-temperature
induction hob (Bosch Electroménager, Saint-Oueanée). A sheet of 11 um thick aluminum
foil was laid on the bottom of the frying pan tacoger juice released during meat cooking.
Three different cooking conditions were used toudate rare (core 50°C), medium (core 70 °C,
according to WHO recommendations for ground meatsyell-done (core 85°C) meat (n = 3
for each cooking condition). These cooking condsicorresponded to: 7 min heating (patty
turned over once) at 160 °C at the bottom of the fid min heating (turned over three times) at
200 °C at the bottom of the pan and 14 min hedtimgned over three times) at 250 °C at the
bottom of the pan, respectively. Temperatures atctire of the meat and at the bottom of the
pan were monitored by thermocouples (RS ComponBeta vais, France).

2.4. Sample extraction and analysis

2.4.1. Extraction of non-radiolabeled sulfonamidesl tetracyclines

The two implemented methods for national monitorargl control of sulfonamides
and tetracyclines in raw meat of muscle were preshpvalidated according to Commission
Decision 2002/657/EC and accredited by COFRAC ustierdard 1SO17025.

For the analysis of sulfonamides, the extracticcedure consisted in the weighting
of 2g of ground beef sample (raw or cooked) folldviy the addition of 200 uL of internal
standard (isotopically labeled sulfonamides stai&)asolution at 1 pg mtand 200 pL of
water into the samples. Then, samples were exttagté 8 mL of acetonitrile, rotary-stirring
at 100 rpm during 10 minutes before centrifugabri4 000 x g at 4°C during 5 minutes. 6
mL of resulting supernatant were transferred intea sample tube and were evaporated to
dryness at 50°C. The extracts were dissolved i bfultrapure water and filtered through a

0.45 pm syringe filter before LC-MS/MS analysis.
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The preparation of raw and cooked samples for tiadyais of tetracylcines consisted
in the weighting of 2 g of meat, following the atioin of 200 pL of a demeclocyclin (internal
standard) solution at 1 pg mLand 600 pL of purified water. Then, 10 mL of Mac
llvaine/EDTA solution were added to samples andrmestirring at 100 rpm for 10 minutes
before centrifugation at 14 000 x g at 4°C duri@grinutes. Deproteinization of samples was
then carried out by adding 1 mL of trichloroaceticid at 1g mL, vortexed during 10
seconds and stored at -20°C during 15 minutes. amyere then centrifuged at 14 000 x g
at 4°C during 5 minutes and the supernatants wargked and loaded onto pre-conditioned
Solid Phase Extraction cartridges (Bond-Elut). Attee cleaning of cartridge with 1 mL of
purified water and 5 minutes drying of cartridgeitien was performed with 2 x 0.6 mL of an
oxalic solution in methanol at 0.01 mofLand 1.8 mL of purified water. Extracts were then

filtered before through a 0.45 um syringe filtefdse LC-MS/MS analysis.

2.4.2. Analysis of non-radiolabeled sulfonamided satracyclines

For the analysis of sulfonamides by HPLC-MS/MS, M0 of the sample extract was
injected to a LC-20ADXR system (Shimadzu, Marne Vallée, France) for the
chromatographic separation step using a RP C18 &ymroolumn (100 mm x 2.1 mm i.d.,
3.5 um particle size, Waters, Saint-Quentin en iviesl, France) with a security guard
column C18, 4.0 mm x 2.0 mm i.d. (Phenomenex, LeqPErance). Elution gradient was
performed at a constant flow rate of 0.250 mL Tand binary mobile phase: ultra-pure
water (A), and acetonitrile (B), each solvent carity 1 mmol L* heptafluorobutyric acid.
The elution gradient started with 10 % of B, antkérly rose to 30 % during the fourth
minutes. Then B was held at 30 % during one mifgi®re a linear raise to 70 % over 2
minutes and being held at 70 % over the next wighininutes, a linear gradient to 10% over
one minute (return to initial conditions), and helt 10 % over three minutes for a re-
equilibration time.

Detection and identification of the sulfonamidesirderest were performed on an API
5500 triple quadrupole mass detector (AB-Sciex, W#ss, France). The electrospray
ionization source was set on the positive modethadollowing parameters was set: source
temperature set at 650°C, the curtain gas wag 2 @si, the ion spray voltage set at 4000 V,
the ion source gas 1 and 2 was set at 25 psi angsi30espectively. The scan mode of
MS/MS detection was set on scheduled Multiple Read¥lonitoring (MRM ).
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For the analysis of tetracyclines by HPLC-MS/MS, |25 of the sample extract was
injected to a LC-20ADXR system (Shimadzu, Marne Vallée, France) for the
chromatographic separation step using a RP C18 &ymroolumn (100 mm x 2.1 mm i.d.,
3.5 um particle size, Waters, Saint-Quentin en iviesl, France) with a security guard
column C18, 4.0 mm x 2.0 mm i.d. (Phenomenex, LeqgPé&rance). Separation was
performed at a flow rate of 300 pL/min during a ramalysis of 20 minutes with a binary
mobile phase as following: ultra-pure water + O.h¥ptafluoropropionic acid (A), and
acetonitrile (B). The elution gradient started with % of B, and linearly rose to 50 % during
the seventh minutes. Then B was held at 50 % duwwogminutes before a linear gradient to
return to initial conditions, and held at 15 % oter minutes for a re-equilibration time.

Detection and identification of the tetracyclindsirderest were performed on an API
5500 triple quadrupole mass detector (AB-Sciex, W#ss, France). The electrospray
ionization source was set on the positive modethadollowing parameters was set: source
temperature set at 500°C, the curtain gas wag 2 @si, the ion spray voltage set at 4000 V,
the ion source gas 1 and 2 was set at 40 psi angsb0espectively. The scan mode of
MS/MS detection was set on scheduled Multiple Read¥lonitoring (MRM ).

The presence of internal standards was checkedl isamples. Identification was
performed according to the Commission Decision 26802/ EC.

Quantification of sulfonamides and tetracyclinesaw, cooked samples were made
thanks to a calibration curve which was preparedthfblank raw muscle samples spiked at
different levels of concentration in pgkgQuality control samples of spiked blank samples
of cooked muscle were added to the sequence ofjsasah order to check the validity of the

analysis of cooked samples.

2.4.3. Extraction of-*C-sulafamethazine andC-sulfamethoxazole

Before extraction, the cooked ground beef pattiegewpowdered with a liquid
nitrogen grinder. Then, 5 g of meat powder wergaeted by accelerated solvent extraction
(ASE) using a Dionex ASE 350 extractor (Sunnyvdd, USA). 34 mL stainless-steel
extraction cells were used. The cells were filledhws g of ground beef dispersed in
diatomaceous earth. Paper filters were placed eatotittom and top of the extraction cell.

According to Hoffet al. (2015), prior to extraction, the cells were sulbaditto a clean-up
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method in order to remove the lipids from the sawpby using hexane as solvent. ASE
conditions were as follows: temperature 60°C, deg/of 5 min each one, 5 min static time,
and pressure 1500 psi. Total flush volume of 80% 200 s of purge time with nitrogen flow
were applied. After that, the same ASE cells (wite samples) were submitted to an
extraction method using acetonitrile as extractofvent at a temperature of 90°C and a
pressure of 1500 psi. Three cycles of 5 min eacte warried out. A total flush volume of
80% and 60 s of purge with nitrogen flow were aggbliThe acetonitrile extract was then
evaporated firstly in a Rotavapor apparatus andrslg under nitrogen flow until dryness.
Extracts were redissolved in 500 puL of mobile phaseture (95% water / 5% acetonitrile +
0.2% Formic Acid) and transferred to a HPLC vial.

Radioactivity losses were checked at each stepeoptotocol by direct counting on a
liquid scintillation analyzer (Tri-Carb 2910 TR ERRinElmer, France), using Ultima Gold

(PerkinElmer) as scintillation cocktail.

2.4.4. Detection and identification of“C-sulafamethazine and**C-

sulfamethoxazole degradation products

4C-Sulfamethazine,**C-Sulfamethoxazole and their degradation productrew
analyzed on an Agilent 1200 (Agilent Technologiess Ulis, France) liquid chromatograph
connected to a Flo-orfe/A500 instrument (Radiomatic, La-Queue-Lez-YvelinEsance),
with Flow-scint Il as scintillation cocktail (Paakhlnstruments).The HPLC system consisted
of a C18 Nucleodur column (250x4 mmyu®; Macherey Nagel) maintained at a temperature
of 35°C. Conditions were as follows: mobile phasessisted of A, water / acetonitrile 95:5
viv with 0.2 % formic acid and B, acetonitrile. THBw rate was 1 mL mif. For
Sulfamethazine, the following gradient was use@: tin 100% A; 2-4 min linear gradient
from 0 to 12 % B; 4-27 min linear gradient from tt230 % B; 27-30 min linear gradient
from 30 to 100 % B, held for 3 min. For Sulfametapale, the gradient was : 0-2 min 100%
A; 2-4 min linear gradient from 0% to 12% B; 4-2Thmlinear gradient from 12% to 15% B,
then 27-30 min linear gradient from 15% to 100% H&ld for 10 min. Degradation
compounds were quantified by integrating the areteuthe peaks monitored by radioactivity
detection.

For structural characterization of the degradaticompounds, analyses were
performed by HPLC coupled to a LTQ Orbitrap XL hgdnigh resolution mass spectrometer
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(Thermo Scientific, Les Ulis, France) fitted with alectrospray ionization source operating
in the positive mode, using the HPLC conditionscdegd for radio-HPLC profiling, and a
1/4 post-column splitting. Typical operating paraenge used for ion production were as
follows: spray voltage (4.5 kV), sheath gas (N®wflrate (35 arbitrary units (au)), auxiliary
gas (N2) flow rate (5 au), heated transfer capilli@Emperature (350 °C), heated transfer
capillary voltage (20 V), tube lens voltage (75 M)gh resolution mass spectra were acquired
at a resolution power of 60000 from m/z 80 to d@@ntifications were performed by tandem
MS experiments using the ion-trap mass analyzethefLTQ Orbitrap spectrometer. For
MS/MS experiments, resolution power was reduced300, and the excitation parameters
(isolation width, normalized collision energy, eation time) were adjusted to obtain the
maximum structural information on the compound mkrest. All analyses were achieved
under automatic gain control conditions using helias damping as well as collision gas for
MS/MS experiments. NMR experiments were carried @muta Bruker 600MHz instrument

(5mm cryoprobe with 3mm tube shuttle) for compo@nd

2.5. Data processing
Antibiotic losses induced by cooking were deterrdireccording to Rawret al.
(2013):

([Antibiotic cooked meat] X mass cooked meat)

Loss =1 —
([Antibiotic raw meat]x mass raw meat)

where [Antibiotic raw meat] and [Antibiotic cookedeat] are the antibiotic concentrations in
raw or cooked meat (ug Repf meat) and mass raw meat and mass cooked neetiteamass
of meat before and after cooking.

Data were processed using Statistica software arersD (StatSoft, Maisons-Alfort,
France). To determine whether the cooking procesd hn effect on the level of
micropollutants in meat, a one-way analysis ofaace (ANOVA; p < 0.05) was performed.
A Newman-Keuls mean comparison test was then peddron the resulting dataset to

determine which cooking variables distinguishedveen the three cooking conditions.
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Table 1. Concentrations of sulfonamides and tetragjines in raw (h = 3) and medium cooked meatn(= 3). *: significantly different at

p < 0.05.
Raw meat Medium-cooked meat
Compound Concentration RSD (0 Concentration RSD (0
(g kg* of meat) (%) (g kg of meat) (%)
Sulfaguanidine 180.7 5.7 209.1 114
Sulfacetamide 147.7 6.9 211.0* 6.7
Sulfadiazine 163.9 6.8 233.8* 4.8
Sulfamethoxazole 155.1 5.0 127.1* 9.2
Sulfathiazole 154.0 20.0 206.3* 3.0
Sulfamerazine 191.9 20.0 241.9 4.0
Sulfamethizole 150.2 6.6 237.3* 2.9
Sulfamethazine 159.4 4.8 241.1* 4.2
Sulfamethoxypyridazine 163.8 3.7 239.1* 2.2
Sulfamonomethoxine 158.7 4.9 243.8* 8.8
Sulfaquinoxaline 146.7 8.4 228.9* 7.4
Sulfadoxine 173.6 0.7 240.7* 4.3
Sulfadimethoxine 171.5 4.3 252.6* 6.0
Sulfaclozine 155.0 6.7 239.3* 7.0
Sulfachloropyridazine 155.4 5.9 219.3* 8.5
Tetracycline 222.8 3.7 309.9* 7.4
Doxycycline 211.4 4.1 266.9* 9.5
Oxytetracycline 227.8 3.9 239.3 5.3
Chlortetracycline 220.5 2.7 205.2 8.6
4-epi-tetracycline 199.3 3.4 219.1 6.2

4-epi-chlortetracycline 188.7 4.8 158.6* 6.2




3. Results and Discussion

3.1. Impact of cooking on the level of sulfonamidesnd tetracyclines in meat

15 sulfonamides and 6 tetracyclines were focusettisistudy and their fate during
cooking was assessed. Table 1 presents the coattensr of these antibiotics in pg kef
meat (classical expression of antibiotics concéiotman food for risk assessment) in raw or
medium cooked (70°C at core) spiked ground beefm@ementarily, Table S1
(Supplementary material) gives the losses causedobking on the total quantity (ng) of
micropollutants in meat, according to Raetal (2013). These tables show that antibiotics
display different behaviors according to their fa@si and structures. First, an increase in
concentration during cooking<€0.05) was observed for 12 sulfonamides and 2dgthimes
(Tetracycline and Doxycycline). This increase mayédxplained by the mass loss of meat
during cooking (34.0 £ 1.5% after medium cookinigattexceeds losses reported for these
antibiotics in Table S1 (Supplementary materiaBsuiting in a concentration effect.
Secondly, 2 sulfonamides (sulfaguanidine and swdfamine) and 3 tetracyclines
(oxytetracycline, chlortetracycline and 4-epi-tegrdine) showed no significant variation in
concentration during cooking. Indeed, for oxyteydine, chlortetracycline and 4-epi-
tetracycline, the losses reported in Table S1 (®mpentary material) were of the same order
of magnitude than the mass loss of meat during umedtooking, suggesting that these
hydrophilic compounds (loH,,, in the -1.3 - 0.44 range) were lost with waterimigicooking.
For sulfaguanidine and sulfamerazine, the highakslity of the results (RSD 10%) may
also explain that the concentration increase ducmgking, observed in Table 1 for these
compounds, was not significant. Lastly, a decrei@aseoncentration {<0.05) could be
observed for sulfamethoxazole and 4-epi-chlortgtiiiee with losses (respectively 55.0 +
6.5% and 42.8 + 2.1% after medium cooking) gre#ltan the meat mass loss (Table S1,
Supplementary material). Although the matrix stddamd the cooking mode were different,
these last results are in line with those of IsRdily et al. (2008) for deep-fried chicken
meat-ballsfish, in which average losses of sulf&imedzole were 40.7%, suggesting that this
sulfonamide is the most sensitive to cooking predgsmail-Fitryet al, 2008). In contrast,
Furusawaet al. (2002) reported narrow differences between sulfadasmwhen roasting
chicken thigh muscles 12min at 170°C : 38% lossufaquinoxaline (23% in our study),
39% of sulfamethoxazole (55% in our study) and 4ff%ulfamonomethoxine (17% in our
study). For tetracyclines, Abou Ragtal. (2013) found greater losses than in our study afte

roasting chicken thigh meat 40 min at 180°C: 61%6 lof oxytetracycline (27% in our study),
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58% loss of tetracycline (no loss in our study)%®ss of chlortetracycline (34% in our
study) and 15% loss of doxycycline (1% in our sjud§lthough no supporting data is
available, these differences can be tentativelyagx@d by greater quantities of juice expelled
under the cooking conditions used by Abou Ravyal, thus carrying off more hydrophilic
tetracyclines. Moreover, cooking conditions of themuthors might be more favorable to
potential thermal degradation of tetracyclinestagais already described by Gratacds-Cubarsi
et al. (2007) for tetracycline and 4-epi-tetracycline whmiling or microwaving chicken and
pig meat.

In order to determine whether a difference mayterighe fate of antibiotics during
cooking between spiked contaminants and contansnlaisiccumulated in muscles during
animal breeding, beeh(= 3) and porkrf = 5) samples naturally contaminated with some
sulfonamides or tetracyclines were studied. TaBRs&nd S3 (Supplementary material) gives
concentrations of 3 sulfonamides (sulfadiazinefasaéthazine and sulfadimethoxine) and 3
tetracyclines (tetracycline, oxytetracycline anepl-tetracycline) in these raw or medium-
cooked samples. An increase in concentration ddsaimides and tetracyclines was observed
in all studied samples. These results are consistéh those observed for sulfadiazine,
sulfamethazine, sulfadimethoxine and for tetracylin spiked meat with ~20% loss for
sulfadiazine, sulfamethazine, sulfadimethoxine aadsignificant loss of tetracycline during
cooking. However, for oxytetracycline and 4-eprdeycline, lower losses were observed
during cooking with naturally contaminated sammesipared to spiked meat: 20.6% average
loss for oxytetracycline (27.2% with spiked meatjdal7.3% average loss for 4-epi-

tetracycline (24.1% with spiked meat).

3.2. Thermal degradation of sulfamethazine and sudimethoxazole during
cooking

To determine whether losses of sulfonamides obdeiueing meat cooking could be
the consequence of a thermal degradation of thes@aunds, their fate during cooking was
investigated by use of radiolabeling associateblatih radiodetection and HRMS analysis, to
get information on both absolute quantification atdictural identification of degradation
compounds. Two sulfonamides were studied as mosigisimethazine considered as relevant

due to its frequency of occurrence in mgfil0, 2012 and 2013 French food safety
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Ground beef
WV

Spiking with*“C-Sulfamethazine df'C-Sulfamethoxazole (40 000 dpm/g fresh meat

\Z
269 of spiked meat

v

Pan cooking (Rare / Medium / Well-done cooked meat)

\

Freeze-drying

\%

5g of cooked meat powder

\Z

Accelerated solvent extraction:

- First extraction with Hexane (Clean-up)
- Second extraction with Acetonitrile (Extraction*&E-antibiotics)

v

Evaporation to dryness of the acetonitrile extract (rotavapor and nitrogen flow)

\

Addition of 500uL of Mobile Phase (95% water / 5% acetonitrile + 0.2% Formic Acid)

v

Radio-HPLC analysis (Nucleodur C18 Gravity (250x4)mm, 5387C; 1mL min™)

Fig 1: Experimental flowchart showing sample prepaation, extraction, clean-up and
analysis of““C-Sulfamethazine or**C-Sulfamethoxazole and their cooking degradation

products.



Table 2. Losses ot’C-Sulfamethazine and*C-Sulfamethoxazole during sample preparation and exaction, depending on the cooking

level (=3 for each level)Relative standard deviations (%) are presentedaokiets.

Yc-Sulfamethazine

Yc-sulfamethoxazole

Rare meat Medium- Well done meat Rare meat Medium- Well done meat
cooked meat cooked meat
Spiking losses (%) 1.1 (11.9) 1.1 (11.9) 1.1 (11.9) 1.3 (24.7) 1.3 (24.7) 1.3 (24.7)
Pan cooking losses (%) 2.4 (4.0) 2.3 (4.2) 2.03017. 1.7 (16.7) 2.2 (22.3) 1.7 (24.9)
ASE extraction losses (%) 6.8 (2.4) 11.1 (1.5) 11.9) 6.6 (4.4) 13.0 (3.5) 26.1 (4.2)
Evaporation losses (%) 25.5 (18.7) 23.5(17.2) 9.9 12.8 (12.8) 25.3 (9.5) 16.3 (3.1)
Total losses (%) 35.8 (17.0) 38.0 (17.5) 36.1 (9.2) 22.4 (14.6) 41.8 (7.3) 45.4 (5.3)
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Fig. 2: Typical radio-HPLC chromatogram of an extract of meat spiked with **C-sulfamethoxazole (SMX) before cookingSix

sulfamethoxazole degradation products can be @etect



Table 3. Percentage of the radioactivity detectedybRadio-HPLC represented by each peak according toooking level.*"¢ significantly

different atp < 0.05.

SMX

Peak 1
Peak 2
Peak 3
Peak 4
Peak 5
Peak 6

Raw meat Rare meat Medium-cooked meat Well doné mea
76.1 +5.8° 786 +1.7 72.0+2.2 59.6 + 3.9
Noné None® 3.0+2.2 48+1.9
Noné None? None? 0.6 +1.1%
1.9+3.3 6.2 +2.1% 12.7 + 4.0°° 17.0+10.3
Noné None® 1.2+ 1.4° 27+23
8.1+4% 79+3.3 6.1+3.4 8.0 +3.1%°
13.9+4B 7.3+ 1.4° 5.1+3.6 7.6+6.3°




surveillance and control programmes), and sulfamethole which was found to be the most

cooking- sensitive sulfonamide according to TaldgSupplementary material).

3.2.1. Set-up of a sample preparation, extractmncentration and clean-up

protocol

To study the thermal degradation’8€-Sulfamethazine antfC-sulfamethoxazole in
meat, we first designed a protocol for sample mapa, extraction, concentration and clean-
up of the extracts, which is presented in Figur®dadioactivity enabled checking losses by
direct counting at each step of the protocol . &abteports losses observed according to the
cooking level of meat (rare, medium or well don&}3 for each level). Total losses Y-
Sulfamethazine during the protocol were 36% (RSDb), 38% (RSD: 18%) and 36% (RSD:
9.2%) for respectively rare, medium and well doneam For,*C-sulfamethoxazole, total
losses were respectively 22% (RSD: 15%), 42% (R8B). and 45% (RSD: 5%). Most losses
were observed during the evaporation step. Moreoweican note that losses observed during
the extraction process increase with the intensftyneat cooking. These differences in
extraction efficiency may be due to the proteinaderation that occurs during cooking, such
that the tissues shrink and then become hardemamd compact when cooking intensity
increases (Tornberg, 2005), thus limiting the salextraction.

3.2.2. Detection and identification of thermal dagdmtion products

4C-Sulfamethazine*C-Sulfamethoxazole and their potential degradaponducts
separated by HPLC were monitored by online radigiégt detection. For **C-
Sulfamethazine, irrespective of the cooking lewel,degradation products were detected in
meat extracts, suggesting that losses observedngdumedium cooking (Table S1.
Supplementary material) were only due to an expglinto cooking juice. In contrast, for
4C-Sulfamethoxazole, six degradation products weteaded, as shown in Figure 2. Thus,
for this antibiotic, the 55.0% losses observed murimedium cooking (Table S1.
Supplementary material) may be not only due to>geking into cooking juice but also to
thermal degradation processes. Although the cookimg was collected, and subjected to
sulfonamides extraction, the quantitative resulesemot sufficiently reproducible to be of
use. Table 3 presents the percentage of the radiibacietected in meat extracts by Radio-

HPLC for each peak according to the cooking leRebk 1 and peak 4 appeared after medium
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Fig. 3: Fragmentation mass spectra of SMX degradain compounds
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and intense cooking but not in rare meat, wherea& R appeared only after intense cooking.
Peak 3 represents the major degradation compotiednibe found in trace amount in raw
meat, suggesting that this compound can appeanglurieat storage, but its formation
significantly increased (p<0.05) during cookingn&lly, peaks 5 and 6 are found at the same
level in raw and in cooked meat, suggesting thasehcompounds appeared during meat
storage but not during meat cooking.

Structural identification of the degradation compds! was then carried out by using
MS and MS/MS experiments, and high-resolution exaess measurements on both
molecular species and fragment ions. Molecular wee detected at m/z 173 for Peak 1, m/z
216 for peak 2, m/z 254 for peak 3 as well as fdiXSand m/z 296 for both peak 4 and peak
5. Peak 6 gave no response under our analyticalittons and was not investigated further.
The MS/MS spectra of Sulfamethoxazole (SMX), pebk& and 3 all displayed a common
diagnostic fragment ion at m/z 156 correspondingh® sulfonyl aniline ion (Figure 3),
indicating that for these three degradation comgdsunhis part of the molecule was not
modified. Peak 4 and 5 displayed a characteristigmhent ion at m/z 198 (42 amu shift from
the m/z 156 ion) corresponding to the N-acetyl@uf aniline ion (Figure 3). For these two
compounds, the amine function of the aniline mo@tyMX was thus acetylated. Based on
these results, SMX was thus shown to undergo tHedegradation into polar compounds
(peak 1, sulfanilamide and peak 2, 1-sulfanilylureBt and spectra identical to those of
standard compounds) resulting from the openingeakage of the parent SMX oxazole
moiety. These oxazole modified compounds (peak3 have already been identified as SMX
photodegradation products (Zhat al, 1994, Trovoet al, 2009a, 2009b), but they are
described for the first time in cooked meat. Thegamaegradation compound (peak 3)
corresponded to an isomerization product from thigal 3-isoxazole form of SMX. By
comparison of Rt and MS/MS spectra with that ofeendard compound, the formation of the
3-methyl-5-isoxazolyl isomeric form of SMX (“impuyi F”, Figure 4) could be ruled out.
However, mass spectra of peak 3 (Figure 3) weranfotmative enough to get the precise
structure of this compound, and further investmati using NMR are currently under
progress in order to check if it could correspomdhe 5-methyl-2-oxazolyl isomer of SMX
(Figure 4), another SMX photodegradation produdtoiZet al, 1994, Trovoet al, 2009a,
2009b). Peaks 4 and 5 were identified as the Nyltet derivatives of SMX (N-acetyl
sulfomethoxazole, comparison with the availableresponding standard compound) and
(very likely) peak 3, respectively. The acetylatieivative of SMX is known as a metabolite
of SMX (Vreeet al, 1994). However, to the best of our knowledge kpéas described for
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the first time in this work. Based on these reswdtgdegradation scheme of sulfamethoxazole

during meat cooking is proposed in Figure 4.

4. Conclusion

The fate of 15 sulfonamides and 6 tetracyclinesngumeat cooking meat was
assessed. Results show that cooking could indusigndficant decrease in levels of 4-epi-
chlortetracycline (43% loss) and sulfamethoxaz&@8% loss). In contrast, no significant
losses of tetracycline and doxycycline were obskrif®@ determine whether losses observed
could be the consequence of a degradation of thibi@ics during cooking, the thermal
degradation of sulfamethazine and sulfamethoxazake investigated by use of radiolabeling
associated to both radiodetection and HRMS. No atigion products were observed for
sulfamethazine whereas, for sulfamethoxazole, #iferdnt degradation compounds were
formed depending on the cooking conditions. Toxagatal studies should now be undertaken
in order to assess the potential toxicity of thelegradation products, for a better risk

assessment.
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Supplementary Material

Table S1. Losses of sulfonamides and tetracycling’s medium cooked meat 1 = 3)
relative to the total load of antibiotics in the rav meat. : significantly different ap < 0.05.

Compound

Loss (%)

Sulfaguanidine
Sulfacetamide
Sulfadiazine
Sulfamethoxazole
Sulfathiazole
Sulfamerazine
Sulfamethizole
Sulfamethazine
Sulfamethoxypyridazine
Sulfamonomethoxine
Sulfaquinoxaline
Sulfadoxine
Sulfadimethoxine
Sulfaclozine
Sulfachloropyridazine
Tetracycline
Doxycycline
Oxytetracycline
Chlortetracycline
4-epi-tetracycline
4-epi-chlortetracycline

229+11.9
26.6+9.8
21.4+84
55.0 + 6.5
18.1 + 18.0
18.9+17.0
18.7+8.8
185+7.2
19.3+5.4
16.8 + 11.6
23.4+10.0
17.9+4.2
19.2+7.5
20.6 +10.6
21.5+11.4
None
1.0+5.0
27.2+0.5
34.3+26
24.1+3.0
428+2.1
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Table S2. Concentrations in pg kg of meat of sulfonamides in naturally contaminatedsamples raw or medium cooked.

Beef

Sample 1
Sample 2
Sample 3

Sulfadiazine

Sulfamethazine

Sulfadimethoxine

Raw meat

Cooked meat

Raw meat

Cooked meat

Raw meat

Cooked meat

Pork

Sample 4
Sample 5
Sample 6
Sample 7
Sample 8

N~ Y~ Y~

~

105.0+1.3

+2.1

7.6+0.3

~

62.8+1.4
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Table S3. Concentrations in pg kg of meat of tetracyclines in naturally contaminatedsamples raw or medium cooked.

Beef

Sample 1
Sample 2
Sample 3

Tetracycline

Oxytetracycline

4-epi-tetracycline

Raw meat Cooked meat

Raw meat

Cooked meat

Raw meat

Cooked meat

/ /
36.8+9.6
/ /

223.5+10.6
/
327.0+12.7

310.6 +5.9
/
387.5 +10.6

/
18.1+5.8
/

Pork

Sample 4
Sample 5
Sample 6
Sample 7
Sample 8

/ /
129.5+4.9 138.8+0.4
/

/
/

/
/
/
418.8 + 34.8

/

583.8 +18.7
/

69.3+0.3

I+
=
[EEY
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Complément de discussion sur I'étude de I'impact déa cuisson sur les contaminants

chimiques de la viande :

Ce troisieme chapitre a permis de montrer que Bicbple la cuisson était tres variable
selon la nature des contaminants chimiques étwdiéslon l'intensité de cuisson. Alors que
la cuisson n’a pas montré d’'impact significatif suteneur en PCDD/F et en métaux lourds
de la viande, des pertes significatives en PCBbiatiques et pesticides ont pu étre détectées,
ces pertes étant d’autant plus importantes queefigité de cuisson est élevée.

Le caractere thermorésistant des PCB permet ddurengue les pertes observées
pour ce contaminant sont trés probablement liaasedibération dans le jus de cuisson. Bien
gue des résidus de PCB aient été détectés daums die jcuisson, la difficulté a collecter le jus
apres cuisson et a extraire les contaminants dieiceer n'a cependant pas permis d’obtenir
des résultats quantitatifs précis en raison d’one fvariabilité.

Les pesticides et les antibiotiques étant, d’apeedittérature, plus sensibles aux
températures élevées que les PCB, des phénomengg@delation de ces contaminants sous
l'effet de la chaleur pourraient expliquer les pertobservées lors de la cuisson. Cette
hypothése n'a pas pu étre validée pour les pesticicbncernés faute de disponibilité
commerciale de ces composés sous forme radiomamu&le, stratégie que nous avons
choisi d'utiliser dans ce travail. En revanche, dasdes menées ont permis de confirmer une
thermodégradation de certains antibiotiques comermulfaméthoxazole. Dans le cas de cet
antibiotique, I'ensemble des produits de dégradadipu étre caractérisé en mettant en ceuvre
des analyses en LC-MS et LC-MS/MS haute résolut@apendant, pour I'un des composés
de dégradation caractérisé en LC-HRMS comme un uirod’isomérisation du
sulfaméthoxazole, des analyses RMN, actuellemertoens, ont di étre effectuées afin de
pouvoir proposer une identification structurale rmmbigle, de facon a pouvaim fine
proposer un schéma de dégradation thermique dantiiotique. Lorsque I'ensemble des
produits de dégradation du sulfaméthoxazole sadmritifiés, des analyses toxicologiques
supplémentaires devront étre réalisées pour powamrparer objectivement la toxicité des

produits de dégradation du sulfamethoxazole pgrar celle de la molécule mere.
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Chapitre IV : Impact de la digestion sur
la bioaccessibilité des contaminants
chimiques de la viande




Chapitre IV : Impact de la digestion sur la bioaccssibilitée des

contaminants chimiques de la viande

Comme cela a été décrit dans le chapitre 1, unedgraiversité de protocoles de
digestionin vitro ont été utilisés dans la littérature, ce qui paufpartie expliquer la grande
variabilité des résultats obtenus. C’est pourqadin de pouvoir comparer des résultats
provenant de différents laboratoires, un réseasactmntifiques européens travaillant dans le
domaine de la digestion a récemment proposé unogoig international standardisé
permettant de mimer au mieux les conditions phggigues de digestion (Minekuet al,
2014). Minekuset al. (2014) ont ainsi décrit un protocole consensuspremant trois étapes :
digestion orale, gastrique et intestinale. Ce malt de digestion statique a donc été mis en
place dans cette étude. L'utilisation d’un protecstatique a par ailleurs I'avantage, lors de
'étude de contaminants chimiques, de limiter isgues de contamination qui seraient plus
difficiles a contrdler avec un systeme dynamique.

La méthode de contamination intentionnelle de émae développée dans le chapitre 2
a été réutilisée dans cette partie. Les résultasmpnaires obtenus dans le cadre du projet
SOMEAT avant la réalisation des mesures de bioadui® ont permis de montrer que les
PCB correspondaient aux contaminants les plus émdguent détectés dans la viande. En
raison de la lourdeur du protocole de digestionvitro mis en place et du protocole
d’extraction des contaminants en vue de 'analyweGCxGC-TOF/MS, seuls les 18 PCB les
plus pertinents a étudier dans la viande selort 8iral. (2012) ont ici été ciblés.

L’état des lieux de la littérature réalisé dansHapitre 1 montre que plusieurs facteurs
peuvent influencer significativement les valeursbiteaccessibilité obtenues. Premierement,
la composition de la matrice étudiée, et notamraarieneur en lipides, semble étre un facteur
de variation de la bioaccessibilité. Deuxiememegiiape de cuisson des aliments ne doit pas
étre négligée car elle semble également pouvoluenter la libération des contaminants
chimiques de la matrice. Enfin, les difféerencegpdiocoles utilisés en termes de teneurs en
enzymes digestives ou en sels biliaires peuvenigery les différences observées entre les
résultats de la littérature. Des variations phygjmues de ces concentrations existent chez
’'Homme en fonction de I'age et pourraient doncggergr que la bioaccessibilité varie selon
'age du consommateur. Ces trois facteurs ont dv@etudiés dans ce chapitre. L'impact de
la teneur initiale de la viande en lipides a étéediné en comparant les résultats obtenus
avec une viande hachée a 5% ou 15% de matiereegrassst important de noter que la
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mesure expérimentale de la teneur en matiere gdeskeviande étiquetée a 15% de matiere
grasse a révélé que cette viande ne contenaiefirait que 11% de matiere grasse. L'impact
de la cuisson a été étudié en réalisant les tamgitions de cuisson décrites dans le chapitre
précédent (cuisson douce, medium ou intense). Hrifimpact des variations physiologiques
lites a 'age du consommateur a été étudié emfiavsaier les concentrations en sels biliaires
et en enzymes selon les modeles décrits par Dugiait (2010) pour I'enfant et par Leweit

al. (2014) pour la personne agée.
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Abstract

In a risk assessment perspective, this work studies bioaccessibility of
polychlorinated biphenyls (PCBs) in meat accordiogfat level, cooking intensity and
physiological differences related to the age of ¢basumers. A standardised vitro static
digestion protocol was set up and coupled withastion, clean-up and GCxGC-TOF/MS
multiresidue analysis to monitor the fate of the m8st relevant PCBs in meat during
digestion. Starting with intentionally contaminatedat, average PCB bioaccessibility was 26
+ 2% in 11% fat meat. PCB bioaccessibility variedearsely with the fat level of meat,
increasing to 48 + 2% in 5% fat meat. The age efdbnsumer was a further key factor since
PCB bioaccessibility decreased to 8 =+ 1% and ta 2% inin vitro digestion physiological
conditions mimicking infants and elderly, respeelyv By contrast, meat cooking was shown
to have less influence on PCB bioaccessibilityhalgh intense cooking significantly
decreased it to 23 + 3%. The validity of the bicsibility data obtained with spiked meat is
discussed in the light of bioaccessibility measwsts carried out in naturally contaminated

meat samples.

Highlights

* A standardised protocol was set up to assedsitlaecessibility of PCBs in meat

» The mean PCB bioaccessibility was 26% in 11%rfaht

» PCB bioaccessibility increased when the fat leledireased in meat

* Intense cooking decreased PCB bioaccessibilitypaoed with raw or moderately cooked
meat

» PCB bioaccessibility was lower in infants anelderlies than in adults

Keywords
Bioaccessibility; Polychlorinated biphenyls; Me#t; vitro digestion; Comprehensive two-
dimensional gas chromatography-time-of-flight mgggasctrometry (GCxGC-ToF/MS)

1. Introduction

Many micropollutants may be found in foods, andoarticular in products of animal
origin. Among these micropollutants are polychlatad biphenyls (PCBs), persistent organic
pollutants (POPs) used massively as insulatord th&i 1980s. PCBs accumulate in animal

tissues during growth, and end up in meat prodateénded for human consumption (Takaki
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et al, 2015). The consumption of foods of animal origginconsidered the main source of
human exposure to PCBs (Malisch & Kotz, 2014). althh these micropollutants generally
occur only in trace amounts in foods, they stipressent a health hazard for consumers. At
present risk is generally assessed from the taiatentration of micropollutants in fresh
foods. However, the bioaccessible fraction of therapollutants present in the food (i.e. the
fraction liable to cross the intestinal barrier anduce toxic effects) can be considerably
lower than the total amount (Collinst al, 2015), because the physiological processes
occurring during digestion modify the amounts ofteoninants truly available for absorption
in the systemic circulation. The bioaccessibilifynsicropollutants must therefore be taken
into account to make an accurate assessment ohiln@an impact (Guerrt al, 2012).

To study the bioaccessibility of micropollutantsisuas PCBsn vitro digestion models
are largely used because they offer the advantdgeob being restricted by ethical
considerations, while also being faster, bettetrotled and less costly than vivo methods
(Guerraet al, 2012). However, marked variations are observednanthe differentn vitro
digestion models described in the literature (iratidm time, pH, constituents and
concentrations of digestive and intestinal solwgjoetc.), yielding widely disparate results.
For example, Xinget al. (2008) observed a mean bioaccessibility of PCBdained in raw
fish samples of 3%, whereas more recently Stteal. (2016) reported a bioaccessibility of
PCBs in fried fish samples of 77%. Owing to thefetdgnces in protocols between the two
studies, the results obtained are very hard to epenpnd interpret, and so the moderating
influence of cooking on the bioaccessibility valwasinot be accurately assessed. To allow
comparison of results from different laboratori@s)etwork of scientists working in the field
of digestion recently proposed a standardised natemnal protocol to mimic the
physiological conditions of digestion as closelyassible (Minekugt al, 2014). Minekust
al. (2014) have specified a consensus protocol inetlsteps: oral, gastric and intestinal
digestion. This protocol has been used to assesbitdaccessibility of micro- and macro-
nutrients, but remained to be adapted to the sbfiftlyod contaminants.

To assess the bioaccessibility of PCBs in foodr afigestion, appropriate analytical
methods are required for the monitoring and quiaatibn of contaminants. Multiresidue
methods (MRMs) are of particular interest becatsg allow the simultaneous monitoring of
many substances in a single run (Tabh@l, 2013). Several studies have shown the utility of
two-dimensional gas phase chromatography (GCxGQamadem with time-of-flight mass
spectrometry (TOF-MS) to analyse the different R€©Bgeners (Focawt al, 2004; Planche
et al, 2015).
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Various factors are liable to influence the bioasdeility of contaminants in meat.
The composition of the raw material, and in paféicuts fat content could be one of them
(Xing et al, 2008; Sheret al, 2016). Food processing steps such as cookingl @sb cause
variations in bioaccessibility values (Amiagtlal, 2008; Metiaret al, 2009; Heet al, 2010).
Lastly, age-related physiological variations in thenan digestion process exist, in particular
in concentrations of digestive enzymes: the ageasfsumers could therefore also affect
bioaccessibility values (Lewt al, 2014; Dupongt al, 2010).

The final aim of this study was to achieve a bedtgssessment of the impact on health
of chemical contaminants in food. To this end wiecsg to determine the bioaccessibility of
PCBs in meat. We first developed a protocol to ssdbe bioaccessibility of chemical
contaminants in food, the influence of fat levelpking intensity and the age of consumers on
the bioaccessibility of PCBs in meat. The validifyour results obtained with spiked meat are

discussed in the light of measurements carriesdoutaturally contaminated samples.

2. Materials and Methods

2.1. Chemicals and standards

Hexane, dichloromethane, acetone and toluene wegeni trace analysis grade
solvents (Sigma-Aldrich, Saint-Quentin Fallavierace). Foin vitro digestion, constituents
of simulated salivary fluid, simulated gastric uand simulated intestinal fluid (KCI,
KH,PO,, NaHCQ, NaCl, MgCh(H20)s, (NH4).COs), together with HCI, NaOH, Cagl
pepsin from porcine gastric mucosa (P6887), patioré@m porcine pancreas (P7545) and
porcine bile extract (B8631) were from Sigma-Altirid=or PCB extraction, trichloroacetic
acid, activated aluminium oxide (acidic, Brockmajrand diatomaceous earth were from
Sigma-Aldrich. PCB reference standards were froncu&tandard Europe (Niederbipp,
Switzerland). Internal standards were used duimngitro digestion and PCB extraction for
the accurate quantification of target compoundsF-#CB-28, 3-F-PCB-52, 3'-F-PCB-81,
and 5-F-PCB-156 (Chiron, Trondheim, Norway), 13Dé¢led PCB-111 and 13C-labeled
PCB-194 (Wellington laboratories, Guelph, ON, Ca)ad
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2.2. Meat samples

Two types of meat samples were used: intentionafly naturally contaminated.
Intentionally contaminated meat was prepared witugd beef samples from the same blend
of muscles (<15% fat) purchased from a French sepdlhe exact fat level in these samples
was found to be 11%. Aliquots weighing 125 g weiaes] at —80 °C before use. Matrix
blanks of these samples were made before spikiagurdlly contaminated samples were
obtained under the French project SOMEAT (Conthat ANR-12-ALID-0004. Safety of

Organic Meat, available at www.so-meat.fr), andengmound before use.

2.3. Spiking and cooking
2.3.1. Sample spiking

Ground beef was spiked according to Planehal (2015), combining contaminant
addition to ground meat with matrix homogenisati@niefly, ground beef (120 g) was
immersed in a large volume of dichloromethane (20 montaining PCBs, the mixture
evaporated down under a hood, and the residue hemsmgl for 2 min in a blender. A
spiking concentration of 20 ng'gf fresh meat was chosen to give concentrationrsady-
to-run samples within the range of linearity of G&X*TOF/MS for these compounds.

2.3.2. Cooking method

To study the effect of cooking on the bioaccesybdf PCBs in meat, circular small
ground beef patties weighing 26 g (2.5 cm thickjenaen shaped to copy commercial ground
beef patties. These ground beef patties were cowkadstainless steel frying pan (diameter 17
cm) on a temperature-controlled induction hob (BoEtectroménager, Saint-Ouen, France).
Aluminium foil (11 pm thickness) was placed on bwgtom of the frying pan to recover juices
released during meat cooking. Three different cogldonditions were used to simulate rare
(50 °C at the core), medium (70 °C at the core m@liog to WHO recommendations for ground
meats) and well-done (85 °C at the core) meat § for each cooking condition). These
cooking conditions were obtained by 7 min heatiugned once) at 160 °C at the bottom of the
pan, 14 min heating (turned three times) at 20@t’he bottom of the pan, and 14 min heating
(turned three times) at 250 °C at the bottom ofptitue, respectively. Temperatures at the core of

the meat and at the bottom of the pan were measvtedhermocouples (RS Components,
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Ground beef
v

Spiking with PCBs (20 ngfof fresh meat)
\Z

5g of raw or cooked spiked meat
\4

In vitro digestion
(Oral step (2min, 37°C) / Gastric step (pH=3, 2h, 37°C) / Intestinal step (pH=7, 2h, 37°C))

v
Supernatant«———— Centrifugation (15min, 10 000G) Pellet
v &
Filtration at 0.45um Filter rinse with hexane 5, Filter rinse

Non bioaccessible

v . .
Filtrate Bloaccgssmle fraction
fraction

N4
Protein precipitation with TCA (30min, 37°Q)

\4

Centrifugation (15min, 10 000G)

Supernatank > Pellet

\4
Liquid/liquid extraction (hexane

Vv

Evaporation to ~1mL
% y
Accelerated Solvent extraction (Hexane, 100°C, 1500psi)
Vi Vv
Evaporation to dryness
V4 Vv
Addition of 4.5mL dichloromethane

\4 v
Gel Permeation Chromatography (S-X3 Bio-Beads column, Dichloromethane, 5 M) min

\4 v

Evaporation to dryness
N4 Vv
Addition of 100uL hexane
N4 Vv
GCxGC-TOF/MS analysis (66.5min, Rtx-Dioxin2 / BPX-50 column set)

Bioa:/cessible PCBs Non Bioaccessik\alie PCBs

Fig 1: Experimental flowchart showing sample prepaation, in vitro digestion and PCB
extraction and analysis



Beauvais, France). Befolia vitro digestion, the cooked meat was minced in a blenaler

simulate mastication.
2.3.3. Determination of fat content

The determination of fat content was realized adiogr to Blanchet-Letrouvét al.
(2014) with slight modifications. Raw and cookedatneere first freeze-dried. Aliquots (1 g)
of the resulting powder were then extracted by lacated solvent extraction (ASE) using a
Dionex ASE 350 extractor (Sunnyvale, CA, USA) w2th mL stainless-steel extraction cells.
Toluene-acetone (70:30) was used as extractionesblat a temperature of 120 °C and
pressure of 1500 psi with three extraction cycleisgample. The extracts obtained were then

evaporated down under a hood and weighed to deterfai content.
2.4.1n vitro digestion

In vitro adult digestionsn(=3 for each condition) were performed according t
Minekus et al (2014). Firstly, to simulate the oral phase, 6fgaw or cooked meat was
mixed with 3.5 mL of simulated salivary fluid (SSRp pL of 0.3 M CaGland 1.475 mL of
ultrapure water for 2 min at 150 rpm in a waterhbat 37 °C. A gastric phase was then
carried out by adding 7.5 mL of simulated gasttiadf (SGF), 1.6 mL of porcine pepsin
solution (25 000 U mt) and 5 pL of 0.3 M CaGl The pH was adjusted to 3.0 with 1 M
HCI, and the mixture was shaken in darkness fora 1650 rpm in a water bath at 37 °C. To
simulate the intestinal step, 11 mL of simulate@stinal fluid (SIF), 2.5 mL of 160 mM bile
salts, 5 mL of pancreatin solution (800 U MlLand 40 pL of 0.3 M Caglwere added to
gastric chyme. The pH was adjusted to 7.0 with N&DH, and the mixture was shaken in
darkness for 2 h at 150 rpm in a water bath atG7The digesta obtained were centrifuged
for 15 min at 10,00& g. After filtration of the supernatant obtained thgh a glass fiber
prefilter and a 0.4%m nylon filter (Phenomenex, Torrance, CA), theefitt were rinsed with
hexane. The filtrate contained the bioaccessildetisn of PCBs, and the pellet and filter
rinse contained the non-bioaccessible fraction@B# (Figure 1).

Following Dupontet al. (2010),in vitro infant digestion was simulated by reducing
the pepsin concentration by a factor of 8, the bdlt concentration by a factor of 4 and the
pancreatin concentration by a factor of 10 compandlin vitro adult digestion.

103



Following Levi & Lesmes (2014), the digestion ofl@lly persons (age 75 years) was
simulatedin vitro by reducing the pepsin concentration by a factord.@, the bile salt
concentration by a factor of 1.5 and the pancreaditcentration by a factor of 2.2 compared
with in vitro adult digestion.

The meat digestion protocol was validated by meaguthe quantity of peptides
produced by proteolysis during the meat digestidmsorbance of the digesta at 280 nm was
then measured after the gastric step accordingtelliret al. (2009) (UVIKON 923, double
beam UV/VIS spectrophotometer). Before this measerd, trichloroacetic acid (TC) (50%
by volume) was added to the gastric digesta TCAA&tay v/v 1:2) to precipitate undigested
proteins at 37 °C for 15 min (Gatellier al, 2009). The mixture was then spun at 4000 rpm at
4 °C for 15 minutes. The absorbance at 280 mm §) was then measured on the supernatant,
and compared with that of the simulated gastridf{&GF), the SGF + raw meat mixture and
the SGF + pepsin mixture at the same concentratierthose used in the gastric step of the
digestion protocol. This verification of the quaytof peptides produced could not be carried
out for the intestinal digestion step because @necpeatin and bile salts present in this step

also absorbed at 280 nm.

2.5. Multiresidue analysis of PCBs
2.5.1. Extraction

The flowchart in Figure 1 shows the steps followed PCB extraction. To extract
bioaccessible PCBs, the filtrate obtained aftervitro digestion was first mixed with a
trichloroacetic acid (TCA) solution (0.5 g TCA mLin a volume ratio of 2:1 (filtrate: TCA
solution) for protein precipitation. The mixture svdeft for 30 min at 37 °C and then
centrifuged for 15 min at 10,000g. A liquid-liquid extraction of the resulting sup@tant
was then performed with 70 mL of solvent and repeédhree times. For this step, the PCB
recovery rates after an extraction by hexane aoblaliomethane (DCM) were compared,
these two solvents having already been used for dki&action of organochlorine
contaminants in bioaccessible fractions (Xiegal, 2008; Wanget al, 2011). For this
comparison, a mixture of PCBs was spiked at 2.5mjigin 40 mL of ultrapure water
(Millipore, Bedford, MA, USA) and a liquid-liquid>éraction was performed with 40 mL of
hexane (repeated three times) or with 40 mL of DE&peated three timesh € 3 for each
solvent). The organic solvent recovered was thenapenated to dryness
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(Rocket, Genevac Ltd.), and 100 pL of hexane wade@dor the analysis of PCBs by
GCxGC-TOF/MS.

For the bioaccessible fraction, after the liquiglild extraction with the more efficient
solvent, the organic phase containing PCBs wasaeatgdl to ~1 mL. A 34 mL stainless-steel
extraction cell was then prepared to extract biessible PCBs by accelerated solvent
extraction (ASE). Briefly, 10 g of acidic aluminaas placed at the bottom of the cell
according to Bjorkluneet al (2001). Filter papers were placed underneathcanthe top of
the alumina layer. The cell was then filled withe tipellet obtained after TCA protein
precipitation and centrifugation, dispersed in Bfgdiatomaceous earth. The evaporated
(=1 mL) solvent phase obtained after liquid-ligeiiraction was added at the top of the cell.

Same ASE extraction was performed to extract noaduwessible PCBs contained in
the pellet obtained at the end of thevitro digestion. The hexane filter rinse was addedeat th
top of the cell.

ASE was then carried out according to Planebhal. (2015) using a Dionex ASE 350
extractor (Sunnyvale, CA, USA). Hexane was usedxa@siction solvent at a temperature of
100 °C and pressure of 1500 psi. ASE extractioluded heating (5 min), static time (5 min)
and purging (90 s) with two extraction cycles pe@mple. The extract (approximately 40 mL
per extraction cell) was evaporated down (Rockehdévac Ltd.) using toluene as a keeper to
minimise loss of analytes during the evaporati@p;sé.5 mL of dichloromethane was then
added. For cleaning extracts, gel permeation chiagnaphy (GPC) (Gilson, Middleton, WI,
USA) was carried out on an S-X3 Bio-Beads columio{Bad, Philadelphia, USA) using
dichloromethane as eluting solvent at a flow r&t®& onL min’. The fraction obtained was
evaporated to dryness (Rocket, Genevac Ltd.); 10@fthexane was then added before
analysis. All the samples were spiked with interstahdards at 100 ng nilat the different

steps.

2.5.2. GCxGC-TOF/MS

Samples were analysed with a time-of-flight mascspmeter (Pegasus 4D, Leco, St
Joseph, MI) coupled to a two-dimensional gas chtograph (6890, Agilent Technologies)
equipped with a dual stage jet cryogenic modulfitoensed from Zoex) according to Planche
et al.with slight modificationgPlancheet al, 2015). A Rtx-Dioxin2 1D column (60 m0.25
mm x 0.25 um) (Restek, Bellefonte, PA, USA) was coneddby a deactivated Ultimate
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Union (Agilent Technologies, Santa Clara, CA) BRX-50 2D column (2 mx 0.1 mmx 0.1
pum) (SGE, Austin, TX, USA). A splitless injectioi D pl of sample extract was performed
through a CTC CombiPal autosampler (CTC Analytibsingen, Switzerland) with an inlet
temperature set at 280 °C. A split/splitless iiextr (Restek, Sky® 4.0 mm ID liner) was
used. Ultra-pure grade helium (purity 99.9995%) wsead as carrier gas with a constant flow
rate of 1.5 mL miit. Purge time was set to 60 s with a flow rate offBOmin™. The primary
oven temperature was initially set at 90 °C for ih,mamped to 200 °C at 20 °C rifinand
then to 300°C at 2°C miirfor 10 min. The secondary oven temperature waat<efC higher
than the primary oven temperature. The modulatmperature was set at 15 °C higher than
the primary oven temperature, and the modulatiosiogevas 5 s, with 1.20 and 1.30 s for the
hot and cold pulses, respectively. The transfex temperature was set at 280 °C. The mass
spectrometer was operated with an electron iomisaource (ionisation energy of 70 eV), a
detector voltage of 1800 V and a data acquisitite of 100 spectra'sThe run time for each
sample was 66.5 min. Analytical blank samples oepmolvent were run to check the absence
of targeted analytes. GCxGC data were processedgusiie LECO ChromaTOF
software (version 4.50.8.0).

The separative capacity of the column set used-[Rixin2/BPX50) was determined
by calculating resolution factorfd) according to Zapadlet al. with Rs = Atg/Wy, Wheretg is
the retention time (Table S1. Supplementary mdjeaadw, the average peak width at the
base (Zapadlet al, 2011). Two successive peaks were consideredvessathenRs 15> 0.6
in 1D orRs2p> 0.4 in 2D.

In order not to be restricted by the sensitivity tbe GCxGC-TOF/MS method,
naturally contaminated samples, in which the cotraéinon of contaminants is unknown, were
analyzed according to Berget al. (2011) by a French National Reference Laboratory
(LABERCA, Nantes, France).

2.6. Data processing

Bioaccessibility of PCBs was calculated by:

Bioaccessibility (%) = Bioaccessible PCBs , where Bioaccessible

Bioaccessible PCBs + Non-bioaccessibiEBls

PCBs and Non-bioaccessible PCBs are the amouR€BE found aftein vitro digestion in
the bioaccessible and non-bioaccessible fracti@spectively. Data were processed using the

Statistica Software version 12 (Dell Software, BaRrance). Principal component analyses
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(PCA) were performed on the bioaccessibility ddt®©Bs in meat aften vitro digestion to
visualise the structure of the data. To determihether the cooking process, the fat content
of meat or the physiological differences due to d@lge of consumers had any impact on the
bioaccessibility of PCBs in meat, a one-way analydi variance (ANOVA;p < 0.05) was
performed on bioaccessibility data from GCxGC-TOB/MA Newman-Keuls mean

comparison test was then performed on the resuli@gset.

3. Results and Discussion

3.1. Analysis of PCBs in meat digesta

To evaluate the bioaccessibility of the 18 mose¢vaht PCBs in meat (Siret al,
2012), the standard staiit vitro digestion protocol described by Minekesal. (2014) was
implemented starting with 5 g of meat spiked witbB2. Briefly, as shown in Figure 1, the
digestion protocol comprised an oral step (2 m&Q dom, 37 °C), a gastric step (pH =3, 2 h,
150 rpm, 37 °C) and an intestinal step (pH =7, 250 rpm, 37 °C). After these steps the
digesta were centrifuged and the supernatant didtethereby separating the bioaccessible
fraction (filtrate) from the non-bioaccessible fiian (pellet and filter rinse). The protocol was
validated by verifying the increase in the amounpeptides produced by proteolysis during
digestion. According to Gatellieat al. (2009), the mean absorbance of the digesta wé&s 1.5
against nil for the SGF solution, 0.49 for the S&keat mixture and 0.48 for the SGF +
pepsin mixture. The absorbance of the gastric thggs56) was thus greater than the other
absorbances measurqu<{0.05), confirming the increase due to proteolysithe course of
the gastric digestion of the meatlowing for dilution, the mean absorbance (1.1&swof the
same order of magnitude as that found by Gatedtieal. (2009) in their gastric raw meat
digesta (0.98), thus validating omr vitro digestion set-up. A protocol for the extractiordan
analysis of PCBs in the bioaccessible fractiorirdie) and non-bioaccessible fraction (pellet
and filter rinse) was then developed. As shown igufe 1, the proteins contained in this
fraction were first precipitated with trichloroameacid (TCA) to extract the PCBs contained
in the bioaccessible fraction, consisting mainlywatter. After centrifugation, a liquid/liquid
extraction was carried out on the aqueous supernat#ained with a comparison between
hexane and dichloromethane (DCM) as the extracidvent (Xinget al, 2008; Wanget al,
2011). The results showed a mean recovery rateC&fsHn the water of 98% when hexane
was used for the liquid/liquid extraction, with uak ranging from 56 + 0.7% for PCB 28 to
112 + 19% for PCB 156. With DCM, the mean recovatg was 90%, with values ranging

107



BZ 105
BZ 77 BZ 114¥

\ ! |

Bz 81\ | f BZ 169
BZ 101 ‘ | | BZ138 BZ 167

I
BZ 32 \' BZ 123 f f \

BZ 118 BZ 153

Q
£
—
=
o
=
jo
)
N
5
~
)
S

1D Retention time

Fig 2: GCxGC-ToF/MS contour plot with the 18 PCB cageners more relevant to monitor in meat.



Table 1. Bioaccessibility (BA) (%) of PCBs in 5% fameat (n = 3) and 11% fat meat (i = 3). ®" significantly different ap < 0.05.

WHO- 5% fat meat 11% fat meat

Compound Congener TEE BA RSD BA RSD

(%) (%) (%) (%)

2,4,4'-Trichlorobiphenyl 28 49.5 9.9 24.9 1.4
2,2',5,5'-Tetrachlorobiphenyl 52 48.7 12.4 25.9 2.2
3,3,4,4-Tetrachlorobiphenyl 77 0.0001 44 4 9.8 20.6' 6.1
3,4,4' 5-Tetrachlorobiphenyl 81 0.0003 45.9 7.8 23.0° 4.3
2,2',4,5,5'-Pentachlorobiphenyl 101 48.7 4.7 26.9 3.5
2,3,3',4,4'-Pentachlorobiphenyl 105 0.00003 47.8 12.5 26.4 2.7
2,3,4,4' 5-Pentachlorobiphenyl 114 0.00003 47.6 8.6 25.7 5.0
2,3',4,4' 5-Pentachlorobiphenyl 118 0.00003 48 .4 9.1 24.9 6.1
2',3,4,4' 5-Pentachlorobiphenyl 123 0.00003 48.7 8.7 25.8 5.1
3,3,4,4' 5-Pentachlorobiphenyl 126 0.1 44.7 7.7 24.0 2.7
2,2',3,4,4' 5'-Hexachlorobiphenyl 138 48 .4 8.0 27.5 6.7
2,2',4,4'5,5'-Hexachlorobiphenyl 153 50.7° 8.3 27.9 6.1
2,3,3',4,4' 5-Hexachlorobiphenyl 156 0.00003 46.8 7.6 26.7 6.2
2,3,3',4,4',5'-Hexachlorobiphenyl 157 0.00003 46.8 6.0 23.8 4.7
2,3',4,4' 5,5'-Hexachlorobiphenyl 167 0.00003 48.7 9.3 28.0° 2.3
3,3.,4,4',5,5'-Hexachlorobiphenyl 169 0.03 44.2 3.0 25.9 3.0
2,2',3,4,4'5,5'-Heptachlorobiphenyl 180 49.4 4.8 30.5 4.7

2,3,3',4,4'5,5'-Heptachlorobiphenyl 189 0.00003 47.3 4.8 28.5 3.1




from 71 + 4.9% for PCB 101 to 118 + 6.5% for PCB)1Bxcept for PCB 28, all the recovery
rates lay in the classically accepted range 70-18#t&a not shown), with RSB 10% for
most of the compounds (EPA Method 8000C, 2003)th@f18 PCBs targeted in this study,
14 showed higher recovery rates, and closer to 10@%# hexane than with DCM. Hexane
was therefore subsequently used in this studyherliuid/liquid extraction of PCBs in the
bioaccessible fraction.

After ASE extraction of PCBs and GPC defatting bt textracts obtained for
bioaccessible and non bioaccessible fractions (Eigy, an analysis by GCxGC-TOF/MS
(Rtx-Dioxin2/BPX-50 column set) of PCBs was carri@at in 66.5 min using the protocol
developed by Planchet al. (2015). The separation of the 18 PCBs targetethim study
(Figure 2) was validated by calculating resolutfantors defined by Zapadiet al. (2011)
(data not shown).

Lastly, to verify the soundness of our protocol foe study of bioaccessibility, the
recovery rates for PCBs contained in the raw meatwletermined after completion of the
flowchart sequencein( vitro digestion, extraction and analysis by GCxGC-TORMEhe
PCBs contained in the meat before digestion wexs tfuantified f = 3) and compared with
the sum of the PCBs found in the bioaccessibleramdbioaccessible fractions € 3) after
digestion. The mean of the recovery rates obtawasl 95 + 16%, confirming the efficiency

and robustness of the protocol.

3.2. Impact of meat fat content on bioaccessibilitpf PCBs

To determine the impact of fat level in meat on theaccessibility of PCBsin vitro
digestions were carried out, using the previousgsctibed protocol, on ground beef
containing 11%1r{ = 3) or 5% fatij = 3) pan-fried as recommended by WHO (70 °C at the
core). It is important to note that there was nifedence between 11% and 5% fat meat in
terms of lipid composition (data not shown) whiduldl influence the bioaccessibility (Zhang
et al, 2016 ; Zouet al, 2016). Bioaccessibility results of the 18 mostvant PCBs in meat
are reported in Table 1. For meat with 11% fat,ttfean bioaccessibility of PCBs was 25.9 +
2.3% against 47.5 + 1.7% for meat with 5% fat. Nibtat the bioaccessibility of PCB 126,
which has the highest toxic equivalent factor (WHBEF) (0.1) of all the 18 PCBs studied,
was 24.0 £ 0.6% for meat with 11% fat and 44.740@for meat with 5% fat, confirming that
bioaccessibility is a key factor to be taken intz@unt in risk analysis. These values are of

the same order of magnitude as those recentlyrdutadby Sheret al. (2016), who report a

108



mean bioaccessibility of PCBs in beef samples (4f@&%00f 49.0 + 3.3% after boiling (5 min
at 100 °C). By contrast, they are at variance whibse of Xinget al (2008), who found a
mean bioaccessibility of PCBs of 3% in fish sam{&sl5% fat). It is however noteworthy
that Xinget al. worked on raw matrices whereas we used cooked anesthat there were
wide disparities between the vitro digestion protocols used, in particular in theuination
time for the samples with the digestive enzymesl usehe different steps of the protocol. In
the gastric digestion step, this time was 1 h ingXt al. against 2 h in our study, but 6 h
(against 2 h) in the intestinal digestion step.sSenhdifferences in protocols thus rule out any
objective comparison of the data obtained. Howeiters interesting to note that these
authors, like us, found a significant increase e tmean bioaccessibility of the PCBs
(p<0.05) when the food fat content is lower. Ximg al. measured thus a mean
bioaccessibility of PCBs of 3% in fish samples eimnhg 3-15% fat, whereas in samples of
spinach and salads with much less fat (0.1% onagedr bioaccessibility was significantly
higher at 25%. In our study, we found the relatmtween cooked meat lipid levels and
bioaccessibility of PCBs to be inversely proporéibrwhen the percentage of fat was divided
by 1.9, the bioaccessibility was multiplied by 14 PCBs are lipophilic compounds (Log
Kow = 4.09-8.18 according to Hawker & Connell (198&)gy can be sequestered by lipids
during digestion. Lipids are difficult to digest @ fat content is high (Xingt al, 2008),
which can explain the lower solubilisation of PCiBsthe bioaccessible fraction, and so a
lower bioaccessibility as the meat fat contentstiSéhe same explanation was given by etia
al. (2017) who observed that the bioaccessibility bé& thydrophobicp-carotene was
significantly lower in a simulated high-fat dietthin a simulated low-fat diet: an appreciable
fraction of the lipid phase was not fully digestmad, therefore, a fraction of tlfiecarotene
was not released into the intestinal fluids, renmginn the nondigested lipid phase (>&aal,
2017).

As shown in Figure S1. (Supplementary material}, ¢antent is thus a key
determinant in the bioaccessibility of PCBs. It of interest that in several studies,
(Bordajandiet al, 2004; Carlsoret al, 2005), the higher the fat content of foods, tlghér
their PCB concentrations. The results obtaineduinstudy thus suggest that PCBs in fat-rich

foods are less bioaccessible, mitigating the hamdaded to their presence in such foods.
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Table 2. Bioaccessibility (BA) (%) of PCBs in raw reat (0 = 3) and in meat cooked at different intensitiesréare (n = 3), medium f = 3)

and well-done f = 3)).%"¢ significantly different ap < 0.05.

Rare cooked Medium cooked Well done cooked

Raw meat
Compound Congener WHO- meat meat meat

TEF BA RSD BA RSD BA RSD BA RSD

(%) (%) (%) (%) (%) (%) (%) (%)

2,4,4'-Trichlorobiphenyl 28 26.1% 135 245 7.4 24.9' 1.4 22.6 5.1
2,2',5,5'-Tetrachlorobiphenyl 52 27.48 11.8 269 89 25.9 2.2 24.7 2.3
3,3',4,4'-Tetrachlorobiphenyl 77 0.0001 24.7° 12.7 20.5* 4.7 20.6° 6.1 18.3 6.7
3,4,4',5-Tetrachlorobiphenyl 81 0.0003 24.6 8.1 21.4 2.0 23.0° 4.3 19.0° 5.1
2,2',4,5,5'-Pentachlorobiphenyl 101 28.9 7.5 27.3 6.8 26.9 35 26.7 4.2
2,3,3',4,4'-Pentachlorobiphenyl 105 0.00003 26.1° 71 242 54 26.4 2.7 20.5 7.5
2,3,4,4' 5-Pentachlorobiphenyl 114 0.00003 25.8 10.1 24.7 4.5 25.7 5.0 22.6 6.5
2,3',4,4',5-Pentachlorobiphenyl 118 0.00003 25.8 9.3 243 4.3 24.9 6.1 21.5 5.9
2',3,4,4' 5-Pentachlorobiphenyl 123 0.00003 27.¢°% 8.5 26.4 6.8 25.8 5.1 25.8 2.5
3,3',4,4' 5-Pentachlorobiphenyl 126 0.1 25.2 100 22 43 24.0° 2.7 18.0 8.1
2,2',3,4,4' 5'-Hexachlorobiphenyl 138 27.4 8.4 26.7 7.5 27.5 6.7 24.6 5.0
2,2',4,4'5,5'-Hexachlorobiphenyl 153 28.7 8.7 28.7 6.6 27.9 6.1 26.3 7.2
2,3,3',4,4' 5-Hexachlorobiphenyl 156 0.00003 27.7 87 257 1.0 26.7 6.2 21.9 6.2
2,3,3',4,4' 5'-Hexachlorobiphenyl 157 0.00003 27.8° 10.9 2548 24 23.8° 47 21.9 5.5
2,3',4,4'5,5'-Hexachlorobiphenyl 167 0.00003 28.0 6.0 25.9* 6.0 28.0° 2.3 23.3 11.6
3,3',4,4' 5,5'-Hexachlorobiphenyl 169 003 233 91 237 38 25.9 3.0 21.7 5.7
2,2',3,4,4'5,5'-Heptachlorobiphenyl 180 29.0° 11.1 27.9% 43 30.8 4.7 24 .4 7.2

2,3,3,4,4'5,5-Heptachlorobiphenyl 189 0.00003 35.1° 139 27.9 4.1 28.8 3.1 21.7 7.5




3.3. Impact of cooking intensity on bioaccessibiltof PCBs

To determine the impact of cooking and its intgneit PCB bioaccessibility in meat,
in vitro digestions were carried out on ground beef comgiil% fat, raw and cooked at
three intensities: rare (50 °C at the core), medi(ir® °C at the core according to WHO
recommendation), and well-done (85 °C at the cdrer 3 for each condition). Results
presented in Table 2 show that the mean bioacaktysih the PCBs was 27.1 + 2.6% for raw
meat, 25.2 + 2.3% for rare-cooked meat, 25.9 + 2f8%omedium-cooked meat (WHO
recommendations), and 22.5 + 2.6% for well-done tmdl significant difference was
observed between raw, rare- and WHO-cooked meatthieubioaccessibility measured on
well-done meat was significantly lowep € 0.05). For PCB 126, which displays the highest
toxic equivalent factor (WHO-TEF) of all the PCBtudied (0.1), the bioaccessibility
decreased from 25.2% (RSD: 10.0%) for raw meat8®% (RSD: 8.1%) after intense
cooking. Although they did not evaluate the impasft cooking intensity on PCB
bioaccessibility, Shemt al. (2016) showed that cooking conditions need to dkrn into
account in bioaccessibility studies: for examplee bioaccessibility of PCBs in meat was
significantly lower p < 0.05) after boiling (5 min at 100 °C) than aftefing in cooking oil.
Various studies conducted on trace elements (Cy,Z8d etc.) have also shown that the
cooking of fish and other seafood generally lowbisaccessibility, irrespective of the
cooking method used: frying, grilling, boiling adeaming (Amiarcet al, 2008; Metiaret al,
2009; Heet al, 2010). This decrease in bioaccessibility mayxmaened by the modification
in meat fat content induced by cooking. Whereas ma®at contains 11% fat, cooked meat
contains respectively 13%, 15% and 16% fat aftee,raVHO or intense cooking,
respectively. As discussed above, the decreaseatdessibility could thus be at least partly
linked to the increase in meat fat content. Anothessible explanation for the reduced
bioaccessibility after intense cooking is the pirotdenaturing that occurs during cooking,
shrinking tissues and so making them harder ance mompact, therefore restricting the
activity of digestive enzymes (Kulgt al, 2003; Heet al, 2010). The activity of pepsin can
thus be reduced during the digestion of cooked nwahpared with raw meat as
demonstrated by Santé-Lhoutelliet al. (2008), who observed a decrease of 58% in the
activity of pepsin on myofibrillary proteins aftéb min cooking at 100 °C. Cooking may also
cause the formation of disulphide-bonded protewtsich make the proteins less digestible

(Heet al, 2010). All these processes are especially impbrader extreme cooking
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Table 3. Bioaccessibility (BA) (%) of PCBs in medim-cooked meat (11% of fat) after simulating the digstion of an infant f=3), an

ab,c

adult (n=3) or an elderly person (=3).“™" significantly different ap < 0.05.

WHO- Infant Adult Elderly

Compound Congener TEE BA RSD BA RSD BA RSD

(%) (%) (%) (%) (%) (%)

2.4.4'-Trichlorobiphenyl 28 7.0° 14.1 24.9° 1.4 15.0° 5.0
2.2'.5.5-Tetrachlorobiphenyl 52 6.4° 9.6 25.9° 2.2 155" 5.0
3.3.4.4-Tetrachlorobiphenyl 77 0.0001 7.2° 9.7 20.6° 6.1 14.6° 9.5
3.4.4'.5-Tetrachlorobiphenyl 81 0.0003 6.8° 4.6 23.0° 4.3 15.0° 5.1
2.2'.4.5.5'-Pentachlorobiphenyl 101 8.0° 10.2 26.9° 35 17.9° 4.6
2.3.3'.4.4'-Pentachlorobiphenyl 105 0.00003 7.7° 8.3 26.4° 2.7 16.8" 5.8
2.3.4.4'.5-Pentachlorobiphenyl 114 0.00003 7.5° 8.1 25.2° 5.0 16.7° 5.8
2.3'.4.4'.5-Pentachlorobiphenyl 118 0.00003 7.3° 6.5 24.9° 6.1 16.3° 6.3
2'.3.4.4'.5-Pentachlorobiphenyl 123 0.00003 8.1° 7.8 25.8° 51 17.7° 4.0
3.3'.4.4'.5-Pentachlorobiphenyl 126 0.1 7.2° 12.9 24.0° 2.7 15.3 5.5
2.2'.3.4.4'.5'-Hexachlorobiphenyl 138 8.6° 8.7 27.5° 6.7 18.4° 4.2
2.2'.4.4'.5.5'-Hexachlorobiphenyl 153 8.8° 9.5 27.9° 6.1 18.6" 4.8
2.3.3'.4.4' 5-Hexachlorobiphenyl 156 0.00003 7.4° 9.7 26.7° 6.2 18.1° 3.9
2.3.3'.4.4'.5'-Hexachlorobiphenyl 157 0.00003 8.2° 6.7 23.8° 4.7 18.5° 3.2
2.3'.4.4'.5.5'-Hexachlorobiphenyl 167 0.00003 8.4° 6.6 28.0° 2.3 18.1° 5.8
3.3.4.4'.5.5-Hexachlorobiphenyl 169 0.03 6.2° 14.3 25.9° 3.0 17.0° 53
2.2'.3.4.4'5.5-Heptachlorobiphenyl 180 9.1° 7.8 30.5° 4.7 19.4° 3.7

2.3.3.4.4'5.5'-Heptachlorobiphenyl 189 0.00003 8.0° 6.3 28.5° 3.1 19.1° 4.5




conditions (Dadorama, 1996), which explains whysdigmificant decrease in bioaccessibility

was observed only in the case of intense cooking.

3.4. Impact of consumer age on bioaccessibility ®CBs

To determine the impact of physiological conditioekated to the age of the consumer
on PCB bioaccessibilityin vitro digestions of meat (11% fat, WHO cooking) wereriedr
out, simulating the digestion of an infant< 3) according to Dupordt al (2010), and that of
an elderly personn(=3) following Levi & Lesmes (2014). These data Idowhus be
compared with those previously obtained for adudfestion simulation (Minekust al,
2014). According to Table 3, the mean bioaccessitmf PCBs was 7.7 + 0.8% in the infant
and 17.1 £ 1.5% in the elderly person, against 25293% in the adult. As shown in Figure
S1. (Supplementary material), bioaccessibility thases significantly < 0.05) according to
the physiological conditions related to the agetlné consumer. These variations are
consistent with concentrations of pepsin, bilessaltd pancreatin, which were 8, 4 and 10
times lower in the infant, and 1.3, 1.5 and 2.2esntower in the elderly person compared to
the adult data (Dupormt al.,2010; Levi & Lesmes, 2014). The lower were the emi@tions
of these enzymes, the lower were the PCB bioadubgsvalues. These results are consistent
with with those obtained by Jadan-Piedtal. (2016), who observed that the bioaccessibility
of Hg in fish increased with the concentration efpgin, which facilitated the cleavage of
protein-contaminant bonds (Periagbal, 2013). Likewise, Kulpet al. (2003) showed that
when the concentration of pancreatin (containipgdes) increased, the bioaccessibility of the
heterocyclic amines in the meat likewise increas@dr results also suggest that the
concentration of bile salts is a key determinant badaccessibility: in the infant, the
concentration of bile salts is 4 times lower thanthe adult, and we observed that the
bioaccessibility was divided by 3.4 relative tottled the adult. Likewise, in the elderly
person, the concentration of bile salts was 1.5egintower than in the adult, and
bioaccessibility was also divided by 1.5 relatisehe adult. These results are consistent with
those reported by Yet al. (2011b), who studied the bioaccessibility of PBOMEgust. These
authors observed that when the concentration @& bdlts was multiplied by 2.2, the
bioaccessibility of PBDEs rose 2.8-fold. During elgon, bile salts may facilitate the
emulsification of fats containing lipophilic substas such as PBDEs or PCBs, thereby
inducing higher bioaccessibilities when their carication increases (Oomemal, 2000 ; Yu
et al, 2011b).
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Table 4. Bioaccessibility (%) of PCBs in four medium-cookedhaturally contaminated

samples after simulating adult digestion.

Sample 1 Sample 2 Sample 3 Sample 4
2.9% of fat 5.0% of fat 5.3% of fat 9.5% of fat
10.3 ng PCBs/g fat 48.6 ng PCBs/g fat8.7 ng PCBs/g fat 5.0 ng PCBs/g fat
PCB 28 61.6 63.9 76.8 70.8
PCB 52 56.4 514 65.8 48.7
PCB 77 44.9 46.5 48.8 35.8
PCB 81 46.2 45.1 49.3 38.5
PCB 101 61.2 59.8 65.9 45.7
PCB 105 40.9 39.8 39.7 23.9
PCB 114 44.7 38.3 54.5 37.1
PCB 118 45.0 34.8 47.9 22.3
PCB123 48.9 54.8 57.2 35.3
PCB 126 43.6 47.1 42.5 30.9
PCB 138 31.8 34.5 41.2 20.4
PCB 153 37.9 36.6 39.7 19.9
PCB 156 40.1 38.0 42.9 25.0
PCB 157 39.2 38.3 42.6 22.4
PCB 167 44.8 35.2 45.4 23.0
PCB 169 38.2 48.2 41.3 27.0
PCB 180 39.1 37.0 38.8 16.0

PCB 189 35.9 37.4 41.4 20.5




3.5. Comparison of results with naturally contaminaed samples

This study was designed with samples intentiongiked in order to obtain a matrix
in unlimited amounts with PCBs at a known conceitna However, in order to determine
whether a difference may exist in the bioaccessibdf PCBs, between spiked PCBs and
PCBs bioaccumulated in muscles during animal brepdtor this purposen vitro digestions
were carried out on samples of meat identified@agamminatedr{= 4) by a French national
reference laboratory (LABERCA, Nantes, France)tsnmonitoring programs. After mincing
and blending, the four raw samples targeted weatyaed, showing concentrations of PCBs
in the range 5.0—48.6 ng/g of fat. As given by €abl mean bioaccessibility of the PCBs was
45.0 £ 8.2% for sample 1 (2.9% fat), 44.0 = 9.0%dample 2 (5.0% fat), 49.4 + 10.9% for
sample 3 (5.3% fat) and 31.9 + 13.6% for sample94% fat). The mean values of
bioaccessibility obtained for samples 2 and 3, Whdoth had a fat content close to 5% were
of the same order of magnitude as those obtainespided meat with 5% fat used in our
study (47.5 = 1.7%). In addition, there was no gigant difference between the results
obtained with meat containing 2.9% fat and meahwiear 5% fat. There may thus be a
threshold fat content below which the bioaccessjbdf PCBs remains constant, as already
described for PBDEs by Yeat al. (2009), who observed that the bioaccessibilityPBDES
was significantly correlated with the fat contemtf@ods only when this exceeded 1.8% of
their fresh weight. In the case of PCB bioaccebsipthis hypothesis would, however, need
to be validated on a greater number of samplesdateobtained also tell us that for a higher
fat content, as for sample 4 (9.5% fat), the valhfesioaccessibility were significantly lower
(p<0.05) than for the other samples, in line withr aasults with spiked meat, thus
confirming the inversely proportional relation beem PCB bioaccessibility and fat content of
meat. In addition, unlike the spiked samples, theirally contaminated samples were found
to present bioaccessibility values that varied ediog to the PCB congener: bioaccessibility
was higher for the least chlorinated congeners lamgr for the most chlorinated, with
bioaccessibility values significantly highgr € 0.05) for PCB 28 (trichlorobiphenyl) than for
PCBs 180 and 189 (heptachlorobiphenyls). Xieig al. (2008) also observed that the
bioaccessibility of PCBs in fish samples was geheraigher for the least chlorinated
congeners, and the same trend was observed by &aaf (2013) and by Wangt al.
(2013) evaluating the bioaccessibility of PCBs ustd The most chlorinated PCBs are those
displaying the highest LoK, values, so that these congeners are more readdined by

the fat in the meat, and so harder to solubilistnénbioaccessible fraction. However, it is still
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difficult to explain why this trend is observed naturally contaminated samples, and not in
spiked samples. It would therefore be of intereséxttend this study and analyse a greater

number of naturally contaminated samples.

4. Conclusion

The standardisedn vitro digestion protocol coupled with extraction and lgsia
protocols implemented in this study enabled to sssslee bioaccessibility of PCBs in meat.
For ground beef meat with 11% fat, mean bioaccigitvas 26 + 2%. Meat fat content is a
key factor to be taken into account, results shgwiinat bioaccessibility was inversely
proportional to fat content. The data obtained aturally contaminated samples confirmed
these findings, and revealed a threshold fat corftelow which the bioaccessibility of PCBs
remained constant. The physiological conditionatesl to the age of the consumer were also
found to be an important factor, the bioaccessybdi PCBs being significantly lower in the
infant and elderly person than in the adult. To pare the results obtained in this study with
those from other laboratories, it would, howevee, Wseful to use consensus digestion
protocols for young and older consumers, in addito adults. Lastly, although it had less
impact on our results than the two preceding vé&mlrooking conditions cannot be ignored.
While no significant difference was observed betwesw, rare-cooked and medium-cooked
(WHO) samples, intense cooking caused a decreaBE€B bioaccessibility. These findings
show that the fat content of foods, the age ofdtesumer and to a lesser extent, cooking
intensity are factors that cause bioaccessibitityary. The next step will be to take these data
into account to propose a new model for the assassaf risks due to chemical contaminants

in food.
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Supplementary material

Table S1.Elution order of PCBs using the Rtx-Dioxin2/BPX-50column set.'tr (s) andftr

(s) are the retention time in seconds on respdygtilie first and the second dimension.

Compound CongeneMWHO-TEF Ytz (s) ’tr (S)
2,4,4'-Trichlorobiphenyl 28 1580 3,17
2,2'5,5'-Tetrachlorobiphenyl 52 1610 3,35
2,2',4,5,5'-Pentachlorobiphenyl 101 2085 3,562
3,4,4' 5-Tetrachlorobiphenyl 81 0,0003 2265 3,69
3,3,4,4-Tetrachlorobiphenyl 77 0,0001 2320 3,76
2',3,4,4' 5-Pentachlorobiphenyl 123 0,00003 2385 72 3,
2,3',4,4' 5-Pentachlorobiphenyl 118 0,00003 2415 708,
2,3,4,4" 5-Pentachlorobiphenyl 114 0,00003 2465 65,8
2,2',4,4'5,5-Hexachlorobiphenyl 153 2490 3,7
2,3,3',4,4'-Pentachlorobiphenyl 105 0,00003 2545 014,
2,2',3,4,4' 5'-Hexachlorobiphenyl 138 2630 3,931
3,3',4,4' 5-Pentachlorobiphenyl 126 0,1 2730 3,88
2,3',4,4'5,5-Hexachlorobiphenyl 167 0,00003 2795 3,832
2,3,3',4,4' 5-Hexachlorobiphenyl 156 0,00003 2915 ,024
2,3,3,4,4' 5'-Hexachlorobiphenyl 157 0,00003 2930 4,12
2,2',3,4,4'5,5'-Heptachlorobiphenyl 180 2960 3,97
3,3,4,4',5,5-Hexachlorobiphenyl 169 0,03 3125 38,9
2,3,3',4,4'5,5'-Heptachlorobiphenyl 189 0,00003 3280 4,073
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Complément de discussion sur I'étude de I'impact d& digestion sur la bioaccessibilité

des contaminants chimiques de la viande :

Cette troisieme partie montre I'importance de preneh compte la bioaccessibilité
des contaminants chimiques lors des analyses geeri<hez I'adulte et pour une viande a
11% de matiere grasse cuite a 70°C a coeur, segjuart des PCB contenus dans cette
matrice peut étre libéré dans le tractus digestifodentiellement passer la barriére intestinale
pour exercer des effets toxiques. Ces données gienhdonc de relativiser significativement
le risque lié a la présence des PCB dans les alsnméme s’il n'est pas exclu que les PCB
non bioaccessibles puissent perturber les étapé&seukes de la digestion et éventuellement,
exercer leurs effets toxiques.

Les résultats ont également indiqué que la teneitinle de la viande en matiére
grasse et les variations physiologiques liées @eldu consommateur influencent
significativement la bioaccessibilité. En effet,dmaccessibilité augmente lorsque la teneur
en matiere grasse de la viande diminue. Il semblegpendant exister un seuil minimal de
matiere grasse en dessous duquel la bioaccessibdéte constante. Par ailleurs, la
bioaccessibilité est significativement plus faibleez les enfants et les personnes agées que
chez les adultes. Ces deux criteres (teneur enérmatirasse de la viande et age du
consommateur) devront donc étre pris en compte lg@arsnalyses de risque. En revanche, la
cuisson ne semble pas représenter un facteur @eiearsignificatif de la bioaccessibilité des
PCB. Il sera ultérieurement nécessaire de compaserésultats obtenus pour les PCB avec
d’autres familles de contaminants aux propriétdsigl-chimiques différentes.

Les expériences de digestiam vitro de ce travail ont été réalisées a partir d’'un
modele statique. Ce modele, choisi par Mine&usal. (2014) afin de proposer un protocole
standardisé, permet notamment de limiter les rsqile contamination du digesteur par
certains contaminants. |l serait cependant intarésge pouvoir disposer de données obtenues
avec des systemes de digestion dynamiques, pltésseaqatifs de la digestion chez 'Homme.
En outre, I'obtention de données vivo sur des modeles animaux permettrait d’évaluer la

pertinence des résultats obtemnusitro et potentiellement de les valider.
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Conclusion générale




L’ensemble des résultats obtenus au cours de aeautt de recherche démontrent
'intérét de prendre en compte les procédés teodgimples (notamment la cuisson) mais
également les processus physiologiques (intervdaente la digestion) lors de la réalisation
des analyses en vue d’'une évaluation du risqueifralax contaminants chimiques de la

viande.

Ce travail de these a notamment démontré que ltinga la cuisson est trés variable
selon les familles de contaminants chimiques etsein d'une méme famille, selon les
différentes substances étudiées. Alors que desdd plus de 50% ont été décrites pour
certains contaminants (sulfamethoxazole, dieldrsulfotep, phorate), aucune perte
significative n'a été observée pour d’autres sulzsia (tetracycline, doxycycline, aldrin,
lindane, DDE, DDD). Ce travail met également endémce des différences significatives
méme dans le cas de contaminants aux propriétésicohghimiques proches, comme les
PCB et les PCDD/F : avec une cuisson standard (a0¢&@ur), des pertes moyennes de 30%
ont été observées pour les PCB alors qu'aucune geghificative en PCDD/F n'a pu étre
détectée. Au-dela des variations liées au contarhiifiast intéressant de noter que les pertes
observées lors de la cuisson varient également dékdensité du traitement thermique.
Ainsi, pour les PCB, les pertes moyennes sont @6 d8ec une cuisson douce (50°C a cceur)
et de 48% avec une cuisson intense (85°C a cceeifp Méme facon, pour le DDT, les pertes
moyennes sont de 42% avec une cuisson douce eta®@¥ une cuisson intense. Cette
observation est a mettre en perspective par rappartecommandations de 'OMS pour une
cuisson de la viande hachée a 70°C a cceur. En Efethabitudes de cuisson étant tres
variables selon les consommateurs, nos résultategient conclure a émettre I'’hypothése
gue des conditions de cuisson tres intenses (ty®san au grill ou au barbecue) induisent
des pertes en contaminants trés significativese@agmt, il est important de rappeler qu’en
méme temps qu’'elles diminuent les teneurs en mathognts, ces conditions de cuisson
intenses favorisent la formation de composés nawsrtoxiques comme les hydrocarbures
aromatiques polycliques (HAP) (Get al, 2015) ou les amines aromatiques hétérocycliques
(AAH) (Meurillon & Engel, 2016). Enfin, il faut égement prendre en compte la diversité des
pratiques de dégustation et notamment la posgibilé consommer également le jus de
cuisson.

En étudiant en paralléle le devenir lors de lasansde composés thermorésistants et

de composés thermosensibles, nous avons pu confique différents phénomeénes
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concourent a expliquer les pertes en contaminabsereées lors de la cuisson. Si nos
résultats indiquent qu’une expulsion dans le jusuisson est I'explication la plus plausible
pour les substances thermorésistantes, le phénodeedégradation thermique est également
en partie responsable de la perte en contamindrgemosensibles, et dans ce cas
l'identification des produits de dégradation deviandispensable pour une complete
évaluation du risque. L'étude de la thermodégradatiu sulfaméthoxazole pris comme
modéle dans notre travail a montré que I'utilisatitu radiomarquage pouvait alors permettre
d’accéder rapidement a I'évaluation des pertessi aju’a la quantification absolue des
produits de dégradation sans avoir recours a désoaEs nécessitant 'acces a des composés
standards de référence et au développement de dedtle quantification dédiées. Bien que
trés pertinentes, ces études de thermodégradatiperuvent cependant étre menées qu’au cas
par cas et restent des méthodes colteuses etdatuntettre en ceuvre en raison notamment
de l'utilisation de composés radiomarqués. Paewd, quelque soit I'approche utilisée, des
études toxicologiques ultérieures sont nécessafirsde pouvoir déterminer I'incidence de
cette thermodégradation en comparant le risqueighamésultant de I'ensemble des produits

de la réaction a celui qui est lié a la présenca deolécule mére.

Les résultats relatifs a I'impact de la digestion Ia bioaccessibilité des contaminants
chimiques de la viande montrent qu’en moyenne, dleetulte, seul un quart des PCB
contenus dans une viande a 11% de matiére grassgtetsuivant les recommandations de
'OMS était bioaccessible. Tandis que le barémeptsftampérature de la cuisson ne semble
avoir qu’une influence modeste sur la bioaccesshiles PCB (26%s 23% respectivement
pour les viande crue et cuite) et uniqguement endeasuisson intense, la teneur en matiere
grasse des aliments étudiés est un facteur clé (368#% lorsque la teneur en matiére grasse
de la viande passe de 11% a 5%). Dans un cont&talgiation du risque, ces données sont
d’autant plus intéressantes que les PCB sont dasromants lipophiles qui ont tendance a
s’accumuler dans la fraction lipidique. Les alingenithes en lipides ont donc tendance a
avoir une teneur en PCB plus élevée que les alsrmivres en matiére grasse. Les résultats
de nos études de bioaccessibilité viennent coritnebar cette caractéristique. En effet, bien
gue les aliments riches en lipides ont tendanaenéenir d’avantage de PCB, ces derniers se
révélent moins bioaccessibles selon nos conclushas résultats apportent donc un nouvel
éclairage sur les différents facteurs a prendreoampte pour une évaluation du risque la plus

complete possible, intégrant non seulement la eatula teneur en contaminants des denrées,
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mais également leur devenir lors de processus aesfarmation avant (cuisson) et apres
(bioaccessibilité, métabolisme) consommation.

Au-dela de ces considérations, les résultats de m@tvail montrent que les variations
lites a I'age des consommateurs doivent égalentemtpéises en condidération lors des
etudes de bioaccessibilité. Les résultats ont e iontré que la bioaccessibilité des PCB est
plus faible chez les personnes agées (17%), eteplesre chez les enfants (8%), que chez les
adultes (28%).

Ces données montrent que I'étape de digestion rie pde étre négligée dans
I'évaluation des risques, notamment chez les sujets jeunes, puisque nos observations
indiquent que la digestion semble constituer utefacpouvant moduler I'exposition interne
aux contaminants de la viande. Ces informationgrp@mnt également étre collectées pour
ajuster les recommandations alimentaires en famctie la composition des matieres
premieres, du type de cuisson employée et des aoqmd de consommateurs (enfants,

adultes ou personnes agees).

Dans le but de travailler dans des conditions p#ameune comparaison et une mise
en perspective objective des résultats, les expétiations décrites dans ce travail reposent
notamment sur la préparation de viandes hachéesitiohnellement surchargées. Le
protocole proposé a permis de disposer tout au dtenge travail d’'un lot d’échantillons de
viandes contaminées homogene. Cette pratiquesapEmis de limiter la variabilité liée a la
composition de la matrice, et notamment a sa teeedipides qui est un facteur de variation
des pertes en contaminants liposolubles au coula deisson mais également un facteur de
variation de la bioaccessibilité. L'utilisation di@ matrice identique tout au long de cette
étude a permis d'obtenir des résultats reprodwsjbtomparables entre eux et ainsi de
pouvoir tirer des conclusions générales. Néanmaifis, de valider la portée des résultats
obtenus sur une viande surchargée, ceux-ci ontsyg&matiguement confrontés a des
mesures realisées sur des échantillons natureltencentaminés. Cette évaluation
systématique a nécessité l'utilisation de systearedytiques ultrasensibles permise par la
collaboration avec les Laboratoires Nationaux difeé@ce impliqués dans le projet (ANSES
Maisons-Alfort, ANSES Fougere, ONIRIS-LABERCA). Egffet, contrairement aux
échantillons intentionnellement contaminés pouguets la concentration en contaminants
peut étre contrdlée et volontairement portée andesaux permettant une détection aisée, les

résidus de contaminants des échantillons naturetiégontaminés peuvent étre présents a des

125



niveaux de concentrations tres faibles, accessibi@guement aux équipements analytiques

les plus performants.

De facon générale, les résultats obtenus durartraseil de these permettent de
reconsidérer le risque lié aux contaminants chiesgdes matrices carnées par rapport aux
données disponibles jusqu'a présent. Dans cetiguaptune collaboration menée dans le
cadre du WP4 du projet SOMEAT avec l'unité MetaRdsk 'INRA devrait permettre de
proposer un nouveau modele d’évaluation des risti@®ux contaminants chimiques de la
viande qui prendra en compte les modulations iedugar la cuisson et la digestion. Par
ailleurs, I'importance des effets modulateurs miségidence pourrait justifier d’élargir les
mesures de bioaccessibilité a d’autres familleca®aminants (contaminants hydrophiles
dont on peut attendre des comportements différéatselui des PCB lors de la digestion,
contaminants instables en milieu acide lors dedadtion...) mais également d’élargir cette
étude a d’autres matrices alimentaires qui cormstitudes produits majeurs de notre
alimentation. Ce type d’étude est encouragé paralgsnces de sécurité sanitaire qui
souhaitent évaluer au mieux le risque chimiquealigotre alimentation. Enfin, a plus long
terme, un troisieme phénoméne modulateur en plua deisson et de la digestion devra étre
pris en compte en évaluation des risques. Il sdgit'effet « cocktail » qui fait référence a
limpact sanitaire hyper- ou éventuellement hypdiad d'un mélange de plusieurs
contaminants toxiques. Dans le cadre du WP3 de SONMBEeéquipe de R Rahmani
(TOXALIM) a développé de nouvelles stratégies atgiyes pour étudier qualitativement ces
phénomeénes grace a des approches de type cellom@pege recherches devront étre
poursuivies dans les années a venir pour rendgljp@da quantification systématique de ces

effets cocktail et leur prise en compte en évabmaties risques.
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Résume :
Au cours de leur élevage, les animaux sont expagdigsers contaminants chimiques, qui peuvent
s’accumuler au niveau des tissus animaux et éfreuraesin fine dans les produits carnés consommes par
'Homme, représentant alors un risque pour la sdeconsommateurk'évaluation de ce risque repose
classiqguement sur la mesure de teneur en contatsigignla viande fraiche alors que plusieurs trayaux
suggerent que seule une fraction de ces contarsimshteffectivement assimilée par le consommateur d
fait des transformations technologiques comme issom et physiologiques comme la d|gest|bnbject|f
de cette thése est d'étudier ces effets modulateir cuisson et de la digestion sur les cont
chimiques de la viande et leur bioaccessibilité.
En s’appuyant sur le développement d’'une méthodérgsidus GCxGC-TOF/MS pour le suivi
206 polluants environnementaux et sur des colldlomsavec des Laboratoires Nationaux de Référdace,
premier objectif de ce travail était d’étudier lfpact de la cuisson sur un large spectre de consantsi
chimiques d’une viande intentionnellement contaminies résultats montrent que la cuisson n’'a|pas
d’'impact significatif sur la teneur en PCDD/F et srtaux lourds de la viande alors que des pertes
significatives (d’autant plus importantes que Binsité de cuisson est élevée) en PCB, antibiotigies
pesticides ont pu étre détectées. Ces pertes omtgoigine soit une libération dans le jus de cuisdes
contaminants thermorésistants, soit une dégradasouns l'effet de la cuisson des contaminants
thermosensibles, comme cela a été observé poumtilmicéique, le sulfaméthoxazole, pour lequel jun
schéma de dégradation thermique est propose.
Le second objectif de ce travail était d’évaluebieaccessibilité des contaminants chimiques de la
viande en s’appuyant sur un protocole standardesdigestionin vitro statique. Dans le cas des PCB, |les
résultats obtenus indiquent que la bioaccessildités la viande est relativement faible (26%). émetir
initiale de la viande en matiére grasse et lesatiaris physiologiques liees a I'age du consommateur
influencent significativement ces valeurs de bieaswilité alors que la cuisson de la viande a moin
d’influence sur la bioaccessibilité.
A terme, les résultats obtenus durant ce travailadlent conduire a proposer de nouvelles procédures
d’évaluation des risques liés aux contaminants ichies de la viande, prenant en compte les modn
induites par la cuisson et la digestion.

sanitaire des aliments.

Abstract:

Livestock animals are exposed to various chemicahtaominants during breeding. These
contaminants are rapidly transferred from the emwirtent to animal edible tissues, thus represerding
public health risk. This risk is classically assgsbased on the level of contaminants in raw nkéawever,
due to technological processes such as cookindigsiglogical transformations such as digestiony @
fraction of meat contaminants can be absorbed éytay. The purpose of this PhD thesis is to ingatst
the modulating effect of cooking and digestion ohernical contaminants in meat and on their
bioaccessibility.

Thanks to a GCxGC-TOF/MS multiresidue method dey&doin this study for the analysis of 206
environmental pollutants and to collaborations Wtench National Reference Laboratories, the &inst of
this work was to assess the effects of pan cookim@ broad range of chemical contaminants in spiked
meat. Cooking did not impact the level of PCDD/Irsl aieavy metals in meat whereas significant losses
(more important as cooking conditions were more ngg¢ of PCBs, antibiotics and pesticides were
observedThese losses may originate from juice expellingpedt-resistant compounds or from degradation
by breakdown of thermolabile compounds such asulfamethoxazole antibiotic.

The second aim was to assess the bioaccessibilichemical contaminants in meat based on a
standardizedn vitro static digestion. For PCBs, results showed thair thioaccessibility was low (26%).
Both the meat fat content and the age of consuigeifisantly affect this bioaccessibility valum contrast,
meat cooking was shown to have less influence oB BiGaccessibility. The ultimate goal of the pradjec
will be to improve chemical risk assessment prooesitaking into account the changes induced byingok
and digestion on micropollutants in meat.

Keywords: Chemical contaminants, Pan cooking, BioaccessipMeat, Risk assessment, Food safety.




