ap,

UNIVERSIDAD
DE LA RIOJA

TESIS DOCTORAL

Titulo

Analytical methods for the determination of endocrine
disruptors, UV filters and plastic additives in packaging
and pharmaceuticals

Autor/es

Cristina Moreta Sanchez

Director/es

Maria Teresa Tena Vazquez de la Torre

Facultad

Facultad de Ciencias, Estudios Agroalimentarios e Informatica

Titulaciéon

Departamento

Quimica

Curso Académico

2014-2015




Tesis presentada como compendio de publicaciones. La edicién en abierto de la misma NO
incluye las partes afectadas por cesion de derechos

HOC)

Analytical methods for the determination of endocrine disruptors, UV filters
and plastic additives in packaging and pharmaceuticals, tesis doctoral
de Cristina Moreta Sanchez, dirigida por Maria Teresa Tena Vazquez de la Torre (publicada
por la Universidad de La Rioja), se difunde bajo una Licencia
Creative Commons Reconocimiento-NoComercial-SinObraDerivada 3.0 Unported.
Permisos que vayan mas alla de lo cubierto por esta licencia pueden solicitarse a los
titulares del copyright.

El autor

Universidad de La Rioja, Servicio de Publicaciones, 2015
publicaciones.unirioja.es

E-mail: publicaciones@unirioja.es

©©



Analytical methods for the
determination of endocrine
disruptors, UV filters and plastic
additives In packaging and
pharmaceuticals

Focused Ultrasound Solid Liquid Extraction

Migration & Repeatablllty QToF  Delamination

Low-cost 0 D
jovem g 5w Duss & Packaglng

[®)]
M= Sunscreens—'

Extraction
el

e g 0 5 PFCAS &
Quadrupole Time-of-Flight " o " o = O $
. SPE Polymersm « Hormones & L >
Analytical methods _ . = E e oo 2
o
i®)
S o Chromatography g O S Determination g
(&}
S R .
c § 2 ommion = .= pPharmaceuticals
g% 2 Ultrasounds >. 8 Slip-agents CCD
¢ = Parabense 5 T g Antoxidant

Perfluorinated compounds§j £ g validation
spectomety Multilayer flexible packaging

Tablet

PhD Thesis 2015

Cristina Moreta Sanchez






UNIVERSIDAD
DE LA RIOJA

Department of Chemistry
Areaof Analytical Chemistry
University of LaRioja

/

\_

ANALYTICAL METHODS FOR THE
DETERMINATION OF ENDOCRINE
DISRUPTORS, UV FILTERS AND
PLASTIC ADDITIVES IN PACKAGING
AND PHARMACEUTICALS

~

/

A dissertation presented in candidacy for the degree of

I nternational Doctor

CRISTINA MORETA SANCHEZ
July 2015







Maria Teresa Tena Vazquez de la Torre, Catedrétic®uimica analitica de la
Universidad de La Rioja,

Certifica:

Que la memoria titulada “Analytical methods for tlkietermination of
endocrine disruptors, UV filters and plastic adeis in packaging and
pharmaceuticals” que presenta Cristina Moreta S#Emotomo compendio de
publicaciones, ha sido realizada bajo su direceidnel Departamento de Quimica
de la Universidad de La Rioja y retne las condigsoexigidas para conseguir el
titulo de doctor internacional tras la estancializada en Albany (NY) en el
Wadsworth Center bajo la direccion del profesoruftinachalam Kannan.

Logrofio a 22 de julio de 2015

Fdo: Maria Teresa Tena Vazquez de la Torre







Financiacién

Para poder realizar una tesis doctoral es impreibdén contar con apoyo
economico.

La elaboracion de esta tesis no habria sido posibléa beca de Formacion
de Personal Investigador y la ayuda para estabceéags en el extranjero que me
concedio la Comunidad Autonoma de La Rioja.

Asimismo, este trabajo ha sido realizado graciasfimanciacion recibida por
AMCOR Flexibles a través del contrato OTEMO09090&ar el Ministerio de
Educacion y Ciencia a través del proyecto CTM 208935 dentro del Plan
Nacional de Investigacion Cientifica y Desarrollo Imnovacion Tecnhologica
cofinanciada con fondos FEDER (Fondo Europeo deuPeto Regional). También
guiero agradecer a AMCOR Flexibles y a Constaritisueinistro de muestras y
ciertos reactivos, asi como a la Universidad deRiga por las ayudas para la
realizacidn de tesis doctorales subvencionadaslgmmco Santander.

Finalmente, quiero también agradecer a la Univadside La Rioja, a
AMCOR Flexibles y al Wadsworth Center el uso deisgtalaciones y equipos.







Agradecimientos/ Acknowl edgements

AGRADECIMIENTOS ACKNOWLEDGEMENTS

jHay tantas personas que han formado parte de pesyecto directa o
indirectamente! jHay tantas personas que me hadadgua superar todos los
obstéculos, y no han sido pocos, que han ido dpader durante la elaboracién de
esta tesis! M&s de uno y una sabéis que realmlegigel a pensar que no podria
terminarla. Pero si, si leéis esto es porque jtsegui!

Quiero dar primero las gracias a mi directora desteleresa. Siempre he
guerido trabajar contigo porque eres ante todoagsalora, rigurosa, metodica,
honrada y leal. Gracias por ofrecerme esta opa®#ghipor confiar en mi, por ser
exigente, por ensefiarme tantas cosas, por “reswdtde aquella empresa que tanto
me estaba minando. Gracias a eso comprendi quectdrddo me podia ofrecer
todo lo que en aguel momento necesitaba. Muchagagraorque has conseguido
gue me sienta mucho mas segura de lo que hagoug@wgnque al principio
considero que fuiste muy dura conmigo, me has ajugldevantado siempre que lo
he necesitado, porque me has inculcado valoremgijios de trabajo muy valiosos
para mi como quimica analitica. Gracias.

Gracias a David y a Alvaro. Vosotros estuvisteianigo en mis primeros
pasos. David, trabajador, dulce, constante, SIEMBRRuesto a ayudarte y con la
mayor paciencia que haya visto jamas. Contigo abmgure la investigacion requiere
mucho amor y que da muchos quebraderos de cabeagpe cuando sale bien,
vale la pena, y todos los agobios y malos ratoscear lejanos. Alvaro, siempre
contento y con mil y una bromas para amenizaral Ti me ensefiaste lo que no
esta escrito en los libros, y aunque estemos der@@@n mayor o menor medida, el
concepto de practicidad que me inculcaste ha sidovalioso.

Sin embargo, la persona que mas aparece en mi megnelo recuerdo este
intenso periodo, es Pilar. Solo la gente que hedestontigo, codo con codo, puede
llegar a imaginar lo grande que eres. Sin ti naribafuperado tantas dificultades.
Siempre me has trasmitido tranquilidad y alegriahas sido un pilar indispensable.

Asimismo, Ernesto ocupa también un lugar muy ingug. Resolutivo,
audaz, positivo y paciente. Siempre me has ayugddts estado ahi cuando algun
equipo se “revelaba”. jQué fea mania que a veeasriide pararse, no estabilizarse,
dar cosas raras...! En fin... jQué habria sido dsimii! Yo te hacia doctdmonoris
causa .




Agradecimientos/ Acknowl edgements

Por el laboratorio y el despacho han pasado tanthiérhas mas personas, y
con todas ha habido momentos de risas inolvidads;omo momentos duros o de
debilidad en los que tanto unos como otros nos kedesahogado recibiendo
siempre palabras de aliento. No voy a decir queressuceda en “la empresa”, pero
este apoyo desinteresado que he visto muchas eeteslos becarios no es tan
habitual “ahi fuera”. Pilar (necesitaba repetirtddsé Miguel, Patricia, Ana J.,
David, Diego, Maria, Sofia, Cristina, Nuria, Maliveaura, Elisa, Crespo, Ana G.,
Marcela y Tao. Muchas gracias a todos.

Otros muy buenos momentos que siempre me han dée@ladia han sido
con el gran equipo multidisciplinar quimico anatitfisicos ©: Rodrigo, Txino,
Judith, Puri y Mayte. Muchas gracias. Asimismongiee los becarios de cualquier
area nos hemos unido cuando ha hecho falta, smiwesh reuniones nocturnas... Y
eso es también de agradec2r Quiero mencionar en especial a Victor. Juntos
comenzamos el doctorado y hemos luchado por ngedexechos como becarios
FPI-CAR y estudiantes de doctorado. No nos hararaso, pero sabemos que no
estamos solcS.

No podia olvidarme de Pilar Blanco y de todo elis&r de laboratorios:
Montse, Amaya, Jorge, Arturo y Sara. Habéis sidibtédn esenciales durante todo
el proceso. Vuestra organizacion y efectividadeeadhirar.

| also want to thank to all lab mates from the Wadsworth Center
(Albany, NY), and especially to Prof. Dr. Kannan. Thank you for welcoming
me into your lab group and for the opportunity you gave me to work with you.
It was a complete honor. You are a great person and a great scientist. Thanks
also to Ariana, Masato, Xiaohua, Karl, Ying and Ethan (JungKeun) for your
friendship and these nice conversations.

Finalmente, también quiero agradecer de forma edmetodos aquellos que
fuera del ambito universitario me han apoyado yivadb durante este trayecto.
Muchas gracias a mi familia, en especial a mi paHres la definicion de apoyo
incondicional. Y también a Roberto. Carifio, tu m$imo y concepto de la vida me
han sido imprescindibles. Creo que vosotros daslesique méas habéis sufrido mis
malos momentos y preocupaciones. Gracias por easdtnita paciencia. Gracias
también a mis amigos. Por suerte sois muchos pdas thabéis sufrido mi falta de
tiempo. En especial quiero mencionar a “mis nifigetque no habéis entendido
“una mierda” de lo que he hecho, pero casi ha myegue era también triunfo
vuestro que yo llegara a acabar esto. También aeAneéras tu la que siempre me




Agradecimientos/ Acknowl edgements

decia lo “bueno” que era hacer un doctorado cuanamezamos la carrera. jQuién
me lo iba a decir en ese momer&)Gracias a todos.

Ahora empezaré una nueva etapa y quiero que $araimndo parte de ella.
Y repito una vez mas...

iGRACIAS!

... Y nos vemos en los barSs..







INDEX
Acronyms/Abbreviations............cooiiii 1
0] 0] 0T Y 7
LISt Of PAPEN S, . ettt e e e e 13
OB ECtIVES. .. et e e e 17
L INTRODUCTION. ..ot e e e e e e e e e e 21

1.1 Quality control in multilayer flexible packagin.......................... 24
1.1.1. Multilayer flexible packaging............cccooviiiiiiii i, 24
112, UVHIREIS. ..o e 27
1.1.3. Plastic additiVes. ..........cooviiiiiiii e 32
1.2. Analysis of endocrine disrupting compounds...... .o .eeeveenee. 37
1.2.1. Perfluoroalkyl substances...............cocoiiiiiici i 37
1.2.2. Parabens. .. ... 40
1.3. Focused ultrasound solid-liquid extraction............................. 44
1.4. Design of EXPeriments.......ccoov v i e e e 47
REIEIEBNCES. ... e 51
2. UV FILTERSIN PACKAGING. ... ..ot 61
2.1. Determination of UV filtersin packaging by focused ultrasound
solid-liquid extraction and liquid chromatography.................coovieniennee. 63
ADSEIaCt / KEYWOITS. ... .ee e e et e e e e e e 65
I 1 1 {0 o [ o 1o o FO PP 65
2. Experimental..... ..o 69
2.1. Materials and reagentS..........ccoiiiie it 69
2.2. Solutions and samples preparation.............cccoceeeeivennennn. 70.
2.3. FUSLE Procedure.........cooiiiiiieee e e e 71
2.4. Chromatographic separation............ccooovieiiiiiiiii e, 71
2.5. Software for statistical analysis...............ccoeeiiii i i, 712
3. Results and diSCUSSION.........uuiieiiiiie it e 72

3.1. Chromatographic separation of UV filters.............coeuuen. 72

3.1.1 Preliminary exXperimentS.......c.ccovevieiiiiiiiene e eaeeenn, 72




Index

3.1.2 Features of HPLC-UV method...............ccocooiiiiineennn. 72
3.2. Study of FUSLE variables.............cooooiiiiiiii e 75
3.2.1 Preliminary considerations..............cocooveeiiieennieninnes 75
3.2.2. Solvent selection..........c.oooviiiie i 77
3.2.3. Central composite design ..........cccoviviiiiiieiiiiieenn, 77
3.2.4. Study of number of extraction cycles....................... 78
3.3. Features of the FUSLE-HPLC-UV method........................19
3.4. Analysis of SamMPIES..........cocoiiriii i 80
4. CONCIUSIONS. .. .. e e e e e e e 81
ACKNOWIEAGEMENTS. ... e e e e e 82
REIEIENCES ... 83

2.2. Multilayer packaging delamination caused by UV filters:
Influence of contact layer on chemical resistance and absor ption

capacity Of SAChELS. ..o 85
ADSEraCt / KEYWOITS. ... .eie e i e e e e e e e e 87
R 1 100 1§ [ox {0 o FA PP 87
2. ExXperimental.... ... 90
2.1. Materials and reagents..........ocooe it iiiiii e 90
2.2. Preparation of creams and sachets samples.................... 92
2.3. Adhesion strength measurement...............ocooveviiiiie e, 92
2.4. Absorption analysis of UV filters ...............coiii e, 93
3. Results and diSCUSSION.........ouiiitiie et 94
3.1. Evolution of the absorption of UV filters.......... .ot 94
3.2. Evolution of the adhesion strength...................oo i iene. 102
4. CONCIUSIONS .....uti it et et e e e e e 106
ACKNOWIEAgEMENES. ...t e 106
REIEIENCES ..o 106
3. PLASTIC ADDITIVESIN PACKAGING.......coiiiiie e 109

3.1. Determination of plastic additivesin packaging by liquid
chromatography coupled to high resolution mass spectrometry............... 111
ADStract / KEYWOIAS. .. ....ov i e e e e 113




Index

I 11 o [ Tt o) o 113
2. Experimental..... ..o 116
2.1. Standards and materials............cociv i 116
2.2. SLE ProCEAUIE. ...\ e e e e e e 118
2.3. FUSLE ProCeaUIe. ... ...t e et e 118
2.4. Pressurized fluid extraction (PLE) procedure................... 119
2.5. UHPLC-VWD-(TOF) MS analysis.........cocveiiiiiiiiiine i 120
2.6. Software for statistical analysis.............c.coceoiiiiii i viin 121
3. Results and diSCUSSION.......ociit it e e e e e 122
3.1. Study of the additive detection conditions ....................... 122
3.2. ChromatographiC Separation.............c.ceevsiiriieiirineciienennes 123
B3 BlanKS. ..o 124
3.4. Extraction of additives from PE film....................oooooiees 125
3.4.1. Preliminary solvent selection...................coccooveiinn s 512
3.4.2. Additive stability under FUSLE conditions .............. 127
3.4.3. Central composite design: time, power, and
percentage of swelling solvent.............coociviiiiiiii i, 127
3.4.4. Number of extraction cycles.............coovii i, 128
3.4.5. Evaluation of FUSLE extraction efficiency ............... 128
3.4.6. Influence of non-polar solvent percentage in
exXtraction SOIVENT..........vu i 129
3.4.7. Central composite design: time, power and
hexane:DCM ratio.........ccveiie i 130
3.4.8. Optimization Of SLE............coiiiiiii e 131
3.5. Features of the UHPLC-VWD-(TOF) MS method.............. 132
3.6. Features of the SLE-UHPLC-VWD-(TOF) MS method....... 133
3.7. Analysis of SAMPIES..........oeiriiieii 135
4. CONCIUSIONS ... e e e e e e e e 136
Acknowledgements. .. ..o 137
RETEIENCES. .. e 137
4. PFAASIN PACKAGING AND FOOD SAMPLES.........ccccooiieiieenn . 141




Index

4.1 Fast determination of perfluorocompoundsin packaging by focused
ultrasound solid-liquid extraction and liquid chromatography coupled

to quadrupole-time of flight mass spectrometry.............ccccoeiiiiii i iennn. 143
ADSIIACT. .. ..t e 145
3 1 10 o 1§ [ox {0 o FO PP 145
2. Experimental..... ..o 147

2.1. Standards and materialS.............coove i 714
2.2, SAMPIES. .. 148
2.3. Focused Ultrasound Solid-liquid Extraction GlE)............... 149
2.4. Pressurized liquid extraction...............ccoviiiii i, 149
2.5. UHPLC-(QTOFR) MS/MS ... e 150
2.6. Software for statistical analysis.............c.cocoiiiiii e nenn. 151
3. Results and diSCUSSION.........ouiiitie et it e 153
3.1. Study of FUSLE variables.............cocooiiiiii e, 153
3.1.1. Solvent selection..........cc.ovviie i 153
3.1.2. Stability analyte under focused ultrasomidiation........ 153

3.1.3. Irradiation power, time and solvent volume.............. 154

3.1.4. Study of the number of extraction steps.........ccc.... 155

3.2. Features of the FUSLE-HPLC-(QTOF) MS/MS method...... 155

3.3. Analysis of SamMPIes..........ocoiiriii i 159
4. CONCIUSIONS.....ee e e e e e e e e 159
Acknowledgements. .. ..o 162
REIEIENCES ... e 162

4.2. Determination of perfluorinated alkyl acidsin corn, popcorn and
popcor n bags before and after cooking by focused ultrasound solid-liquid
extraction, liquid chromatography and quadrupole-time of flight mass

SPECET DMLY .. ettt e e e e e e e et e e e e e 165
ADSIIACT. .. .. e e e 167
I 1 1700 [ [ox 1o o FA PR UP RPN 167
2. EXperimental. ... .. oo e 169
2.1. Materials and reagentS..........cocvoeiii i 169

2.2, SAMPIES. .. 170




Index

2.3. FUSLE ProCeaUIe. .. ... ..ot e e et e 170
2.4. UHPLC-(QTOF) MS/IMS ... e e e e 171
2.5. Software for statistical analysis.............c.cocooviiiii e e, 172
3. Results and diSCUSSION... ... ociii i e e e e e e e 172
3.1. UHPLC-(QToF) MS/IMS method ..........cooviiiiiiiiiiiieie, 172
3.1.1. Preliminary exXperiments..........c.ccvieiiriieeiniieinienenns 172
3.1.2. Features of UHPLC-(QTOF) MS/MS method............ 174
3.2. FUSLE-UHPLC-(QTOF) MS/MS method.............c.cocvviiennnn. 176
3.2.1. Preliminary experiments..........cccooouveeiiieiiiinne e 176
3.2.2. Features of the FUSLE-UHPLC-(QTOF)MS/MS
method for microwave popcorn packaging.............cc.cceeeevnnn. 177
3.2.3. Features of the FUSLE-UHPLC-(QTOF)MS/MS
method for corn and popcorn samples...........c.ooviiiiiiiiie s 178
3.3. Analysis of samples..........coooi i 182
4. CONCIUSIONS ... e e e e e e e e 184
ACKNOWIEAGEMENTS. ... e e e e e 185
RETEIENCES ... 185
5. PARABENSIN PHARMACEUTICALS. ..ot e, 189
5.1. Parabens and their derivativesin pharmaceuticals.......................... 191
ADSIIACT. ... 193
I 11 o [ Tt o) o 193
2. Experimental...... ..o 195
2.1. Materials and reagents..........cocooe it i 195
2.2 Sample collection and preparation .............c.occevviivinennn. 196
2.3. Extraction and clean-up..........ccooooiiiieiie i e e, 196
2.4. HPLC-ESI-(QQQ) MS/MS analysis........c.cocvveviiiiieieie e, 197
3. Results and diSCUSSION.......c.uui it e e e 198
3.1. Optimization and validation of HPLC-ESI-(QqRIB/MS
MEthod. .. ... 198

3.2. Optimization and validation of extraction gndification
0] (0Tt 0 U= 200




Index

3.2.1. Purification by solid phase extraction meitho............. 200

3.2.2. Sample extraction CyCle...........ccooviiiiiiii e 202

3.3. Quality assurance and quality control (QA/QC).................. 202

3.4. Analysis of pharmaceutical samples...............ccoeieennnne. 203
4. CONCIUSIONS... .. e e e e e e e e 212
ACKNOWIEAGEMENTS. ...t e e e 212
REIEIENCES ... e 215

6. CONCLUSIONS. ..o e 219

Supplementary Material...........coouie oo 225
Chapter 2. 0. e s 227
CRaPer 2.2, . e 229
AP e B 235
ChaPtEr 4.0 e s 246
CRAPEEr 4.2, . e 248

L4 =T o] = 1 250




Acronymg/

Abbreviations







Acronyms and abbreviations

ACRONYMSAND ABBREVIATIONS

ACN Acetonitrile

AO Antioxidants

APs Alkylphenols

APPI Atmospheric pressure photoionization

APCI Atmospheric pressure chemical ionization

ASAP Atmospheric solid analysis probe

BDEs Brominated diphenyl ethers

BDM INCI: Butyl methoxydibenzoylmethane / INN: Akenzone

BHA 3-Tert-butyl-4-hydroxyanisole or butylated hgayanisole.

BHT 2,6-Di-tert-butyl-4-methyl phenol or butylatégdroxytoluene

BPA Bisphenol A

BuP Butylparaben

BZ3 INCI: Benzophenone-3 / INN: Oxybenzone

BzP Benzylparaben

CCD Central composite design

CE Capillary electrophoresis

DAD Diode array detector

DART Direct analysis in real time

DCM Dichloromethane

DESI Desorption electrospray ionization

DOE Design of Experiments

DLLME Dispersive liquid—liquid

EDCs Endocrine disrupting compounds

EDP INCI: 2-Ethylhexyl dimethyl PABA / INN: PadirteO

ELSD Evaporative light scattering detector

EMC INCI: Ethylhexyl methoxycinnamate / INN: Octixate

EMT INCI: Bis-ethylhexyloxyphenol methoxyphenyiazine /
INN: Bemotrizinol

Eru Erucamide

ES INCI: Ethylhexyl salicylate / INN: Octisalate

ESI Electrospray ionization

ESI(+) ESI in positive ion mode

ESI(-) ESI in negative ion mode

EtOH Ethanol

EtP Ethylparaben

FID Flame ionization detection

FTOHs Fluorotelomers

FUSLE Focused ultrasonic solid-liquid extraction




Acronyms and abbreviations

GC

GM

GPC
HF-LPME
H-NMR
HP136

HpP
HRMS
HS
INCI
INN

IPE

IR
Is126
Is168
Is1260x
Is1260x2
Is1680x
IT
Ix1010
Ix1076
Ix1024
Ix3114
LC

LLE
LODs
LOQs
LPME
LRM
LS
MAE
MALLE
MAO
MBC
MBP

MED
MEKC

Gas chromatography

Geometric mean

Gel permeation chromatography

Hollow fiber liquid phase microextraction

Proton nuclear magnetic resonance

HP 136: Xylyl dibutylbenzofuranone (reactmoduct between 5,7-di-tert-
butylfuran-2-one and o-xylene)

Heptylparaben

High resolution mass spectrometry

INCI & INN: Homosalate

International Nomenclature of Cosmetic Ingesds
International nonproprietary names (recommeinage in cosmetics by the
WHO)

lon pair extraction

Infrared spectroscopy

Irgafos 126

Irgafos 168

Oxidized 1s126

Double oxidized 1s126

Oxidized 1s168

lon tramp

Irganox 1010

Irganox 1076

Irganox MD 1024

Irganox 3114

Liquid chromatography

Liquid-liquid extraction

Limits of detection

Limits of quantification

Liquid-phase microextraction

Linear regression model

Light stabilizers

Microwave-assisted extraction
Membrane-assisted liquid—liquid extraction
Microwave assisted oxidation

INCI: 4-Methylbenzylidene camphor / INN: Enzawene
INCI: Methylene bis-benzotriazolyl tetrametbytyl phenol /
INN: Bisoctrizole

Minimal erythema dose

Micellar electrokinetic chromatography




Acronyms and abbreviations

MeOH
MeP
MIP
MISPE
MRM
MS
MS/MS
MSPD
MTBE
NMR
NPs
OCPs
OCR
OH-MeP
OH-EtP
Ole
oTC
PABA
PAHs
PAPs
PBDEs
PCBs
PE
PEs
PET
PFAAs
PFBA
PFCs
PFCAs
PFDA
PFDoOA
PFHpA
PFHxA
PFENA
PFOA
PFOS
PFPeA
PFASs
PFSAs
PFUNA

Methanol

Methylparaben

Molecularly imprinted polymer
Molecular imprinted polymer solid-phase agtion
Multiple reaction monitoring
Mass spectrometry
Tandem mass spectrometry
Matrix solid-phase dispersion
Methyl-tert-butyl-ether

Nuclear magnetic resonance
Nonylphenols

Organochlorine pesticides

INCI & INN: Octocrylene

Methyl protocatechuate

Ethyl protocatechuate

Oleamide

Over-the counter
Para-aminobenzoic acid
Polycyclic aromatic hydrocarbons
Polyfluoroalkyl phosphate surfactants
Polybrominated Diphenyl Ethers
Polychlorinated biphenyls
Polyethylene

Phthalate esters

Polyester

Perfluoroalkyl acids
Perfluorobutanoic acid
Perfluorinated compounds
Perfluorocarboxylic acids
Perfluorodecanoic acid
Perfluorododecanoic acid
Perfluoroheptanoic acid
Perfluorohexanoic acid
Perfluorononanoic acid
Perfluorooctanoic acid
Perfluorooctanesulfonic acid
Perfluoropentanoic acid
Perfluoroalkyl substances
Perfluoroalkyl sulfonic acids
Perfluoroundecanoic acid




Acronyms and abbreviations

PLE
3IP-NMR
POP

PP

PrP
QqQ
QRM
RAM
REACH
RRT
RSD

RT

SA
SBSE
SD
SDME
SFE
SLE
SPE
SPF
SPME
T328
T770
TBA
TDA
TDS
THF
TOF
UAE

uv
VWD
WHO
IH-NMR
31P-NMR
2-PrOH
3,4-DHB
4-HB

Pressurized liquid extraction

Phosphorus nuclear magnetic resonance
Persistent Organic Pollutants
Polypropylene

propylparaben

Triple quadrupole

Quadratic regression model

Restricted access material

Registration, evaluation, authorization aestriction of chemicals
Relative retention time

Relative standard deviation

Retention time

Slip agents

Stir bar sorptive extraction

Standard deviation

Single-drop microextraction

Supercritical fluid extraction

Solid-liquid extraction

Solid-phase extraction

Sun protection factor

Solid phase microextraction

Tinuvin 328

Tinuvin 770

Tetrabutylammonium

Tetradecanamide

Total dissolved solids

Tetrahydrofuran

Time of fight

Ultrasound-assisted extraction

Ultraviolet

Variable wavelength detector

World health organization

Proton nuclear magnetic resonance
Phosphorus nuclear magnetic resonance
2-Propanol

3,4-Dihydroxybenzoic acid or protocatechaidid
4-Hydroxybenzoic acid




Summary







Summary

SUMMARY

This thesis entitled Analytical methods for the determination of endoeri
disruptors, UV filters and plastic additives in faging and pharmaceuticalsis
presented as a compilation of publications.

Most of these research papers deal with the demedop optimization and
validation of different analytical methods to detére ultraviolet (UV) filters,
plastic additives or perfluoroalkyl acids (PFAAS$) packaging. In each work, a
focused ultrasonic solid-liquid extraction (FUSLE)fast, simple and relatively new
extraction technique, is developed and optimized etdract these analytes.
Moreover, the efficiency of the FUSLE method is laaéed in each work by
comparing it with other extraction techniques. Fingtnese methods are also applied
to the analysis of several real samples. In the cathe method for UV filters, it
was also applied to evaluate the migration andndelaion capacities of these
analytes through different contact layers in majtdr packaging.

On a line parallel to these works, an analyticathod for the analysis of
parabens in pharmaceuticals was also developedevwwin this case only a
traditional solid-liquid extraction (SLE) was usedloreover, the optimized
parabens method was also applied to the analysiwod than one hundred samples
in order to evaluate if the use of both oral amuldal medicines may be a source of
exposure to parabens. This research was carrieduoing a six-month predoctoral
stay in the Wadsworth Center (Albany, NY, USA).

A brief and comprehensive summary of each chapmewell as the main
results of each work are presented below.

Chapter 1is an introduction that describes the families@npounds studied
and the more characteristic methodologies emplajwihg this thesis: FUSLE
technique and design of experiments (DOE).

Chapter 2 is devoted to UV filters. Irchapter 2.1, a FUSLE and high
performance liquid chromatography (HPLC) coupledatadiode array detector
(DAD) method is proposed for the determination eif tiposoluble UV filters in
multilayer flexible packaging. This original methadas developed because UV
filters showed to be some of the most active coemegredients involved in the
deterioration of multilayer packaging in recentdits.

The FUSLE-HPLC-DAD method was validated and applaethe analysis of
polyethylene-based multilayer packaging sampleprdvided satisfactory features




Summary

for most UV filters in polyethylene (PE) film, sua@s limits of detection (LODSs)
between 0.4 and 8.5 ng/mg (but for Avobenzone &g and repeatability and
reproducibility values below 5 and 14%, respecyivr most of them.

This study demonstrated that FUSLE is a useful, dasl simple extraction
methodology for UV filters due to the complete axtion achieved with just 6 ml of
tetrahydrofuran (THF) in only one cycle of 30 srthermore, the proposed method
was evaluated with respect to THF extraction umdgux for 2.5h and FUSLE was
more efficient for all the analytes except for Benzinol (58%) and Avobenzone
(74%).

This work was published in the Journal of Chromedpby A.

In chapter 2.2, the analytical method previously developed wasduto
evaluate the UV-filters absorption capacity throdbl inner layer of promotional
multilayer sachets in contact to several creamsrelher, the loss of adhesion
between the layers caused by these migration pgesesas also evaluated by the T-
peel test. For this purpose, different sachets witlyethylene (PE), polypropylene
(PP), polyester (PET) and Barex as contact layers Wled with creams containing
or not these compounds. The filled sachets werdtored for three months keeping
them in an oven at 40°C in order to accelerateatiworption and delamination
processes.

The study revealed that the four packaging suffesaghificant loss of
adhesion strength. Moreover, PE and PP absorbdthisiamounts of UV filters,
while PET absorbed a much higher amount of UV rSltend Barex absorbed them
very poorly.

This work was performed under a research contrath whe company
Tobepal, and the results could not be publishedaaeconfidentiality clause.

In chapter 3, a simple and sensitive analytical method fordiegermination
of several plastic additives in multilayer flexibb@ckaging based on solid-liquid
extraction (SLE) and ultra-high performance liqutiromatography (UHPLC)
coupled to UV and time of flight mass spectromefffOF-MS) detectors is
presented. This method was developed in ordemtplgy and enhance the quality
control of these materials.

The developed method allowed the simultaneous matation in only 9 min
of two slip agents, two light stabilizers, ten aridants and two oxidation products
with LODs until 5000 times more sensitive than otl&C-FID and HPLC-UV
methods previously reported.
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Summary

FUSLE was optimized and evaluated to extract mastilditives from
packaging. Moreover, extraction results obtained FYSLE and SLE were
compared to those obtained by pressurized liquichetxon (PLE). All extraction
methods showed excellent extraction efficiencies $tip agents, however a
quantitative recovery of all analytes was achievaty by SLE with just 5 ml of
hexane for 10 hours.

The selected SLE-UHPLC-UV-TOF-MS method was vaédat LODs
between 0.03 and 0.dg/g, matrix effect for only one additive and exestl
repeatability and intermediate precision valuess(lthan 6 and 8%, respectively)
were obtained using TOF-MS. Finally, the selecteethod was applied to the
analysis of several packaging samples.

Chapter 4 includes two works on PFCs. khapter 4.1, a FUSLE and
UHPLC coupled to quadrupole-time of flight mass cpametry (QTOF-MS/MS)
method is proposed to determine perfluorooctanesate (PFOS) and six
perfluorocarboxylic acids (PFCASs), from seven telwe carbon chain lengths, in
food-contact packaging. This novel method was dpexl due to the estrogenic
effects of these substances and their use in foathct packaging as paper coatings.

The chromatographic separation took place in Iéss t4 min and the
optimized FUSLE was carried out with just 8 ml ¢fiaol in one cycle of only 10
S. The FUSLE-UHPLC-QTOF-MS/MS method provided gdgdDs between 0.5
and 2.2 ng/g, repeatability and intermediate pregisalues below 11% and 15%,
respectively, and recovery values around 100% lincases. Moreover, FUSLE
efficiency was evaluated against pressurized ligeidraction (PLE) and no
significant differences were found between them.

Finally, several real food-contact packaging saspiere analyzed. They
showed PFAAs concentrations between 4 and 29 ndlging PFHpA
(perfluorooctanoic acid) by the far the most abumad them.

However, apart from PFHpA, the PFAAs levels fouretevvery close to the
limits of quantification (LOQs) or detected but nguantifiable. Moreover,
gualitative analysis of some microwave popcorn bajwwed very high
concentrations of PFCAs with carbon chain leng#tsvben four and six.

Therefore, inchapter 4.2, this method was improved in order to decrease the
LODs, to include the PFCAs with carbon chain lesdtiom four to six and to apply
it for not only microwave popcorn bags but also toen inside before and after
cooking.

11



Summary

The new PFAAs method was validated in the threericest It showed
recovery values around 100% except for the lowdsdinc length PFCAs,
reproducibility with RSDs under 16%, and LODs betw®.2 and 0.7 ng/g.

Finally, this method was applied to the analysissiaf microwave popcorn
bags and the corn inside before and after cookCAs contents between 3.50
ng/g and 750 ng/g were found in microwave bag3)dBFHXA (perfluorohexanoic
acid) the most abundant of them. However, no PFAAs detected either corn or
popcorn, and therefore no migration was assumed.

The works presented in chapter 4 have been pullishevo research papers
of the Journal of Chromatography A.

In chapter 5, a method based on SLE or liquid-liquid extracti@iE),
depending on sample state, and HPLC coupled tdetrguadrupole mass
spectrometry (QqQ-MS/MS) was developed for the rd@teation of the six most
frequently used parabens and four paraben derémtim pharmaceuticals. This
method was developed due to the estrogenic actofitparabens and the little
knowledge of their presence in pharmaceuticals.

A clean-up step by solid-phase extraction (SPE) teabte included before
HPLC injection due to the high matrix effect obsahfor solid pharmaceuticals.
Two SPE methods using two different sorbents werzeassfully optimized. The
HLB-SPE method was selected because it decreases th® signal suppression
than the NH-SPE one. The SLE-HLB-HPLC-QQQ-MS/MS method prodide
recoveries from 89% to 98% and RSDs lower than 13%.

Finally, the developed method was applied for thalysis of 128 different
drugs collected from the USA and a few other cdestin Europe and Asia.
Although the majority of medicines analyzed did nobntain parabens,
concentrations up to 2 mg/g were found in some $snMethyl- and propyl-
parabens were the more frequently detected comgoand the 4-hydroxybenzoic
acid was the major metabolite found in pharmacalgic

Finally, the general conclusions of all works ar@ased inconclusions
section.
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OBJECTIVES

The purpose of this thesis was to develop, optimize, validate and apply fast

and smple analytical methods for the quality control of multilayer flexible
packaging and for determining endocrine disrupting compounds (EDCs). To do this,
the main extraction technique employed was the focused ultrasound solid-liquid
extraction (FUSLE), arelative new, fast and low cost extraction technique.

Accordingly, the research works collected in this PhD thesis were carried out

with the following objectives:

1.

To study the advantages of using a new extraction technique as FUSLE for
the analysis of multilayer flexible packaging.

To optimize the main FUSLE continuous variables by design of experiments
(DOE).

To compare the efficacy of the developed FUSLE methods with others

techniques such as pressurized liquid extraction (PLE), reflux extraction or
traditional solid-liquid extraction.

To apply the optimized FUSLE methods to packaging quality control,
especially to study migration and delamination processes.

To determine simultaneously several kind of polymer additives in plastic-
based multilayer packaging by liquid chromatography (LC) coupled to high
resol ution mass spectrometry (HRMS).

To develop new methods for the determination of EDCs, such as parabens and
perfluoroalkyl acids (PFAAS), in packaging and pharmaceuticals.

To determine the levels of the above mentioned EDCs in pharmaceuticals and
food-contact packaging.
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1. INTRODUCTION

In order to introduce the research papers presantédis thesis, the main
issues discussed are described in this chapter.

Firstly, in order to obtain a general overview, cheme of the relationship
between the works that make up this dissertati@hasvn in Figure 1.1 As may be
seen, this thesis principally deals with the ustheffocused ultrasound liquid-solid
extraction (FUSLE) technique for the extractionW filters, plastic additives and
perfluoroalkyl acids (PFAAS) from packaging. To ithis, the principal variables of
each FUSLE method were optimized by design of exparts (DOE).

QUALITY
CONTROL
Pharmaceuticals
Parabens Plastic
additives Multilayer
ANALYTES flexible
— packaging
UV filters
Perfluoroalkyl
. acids
Packaging
FUSLE
METHODOLOGY

Figure 1.1. Relationship between the works carried out in tthésis.

Figure 1.1 also shows that the analytical methodietermine UV filters and
plastic additives in multilayer flexible packagingre developed for quality control
of this kind of material. However, a quantitativetinod for determining PFAAs was
developed due to the estrogen-like properties emthPrecisely because of the
estrogenic nature of the PFAAs and some UV filtaraiork on the determination of
the endocrine disrupting parabens in pharmacestwak performed during my stay
in the Wadsworth Center under the supervision ef@h Kurunthachalam Kannan.
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However, the extraction of parabens were perforordy by traditional solid-liquid
extraction (SLE) using a shaker.

Finally, due to the polar character and relativieigh molecular weight of
most analytes, the chromatographic separations aler@ys carried out by high or
ultra high performance liquid chromatography (HPb€ UHPLC). In addition,
single or tandem mass spectrometry (MS or MS/MS}¥ Wee main detection
technique used. Different types of mass spectrametere used: quadrupole-time
of flight (QTOF), time of flight (TOF) or triple cadrupole (QgQ). An UV detector
was also used for the determination of UV filteteedo their high UV absorbance
and their relatively high concentration in the sérap

1.1 Quality control in multilayer flexible packaging

1.1.1. Multilayer flexible packaging

Multilayer flexible packaging are made of severakible layers perfectly
joined together. The layers used are generall\emifft kind of polymers such as
polyethylene, polypropylene, etc., aluminum foil paper. These layers can be
joined in two ways: by adhesive lamination, where adhesive film is applied
between the layers, or by extrusion coating lanonatwhere an extruded molten
polyethylene film binds the layers.

Several multilayer flexible laminates before formithe final package are
shown in Figure 1.2. These types of packaging anenaonly used to contain a huge
number of food, cosmetic and pharmaceutical pradpatviding a warranty seal to
preserve the product unaltered for promotion ateladow cost.

Figure 1.2. Different kinds of multilayer flexible packaging.

The layers that make up each multilayer flexiblelkaging are determined by
the final features required for proper storage l# product. In this way, the
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properties of a laminate is much better than eagérimaterial by itself. Moreover,
the addition of plastic additives can enhance atqmt the properties of each
polymeric layer. Therefore, the versatility andeptal of this type of packaging are

vast. During this thesis, different multilayer plaspackaging and microwave

popcorn bags were studied (Figure 1.3).

On one hand, in the case of multilayer flexiblehgds for promotion and sale,
one or two sort of polymers and an aluminum foi aften joined. Polymers
provide excellent qualities for use in packagingehese they are flexible, relatively
inexpensive and a water barrier. However, they adiynoffer poor oxygen and
light barriers. Hence, an aluminum foil is usuabded between the plastic layers to
overcome these problems obtaining a packagingavititally hermetic barrier.

VIS AGE

ANTE

wew

TINTED

WITH SPF 15

Figure 1.3. Promotional multilayer sachets of a cosmetic creamd a
microwave popcorn bag.

On the other hand, in the case of microwave poptags, paperboard is
coated with plastics to combine the mechanical gntigs of the paperboard with the
barrier and sealing properties of plastics.

Packaging - product interaction: migration

The main downside of multilayer flexible materigdshe interaction between
the packaging and the product through the innegrlagspecially when the moisture
and fat content in the product is high. Migratioongesses from the continent to the
content and vice versa may occur due to a cond@nmtrgradient between them.

On one hand, toxic substances to human health mp@onds involved in
packaging quality may migrate from packaging to gmeduct. This process can
endanger the human health, the quality of the mibdund the quality of the
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laminate. This is an especially big concern whendintent is food because it is the
most direct route of human exposure to harmful tsulces.

A possible example would be the presence of padhkikyl substances used
in microwave popcorn bags as paper coatings in foodtact packaging.
Unfortunately, the perfluoroalkyl substances havewsh an estrogenic activity and
they could migrate to the popcorn during the mia@eg/cooking.

On the other hand, essential ingredients or aggees®mpound from the
product may also migrate to the packaging. Thiscggse can also endanger the
quality of the product but, above all, the greateshcern is that aggressive
compounds may reach the interfaces and weakerdtfesion strength between the
layers. It is extremely important that the packggmaintains a strong and stable
bond between the layers to fulfill its purpose bafand effectively. When the loss of
adhesion strength adversely affects the qualitytref laminate, it is called
delamination.

For example, some cosmetics ingredients such adiltdys, perfumes, etc.
may present a negative compatibility with tradisgbmultilayer flexible packaging
affecting the stability between the layers due tgration processes [1-4].

Delamination

As commented before, it is essential that the lRyemain perfectly joined
together in order to ensure the quality and shédf ¢f the packaged products.
Delamination is an extremely undesired process avlagrers perfectly joined at the
beginning are separated. An example of a delamirsstehet is shown in Figure 1.4.

Figure 1.4. Delaminated sachet.

Studies of several mechanisms and physical pheromestated to
delamination can be found in literature [2, 5, l8bwever, it is still necessary to
perform laminate quality controls prior to bringetipackaging onto the market in
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order to avoid not only a possible product spoilbgealso the negative publicity of
the product and even the loss of millions.

The most common way to assess the chemical reséstaina packaging in
contact with a specific product is through triabagrror. To do this, the packaged
product is kept at 40°C for three months. Aftent,tilae laminate should not show
any sign of deterioration and the adhesion strebgtiveen layers of the material
must be higher than 100 N/m (75 g/15mm). This adhestrength is normally
measured by the T-peel test based on a 180° dr@ntdhis experimental method
generally reflects very well how the packaging viié affected by the product. A
machine to measure the adhesion strength is showgure 1.5.

Figure 1.5. Peel Strength Testing Machine. T-peel test.

1.1.2. UV filters

Ultraviolet (UV) emission comes from the sun. Uyt is an electromagnetic
radiation between 400 nm and 100 nm. As may be ise€igure 1.6, there are three
kind of UV radiations depending on their wavelesgtVA, UVB and UVC and
the lower the wavelength is (higher energy), theemdangerous is the radiation.
Fortunately, the ozone molecules of the stratospladisorb completely the UVC
radiation and most of the UVB radiation. Moreov&lYA radiation, the less
dangerous, is able to penetrate into the deeperdagf the skin activating the
production of melanin and therefore the tan. Néwdess, the exposure to high
levels of UV radiation remains harmful to a greaberlesser extent and it can
intensify or cause erythema (sunburn), skin agwgnkles, loss of elasticity,
irritation, spots and even skin cancer among ottfére 1.6). Unfortunately, due

27



Introduction

to the trend for people to sunbathe, the numbeasés of skin cancer has increased
significantly in recent years.

In order to prevent or minimize these negativea$fethe use of UV filters is
recommended. In accordance with the European R&mulan cosmetic products,
UV filters are substances which are exclusivelyr@inly intended to protect the
skin against certain UV radiation by absorbinglefng or scattering UV radiation
[7]. Nowadays, these UV protectors are added nbt ionsunscreens but also in a
wide variety of day personal care products suatiedlg skin or hair care products.

UvB uvC

Ozone layer
Epidermis
Dermis

b/ Hypodermis

Visible UVA UvB uvC X-rays
light Prematureaging Skincancer Very dangerous
Wrinkle formation ~ Cataracts Blocked by
Related to skin cancer Sunburn ozone layer Electromagnetic
I I I [ spectrum
\400 nm 320 nm 290 nm 100 nm

'
Broad spectrum UV filters
Figure 1.6. Description of the penetration of the three stl&r radiations in the
earth and in the skin, their wavelengths and thegative effects on the skin.

UV filters are classified in two group dependinglww interact with the UV
radiation, chemical or physical UV filters, and dagding on their chemical nature,
organic or inorganic UV filters (Figure 1.7). Orgaror chemical UV filters are
aromatic compounds often with double bonds andidvanyl groups that absorb the
UV light and convert it into a small amount of hddbwever, inorganic or physical
UV filters are oxide metals that scatter and/orectf the UV radiation as a
protective shield. The organic UV filters are thesthcommonly used. However, an
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inorganic UV filter is also often added into creamm®rder to increase the efficacy.
Likewise, a combination of several different orgablV filters is frequently used to

provide a good broad spectrum of protection (UVAWB) because each UV filter

is more effective at different UV wavelengths (nmaxin absorbance).

UV filters

Scatten.ng Physical Chemical Absorb

. & reflection I

MetaIOX|de Inoraanic Oraanic —> Aromatic organic

particles 9 9 compounds
TiO, Salicylates
Zn0 | Multilayer packaging ! Cinnamates
etc. e Benzophenones
etc.

Figure 1.7. Classification of UV filters. Behavior in multilay flexible packaging.

The efficacy and protection level against the Ughti of a cosmetic is
evaluated and estimated experimentally. This ptateclevel is commonly
expressed by the sun protection factor (SPF). TRE B the ratio between the
amount of UV energy required to produce a minimgttema dose (MED) on
protected and unprotected skin. Many times, SR#ss defined as the ratio between
the sun exposure time that it takes to burn witth aithout sunscreen protection.
This latter is more intuitive although it is nogorous. It must be clear that a higher
SPF implies more protection against the UV radmtlmut no longer time of
protection.

The safety, maximum allowed concentrations ancc&tfy of UV filters in
personal care products are regulated and approyedational and international
health authorities. Until now, only 26 UV filterseaallowed in cosmetic products in
Europe [7] (PABA was banned at the end of 2008algh it can still be observed in
the list). Only one is an inorganic UV filter (Ti#0 Seven of the 25 organic UV
filters are hydrophilic while the other 18 are lghdlic [8]. The latter are much more
commonly used in cosmetic formulations due to theiter resistance. In addition,
both kind of organic UV filters require separatearhatographic conditions due to
the different nature characteristics between th@niQ]. Therefore, the lipophilic
UV filters were the selected ones in this thesisetaluate their migration and
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delamination capacity in multilayer flexible packay The chemical structure of
the ten fat soluble UV filters analyzed is showirigure 1.8.

o)
BZ3 MBC N EDP
PN
N
¢ yel
OH @\ko
X
OH
OCR ES HS
o (@] (@]
o ShA®
~ o
0 EMC BDM

MBP EMT

Figure 1.8. Chemical structure of the ten UV filters studiethternational
nonproprietary names (INN): BZ3, Oxybenzone; MB@Gz&camene; EDP, Padimate O;
EMC, Octinoxate; ES, Octisalate; MBP, Bisoctrizol®@CR, Octocrylene; BDM,
Avobenzone; HS, Homosalate; EMT, Bemotrizinol.

The different reasons why UV filters have been yred in several matrices
in recent years are shown Figure 1.9. The developmkeanalytical methods for
determination of UV filters [8-12] have been mairggrformed in personal care
products due to the regulation of their presenceé maximum concentration in
cosmetics. However, due to the excessive use ometiss containing these
compounds in recent years, the UV filters have hredcthe aquatic environment
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mostly through recreational activities. Then, thegve been being accumulated
especially in water as well as fat soluble UV fitén aquatic biota. Hence, they are
currently considered as emerging contaminants laere tare not yet enough reliable

data to understand the global distribution and ¢fffect of UV filters in the
ecosystems. Therefore, they have been analyzeevera environmental matrices

[8, 13-15] (Figure 1.9).

UV filters from cosmetics

Analyzed
because...

Regulation Emerging . Endocrine | Delamination
contaminants; | disrupters | | & migration
. Personal care Environmental§ Biological Packaging
. products | matrices | matrices | |
| | | | | | Thefist
‘ time!
skin creams water urine R
shampoos sediments serum
hair spray sludge semen
sunscreens sand breast milk
etc. biota tissues
etc. etc.

Figure 1.9. Reasons for the analysis of organic UV filters aratrices analyzed.

In addition, the estrogenic activity related to #iesorption thorough the skin
of some UV filters such as benzophenone derivatiMBBC and EMC present in
sunscreens [8, 16, 17] has raised the public atardhconsequently, the number of
studies in biological samples. Between them, BZ3 ite1metabolites have been by
far the most compounds studied in biological ma#i€l8, 19]. Nevertheless, this
has been the first time that UV filters have beealyzed in packaging.

In order to analyze UV filters in cosmetics, thengée has been frequently
dissolved with the aid of an ultrasonic bath angeated directly into the
chromatographic system. In other matrices, ligiqdil extraction (LLE), solid-
phase extraction (SPE) and SLE are the common iggets to extract UV filters
[18]. However, a broad variety of different extiant methods can be found in
literature such as Soxhlet, pressurized liquidaetion (PLE), microwave-assisted
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extraction (MAE), different liquid-liquid microexiction methods, solid-phase
microextraction (SPME), etc [13, 18].

In addition, complex and dirty samples have beeamalls cleaned and/or
concentrated using different solid-phase extrac{lSRE) methods. Likewise, gel
permeation chromatography (GPC) has been also tmedleaning rich-lipid
biological matrices [13, 18].

Regarding the chromatographic separation and detect liquid
chromatographyL(C) coupled to a UV detector or diode array dete@@AD) has
beenby farthe most used analytical method for the deternanadf UV filters due
to their polarity and high UV absorbance. LC pr@gdhe analysis of all organic
UV filters and their metabolites without a derivation step, contrary to gas
chromatography (GC) analysis because of the lovatiity of most UV filters.
However, GC has been also quite used for the amabfsenvironmental and
biological samples [13] probably because a MS detdtas been required in those
cases and a GC-MS equipment has been more afferttadoh a LC-MS for many
years. MS or MS/MS are the key technique when enuiental and biological
samples are analyzed because of their complexamatiiow concentrations and the
need for a more selective detector [13, 18]. Irs¢heases, the use of UV has been
unsuitable. Hence, nowadays it is increasingly comro find LC-ESI-MS/MS
methods to determine UV filters in current literatu

1.1.3. Plastic additives

Plastic additives are mainly incorporated into padys in order to modify or
enhance their properties, to increase their sifelfor even to cut the price of the
final product. The variety of polymer additivesget this is overwhelming as can be
seen in Figure 1.10. Additives can be classifiethime groups based on its purpose
or function: stabilizers, modifiers and fillers.

Stabilizers are added to conserve original polypmeperties such as strength,
flexibility, color, etc. in order to increase iietime in good conditions. Therefore,
stabilizers protect the valuable features whenpblgmer is exposed to harmful
conditions such as high temperatures, light, oxygém

However, modifiers are incorporated to improve tierathe physical and
chemical properties as well as the performanceéhefpolymer. Finally, fillers are
principally used to dilute the matrix with somethitess expensive but without
compromising the properties of the final polymeont® fillers can also improve
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strength of the plastic. Both, modifiers and faéleprovide additional qualities or
lower the price of the polymer in order to incredsdinal value.

Polymer additives may need to be monitored in otdeidentify stability
problems in a polymer, for production control, tmmpare products from different
manufacturers and for regulatory reasons. Thergibi® very important to develop
analytical methods to determine those substancdssanensure that the plastic
packaging is adjusted to its purpose safely.

Antioxidants (AO), light stabilizers (LS) and skgents (SA) were the plastic
additives analyzed in this thesis because theseharenost often added into the
polymeric layers in flexible multilayer packagirfigure 1.10, written in purple).

Plastic additives

/\

Stabilizers Modifiers Fillers
Y ! X
Antioxidants* Slip Agents* CaCQ
Light stabilizers* Anti-blocks Talc
Scavengers Antistats TiO,
Flame retardants Surfactants Al,Oq
Antimicrobials Colorants etc.
etc. Plasticizers
etc.
!
Provide resistance to Provide or modify Reduce price
heat, light and air; color, density, ’
flame retardance, opacity, stiffness,
etc. ﬂelelllty, friction, *Plastics additives
etc. analyzed in this thesis

Figure 1.10. Classification of plastic additives.

The chemical structures of the additives studiedsaown in Figure 1.11.

Antioxidants are added to slow down oxidation peses. For example,
hindered phenolic antioxidants scavenge free régiaad phosphite antioxidants
decompose peroxides that provides protection td ftek and color during the
thermal processing of polymers. Both antioxidants asually used together to
achieve synergistic performance. Their use avoidgsipe loss of strength,
breakdown, discoloration, scratching, flexibiligtiffness or gloss.
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Light stabilizers such as benzophenones, hindaredes and benzotriazoles,
protect the polymer against photodegradation frovhdd sunlight that may cause
discoloration, cracking or brittleness among others

Slip agents are long chain fatty acid amides thatlyce a lubricating effect
reducing the coefficients of friction (resistancé @ film to sliding) for post-
processing operations.

t-Bu

OCH,
OH
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t-Bu t-Bu
BHA (AO.1) BHT (AO.1) HP136 (AO.3)
Butylated hydroxyanisole Butylated hydroxytoluene Xylyl dibutylbenzofuranone

HO o)
. ~ 1 .
@ N VO CH2(CH2)6CH2 (o} N
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Tinuvin 328 (LS)

OH
tBu +Bu t-Bu t-Bu
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t-Bu t-Bu OH
OH tBu
Irganox MD 1024 (AO.1) Irganox 3114 (AO.1)
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t-B 0 0
’ OCHL(CH)CHy t-Bu@—o—P' X P-0 tBu
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t-Bu t-Bu
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Figure 1.11. Chemical structures of the additives studied is tthesis.
AO.1-hindered phenolic antioxidant, AO.2-phosphitgioxidant,
AO.3-lactone antioxidant, LS—light stabilizer, SApSagent.
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Figure 1.11. Cont. Chemical structures of the additives studied is tihesis.
AO.1-hindered phenolic antioxidant, AO.2-phosphitéioxidant,
AO.3-lactone antioxidant, LS—light stabilizer, SApSagent.

The extraction and determination of plastic add#difrom polymers have
been reviewed by Vandenburg at al. and Reingrubal €0, 21]. A scheme of the
principal techniques used for quantitative analgéiadditives in plastic is shown in
Figure 1.12. On one hand, the extraction of adestihas been traditionally
performed by dilution-precipitation, Soxhlet or leef [21]. However, since the
nineties these extractions have been mainly caroed by ultrasonic assisted
extraction (UAE) and other contemporaneous stromigetion methods.

On the other hand, due to the direct contact oftjglapackaging to the
content, the migration of additives to consumerdpuats, principally food, is a
concern for the health or safety of the populatiord some studies have been
performed [22-24]. The methodology for these casesferent. After the migration
process, the main objective is to concentrate ftia& or food simulant. For this,
SPE and different microextraction techniques haentemployed (Figure 1.12).
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After extraction, additives have been generallyasai@d chromatographically
by LC because the high molecular weight and lowatiitly of the majority of
plastic additives makes GC generally unsuitablerddeer, plastic additives have
been mainly determined using a UV detector becahse majority of these
compounds have aromatic groups or double bond gatgd that absorb UV light.
However, others additives such as slips agentsadgoresent this characteristic.
Therefore, these additives that also present lowecntar weight have been
separated preferably by GC because it offers bigttdities for their detection [25,
26].

Plastic additives

/\

Extraction studies Migration studies
Powerful Concentration
extraction of the extract
Outdate Contemporary or sample
\ I
 Dilution-precipitation .~ UAE SPE
| Soxhlet SFE SPME
Reflux i MAE LLE
.~ PLE DLLME |
FUSLE HF-LPME |
LC-UV LC-MS GC-MS
Only for additives Universal!!! Only for additives
with aromaticity Not affordable a with low-medium
or double bond few years ago. molecular weight
conjugated Good ionization
techniques.

Figure 1.12. Scheme for quantitative analysis of additiveslastic.

Some years ago, the arrival of new ionization teqhes such as atmospheric
pressure photoionization (APPI), atmospheric pmesshemical ionization (APCI)
and electrospray ionization (ESI), etc. turned M& into the more universal
detector for all additives. Therefore, liquid chm@awgraphy coupled to mass
spectrometry has been recently reported for add@atermination [21-23, 27, 28].

Finally, it is also worth mentioning that the qtaive and semi-quantitative
determination of additives plays also an importaté for industrial quality control.
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In these cases direct methods such as infraredrepeapy (IR), evaporative light
scattering detector (ELSD), total dissolved soli@i®S), MS, etc. have been also
used [21].

1.2. Analysis of endocrine disrupting compounds

The endocrine disruptors are compounds that caasaabrmones or interfere
with the synthesis, secretion, transport, actiosemretion of hormones due to their
similar structures to natural chemicals of the body

According to laboratory studies, endocrine dismgtcompounds (EDCs), at
certain doses, are associated with several impgadnanan diseases such as reduced
fertility, obesity, different kind of cancers, ef29]. Unfortunately, there are a wide
and diverse range of this kind of dangerous substathat cause imbalances in the
endocrine system. For example, it's well-known atisty the dangers of dioxins
and bisphenol A (BPA) among others.

Due to their hazardous, human and environmentabsxpe to EDCs is
nowadays a big concern. There are thousands ofswankre analytical methods are
developed and/or applied for determining some ema@alisruptor compound in all
kinds of matrices: from solid, liquid and gaseoasples to consumer products and
biological and environmental samples. However, tofately, there is still a lot to
be done.

A regulation for the approval of marketing and uske new chemical
compounds has been established by the EU legislatsed on their potential as
endocrine disruptors [30, 31]. In addition, the o§substances suspected of being
endocrine disruptors must be approved by the REA€&#lation of the European
Union (registration, evaluation, authorization aestriction of chemicals) [32].

During the course of this thesis, two kind of commpds classified as
endocrine disruptors were analyzed: perfluoroallsylbstances (PFASs) and
parabens. A brief introduction of each one is prtekbelow.

As commented before, some UV filters have been edswsidered as EDCs,
however this was not the feature that leaded wn&dyze them but for its possible
migration and delamination capacities in packaging.

1.2.1. Perfluoroalkyl substances

The PFASSs, also referred to as perfluorinated camgs (PFCs), are simple
synthetic organic chemicals formed by a carbonrchdiere all the hydrogen atoms
are replaced with fluorine atoms. They differ fre@ach other only by the carbon
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chain length and the functional group attached. t6hie PFASSs studied in this thesis
were the perfluoroalkyl acids (PFAAs), where a oasflic or sulfonic acid is
attached to the chain: the perfluorocarboxylic aglFCAs) and the perfluoroalkyl
sulfonic acids (PFSASs), respectively. These kindafls were selected because they
are the most common discussed PFASs contamindmsciiemical structures of the
PFAAs studied in this thesis are shown in Figule31.

F F F F F F OH
F o F F F F
F F F F F F
F OH F F F F
Perfluorobutanoic acid (PFBA) Perfluorononanoic acid (PFNA)
F F OH F F F F F
F F F F F F o
FF F FF F F F OH
Perfluoropentanoic acid (PFPeA) Perfluorodecanoic acid (PFDA)
F F F F F F F F OH
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- / K s—OH
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Perfluorooctanoic acid (PFOA) Perfluorooctanesulfonic acid (PFOS)

Figure 1.13. Chemical structures of the PFASs determined stthesis.

A scheme of the worldwide distribution of productstaining PFASSs, their
properties and their negative effect is shown guFeé 1.14. As may be seen, PFASs
have been widely used for over 50 years due theielkent stability and surfactant
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properties. Initially PFASs were the alternative fbe banned brominated flame
retardants [40]. However, it has been observetiénldst few years that the PFASs
are persistent, bioaccumulative and toxic compoumtierefore, there is growing

concern about their use as well as the exposufreto and potential harmful effects
of PFASs on humans and their environment preset@ed[l]. Hence, PFASs have
been determined in an extremely wide variety ofdgjizal matrices in human and
wildlife [42-46], environmental matrices [43, 446-82] as well as consumer
products [43, 44, 52, 53] (Figure 1.14).

PFASswidely used since the 1950s. Whyf | However, it wasiot a good idea. Why?

PFAS properties
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(hydrophobic & oleophobic bonds (EDCs)

! ¥

Surfactants Extremely high therrr_lall Environmentaper sistent
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Textile, carpet, Different kind of water Urine, milk, plasma,
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Figure 1.14. Scheme of the worldwide distribution of PFASs #malr negative effect.
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To analyze PFASSs, obviously, it is worth bearingnimd that any material
made of fluorotelomers, such as PTFE plastic, rhasavoided during the analysis
to prevent blank signals. PFASs have been oftemaeeid with methanol,
acetonitrile or tetrahydrofuran by traditional sdliquid extraction using an
ultrasonic bath (UAE) or a shaker (SLE) [43, 46-:9@bwever, other techniques
have also played an important role in the extractid PFASs from biological
samples such as ion pair extraction (IPE) with yle#rt-butyl-ether (MTBE)
followed by tetrabutylammonium (TBA), solid phasextraction (SPE) to
concentrate and clean the extracts using Oasis W2a&js HLB, Envi-Carb etc.,
and alkaline digestion with KOH or NaOH [43, 45;41.

Furthermore, in recent years, other new extradgchniques such as PLE or
focused ultrasound solid-liquid extraction (FUSLEgre used for the analysis of
PFASs in environmental samples, food and packd§Rgs4-56].

It is also worth mentioning that beyond the tramiitii SPE clean-up for
biological samples, it was also found in literat@esimple clean up step after
extraction where the extract is frozen at -20°€tr protein and lipid precipitation
[47]. Moreover, Liu et al. have developed a restdcaccess material (RAM) called
Fluorous solid phase extraction where magnetic pwsns microspheres can
absorb small molecules like PFASs but macromoleclike proteins are excluded
from the mesopore channels as a result of a sidasian effect [42].

Regarding PFASs chromatographic separation, itbess normally carried
out by LC-MS [43, 49, 50]. Their determination da also performed by GC after
derivatization [43, 57] however, this proceduramsre time-consuming and may
adversely affect the recovery and reproducibilijues. In addition, PFOS does not
normally give rise to stable derivatives [58]. Hipaan ESI in negative mode
followed by a triple quadrupole mass spectromePerd-MS/MS) is by the far the
most often technique used to PFASs detection duts gensitivity in the selective
multiple reaction monitoring (MRM) although the uskother good detectors such
as time of fight (TOF) or ion tramp (IT) have bedso described [43, 49, 50].

1.2.2. Parabens

Parabens are alkyl esters of the 4-hydroxybenzmittaat differ in the chain
length of the ester group. As can be seen in Figjur®, parabens have been widely
used for nearly 100 years as preservatives dubeio éxcellent features such as
broad antimicrobial spectrum, solubility, stabilitpyw allergenicity and low cost.
Hence, they have been principally added into adtlkof cosmetics, foodstuffs and
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pharmaceuticals to prevent microbial growth or piddiegradation. Furthermore, a
mixture of parabens (often methylparaben and ppspgben) are usually added to

the product to achieve synergistic effects becagasabens with longer alkyl chain

possess more antimicrobial activity but less watdubility and vice versa (Figure

1.15).

Parabensused since mid 1920s peeservativesin...
Y Y 4 4
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any kind of creams, Processed vegetables, baked Pills, capsules, Sanitary wipes,
make-up, lotions, goods, fats and oils, softgels, syrups, paper currencies,
deodorant, shampoos,  seasonings, sugar substitutes, creams, €tc. magazines, napkins,
soaps, toothpaste, fruit juices and drinks, sauces, toilet paper, diapers,
cleansers, etc. frozen dairy products, etc. etc.
@< Total concentration of parabens found >@
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Figure 1.15. Uses and characteristics of parabens.

However, in recent years, parabens are suspecteaviofg a weak estrogenic
activity due to their presence in cancerous samaftes laboratory studies with
animals [59, 60]. It has also been observed thatpéiraben estrogenic activity
increases with the length of the alkyl chain [68&nce, human exposure to parabens
is a concern because it can originate significartilip health problems and the
occurrence of them must be fully characterized.
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The parabens most commonly used are the methy], gbhopyl, butyl,
benzyl and heptyl parabens. Thus, these six pasalvere selected in this thesis in
order to analyze them in pharmaceuticals. Theimot& structures are shown in
Figure 1.16.

o 0 o}
@AOH @AO/ @A"A
HO HO HO

4-Hydroxybenzoic acid Methylparaben Ethylparaben
(4-HB) (MeP) (EtP)
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(PrP) (BuP)
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(BzP) (HpP)
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OH OH OH
3,4-Dihydroxybenzoic acid Methyl Ethyl
(Protocatechuic acid) protocatechuate protocatechuate
(3,4-DHB) (OH-MeP) (OH-EtP)

Figure 1.16. Chemical structures of the parabens and their boétas studied in this
thesis.

In addition, although parabens are stable, they beagnetabolized as shown
in Figure 1.2.5. Some studies have proved the peesef parabens metabolites in
biological samples [61, 62]. The ester group camymirolyzed by esterases to give
rise to the p-hydroxybenzoic acid (4-HB) [63, 64hother degradation pathway for
parabens is the oxidative hydroxylation. Light—iceld hydroxylation of methyl
paraben to methyl protocatechuate has been alsotedp65]. Therefore, the four
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metabolites 4-HB, 3,4-dihydroxybenzoic acid and hyet and ethyl-
protocatechuates were also analyzed in this tlassigossible parabens by-products
produced during storage of the consumer produatsi(& 1.17).

Paraben 4-HB *
hydroly5|s R-
OH
HO /lfe\
Et-
hydroxylatlon hydroxylation
Hp-
Protocatechuate O 3,4-DHB Q £Lr. By,
hydroly5|s ~
OH o
HO

OH

Flgure 1.17. Possible metabolic reactions of parabens.

Due to the endocrine disrupting effects associdtegparabens and their
potential effects as emerging pollutants, the numiie analytical methods to
determine them has increased strongly in the lasade. Parabens analysis have
been carried out extensively in any kind of persa@e products followed by
environmental samples such us water, biota, sedensewage sludge, dust, etc.
[66-69]. However, only a few studies have repoitteel occurrence of parabens in
food [69-72] and biological samples such as urseeyum and saliva [61, 62, 69, 73]
and the studies of the presence of parabens imaitauticals is scarce [74, 75].

The variety of paraben extraction methods is ovelming as can be seen in
Figure 1.18. However, LLE, traditional SLE by shakiand UAE are the common
methods employed for the extraction of parabenssf&due to their simplicity, low
cost and efficiency although those techniques ayeertime-consuming. It is worth
mentioning that FUSLE has not been employed yetpfoabens extraction. It is
probable that this technique will provide the saaffeciency with lower extraction
times.

Regarding the chromatographic separation, paralleng been mainly
determined by LC coupled to UV detector followed ®Z coupled to MS. Other
techniques such as LC-MS or capillary electrophsréSE) coupled to UV have
also played an important role [66-68]. Neverthelé@ss very probable that LC will
finally prevail against GC and CE because GC needferivatization step for
parabens with long carbon chain and paraben mdedalnd CE is not automated.
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Regarding the detector, although MS is more expendioffers a more secure peak
identification than UV or FID where peaks can bertapped or ambiguous.

Liquid sampl% Solid sampl%

Extraction
¥ N N N’
PLE | | SFE| | SLE | | UAE

| 1 - |

Clean-up / Concentration ‘

¥ y Y )
SPE LPME ! SBSE ! SPME
MSPD DLLME ' !
MISPE HF-LPME
SDME
MALLE
Derivatization
Acetylation
Silylation
Separation
; i CE
GC LC ! MEKC
Detection
R Yo
. FID |

Figure 1.18. Diagram of the different analytical techniquesdum the determination
of parabens.

1.3. Focused ultrasound solid-liquid extraction

The ultrasounds, frequencies waves above 20 kHze haen widely used in
analytical chemistry to extract different compourdsnterest from solid samples
due to the versatility and the low cost of this meetology. Moreover, ultrasounds
have also been comprehensively used for cleanggasbing, dispersion, etc. so that
it is extremely common to find an ultrasonic batleach laboratory nowadays.

There are two kind of extraction procedures dependin whether the
ultrasonic power is applied indirectly introducitige extraction mixture into an
ultrasonic bath, UAE, or if the ultrasonic power dpplied directly immersing
partially an ultrasonic probe or micro-tip into #etraction mixture, FUSLE.
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UAE allows the processing of high sample volumesaodund 10-30 g
efficiently. However, the extraction times are hig®-60 min or even hours) and
the reproducibility is often low. This is probalgcause ultrasonic waves have to
go through the bath water, then the beaker or Vesse and finally the extraction
solvent before reaching the sample. Thus, the weaeegy applied decreases along
the way and the performance of this techniquanigédid.

On the contrary, FUSLE overcomes these disadvasitddee probe immersed
is normally made of titanium material which is mgeewerful and resistant to
corrosion. Due to the direct introduction of thimige into the extraction mixture,
FUSLE provides an ultrasound power higher and isoup00 times more effective
than the traditional ultrasonic bath [76, 77]. ligufe 1.19, a picture describing the
FUSLE equipment used during the realization of thesis is shown.

Figure 1.19. Ultrasound sonicator SONOPULS HD 2070. Descriptibthe equipment
parts: 1) Ultrasonic converter, 2) Booster hornPB&)be - Titanium flat micro-tip, 4) Ice
bath, 5) Sound-proof box, 6) HF-generator.

The high extraction capacity of FUSLE is basedhendavitation phenomena.
A scheme of the process is shown in Figure 1.2@.ltrasonic waves produced go
through the liquid generating compression and aatefn waves at very high speeds
that compress and extend the space between thensatwlecules. Due to this,
microbubbles filled with a mixture of gas and vamoe formed during the high
negative pressure changes. Then, the bubbles ittemtly suffer expansion and
compression processes. During the expansion pregkegases and vapor enter into
the bubbles accumulating potential energy. Howewknring the compression
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processes (positive pressure changes) the bulddlase their volume concentrating
the energy stored. This cycle is repeated until ¢heitational bubbles become
unstable during the compression cycle of the wmas wave and finally they

implode expelling an extremely large amount of gpév7-80].

Compression Compression Compression
\/ \/ N / ! /Mlcro-jet

UItrasound
wave Rarefaction Rarefact|on

.t A p’ {3 X 5000 K

a0 T TS > 1000 atm

e e 280 m/s
¥ N\
W L
Formation Bubble growth in iti ' ]
- g . Critical and Implosion

of bubbles successive cycles unstable size

Figure 1.20. Scheme of the cavitational process.

As a result of the cavitational bubbles collapsry\high temperatures (up to
5,000 K) and pressures (up to 2,000 atm) are relaohefly in a microscopic level,
and the implosion also generates a powerful soli@ato-jet speed up to 280 m/s
[77, 79]). Thus, the tiny bubbles imploded can lo&sidered as microreactors.
When the implosion occurs near a sample particeicro-jets propagated toward
the surface at high velocities can cause pittingcimanical erosion of the surface
and even solid disruption [77-80]. Therefore, tlaenple size is reduced and the
solid surface in contact with the extracting sotvisnincreased. Therefore, all these
features together favor solvent penetration, helindrease the extraction efficiency
and reduces the extraction time.

Regarding the enormous temperature values reatthednportant to bear in
mind that the size of the bubbles are extremely tompared to the total liquid
volume. Therefore, the heat produced is dissipatay quickly and negligible
changes are observed in the surrounding area. ®tids, ultrasonic cavitation is
also known as the “cold boiling” [81]. This doestnmean that the extract
temperature is kept constant all the time, buirtheement of the temperature is very
small and slow.
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In addition, normally the use of high temperatumesrease the extraction
efficiency because it favors solvent diffusion ire tsample and disruption of the
analyte-matrix interactions. However, contrary tepectations, the extraction
efficiency using FUSLE increases at low temperatimecause this favors cavitation
processes. Therefore, the focused ultrasound éximaghould be carried out at 0°C
in an ice bath [76, 77, 80, 82]. It is for this sea that this technique is of special
interest to extract thermolabile compounds whicly iba decomposed with other
techniques such as PLE, MAE and SFE.

In Table 1.1, different studies where FUSLE was leggd to extract organic
compounds are summarized. As can be seen, FUSaEdaktively new extraction
technique and the number of studies where this adelbgy has been applied, has
increased rapidly in recent years.

Moreover, thanks to the excellent FUSLE charadiesis this method has
shown a high speed extraction (Table 1.1). Onlg fivinutes or less were needed to
extract quantitatively organic compounds in all ksyrexcept for the extraction of
metabolites from orange peel (7.5 min). Furthermtris technique has showed to
be faster than other recent techniques such as MBE32 vs 83, 84, 85], PLE [56
vs 55, 85, 86] or SFE [86-89] showing similar résuéxcept for the determination
of BPA and alkylphenols in sewage sludge where FEJShowed worse recoveries
than PLE [90]. It is also worth mentioning that HUESIs less expensive than the
other techniqgues mentioned, making its introductzord use in routine analysis
laboratories easier.

All in all, due to the advantageous features anutigesults obtained in most
studies, FUSLE is a promising extraction techniffjuedeveloping new solid-liquid
extraction methods.

1.4. Design of Experiments

Normally, there are several variables or factonsnduthe development of an
analytical method that need to be optimized to ehithe best possible signal or
result.

A univariate analysis, also known as one-facta-ithe method, optimizes
each factor one by one and frequently involvesrgelanumber of experiments
requiring more time, material, staff and therebygrenmoney. In addition, the
information provided by this method can often beelevant because possible
interactions between the factors are not considered
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Table 1.1. Analytical studies where FUSLE was employed agaeikibn technique.

Samples

Analytes?

FUSLE time

Sediment

Marine biota
Sediment

Leaf

Sediment, mussel
Packaging
Sewage sludge
Indoor dust
Packaging
Sewage sludge
Packaging
Marihuana

Citrus peel
Aromatic plants
Kidney
Packaging, corn
Vegetables, soil
Fish, vegetables, soll

Orange peel

Feed & related products

Carrot and soil

Carrot, lettuce and soil

Soil

PAHs
PAHs

PAHs, PCBs, PEs, NPs

PAHs
APs, A @éstradiol
UV filters
BPA, APs
BDEs
Bisphenols
PFASs
PFASs
Marihuana extracts
Volatile oils / phenols
Volatile oils / phenols
Proteins
PFASs
PBDEs
PFASs
Peel metabolites
Caffeoylquinic acids
PFASs
EDCs

PCBs, OCPs

2x90s
120 s
120 s
120 s
120 s
30s
20s
20s
2x5s
2x20s
10s
5 min
5 min
5 min
4x10s
10s
120 s
2x150s
7.5 min
60 s
2.5 min
5 min

2x60s

Y ear Ref.
2005 [91]
2006  [82]

2008  [76]
2010 [86]
2010 [81]
2011 [92]

2011 [90]
2012 [93]
2012  [94]

2013  [85]
2013 [95]

2013 [87]

2013  [88]

2013 [89]
2014 [96]
2014  [56]
2014  [84]

2014 [52]

2015 [97]

2015  [98]

2015  [99]

2015  [100]
2015  [101]

a Analytes abbreviation are described in the seaimonyms and abbreviations.

48



Introduction

A design of experiments (DOE) is a key tool to ea# the influence and
effect of each factor as well as their interactiand optimize the response variable
efficiently with the least possible number of expmmts. To sum up, the main
objective is to obtain the maximum information wiitle minimum effort and time.

Therefore, the DOE was employed in this thesis pgtintize the principal
variables affecting the FUSLE and (microwave asdisixidation) MAO processes.

Usually, the first step is to perform a two levell for fractional factorial
design when the number of factors are more than Buth are especially useful for
an initial screening to reduce the number of factar consider. Those methods
evaluate the influence and significance of thediactand their interaction on the
response in order to be able to reject the nonfgignt factors.

However, only three variables were always seleet®dhe main factors to
optimize during this thesis. Therefore, a factodalsign was not necessary and
directly a central composite design was carriedroeaich study.

Central composite design

A central composite design (CCD) is a second-odimign to quantify the
influence and significance of the factors by resgorsurfaces and desirability
approach. This methodology was first proposed by 8ad Wilson in 1951 in the
article "On the Experimental Attainment of Optim@onditions" and it is the most
widely used design in second order response ssrfa€2-104).

It is worth mentioning that theoretically there acelimitations on the number
of factors to study. However, a CCD is often parfed with only two or three
factors due to the high complexity and large numifeexperiments for a design
with four or more factors.

In order to design the model, a series of mathematand statistical
techniques are employed to achieve the best pesspproximation of the
relationship or dependence between the responsgbleaand the factors. Hence, it
will be obtained from this model the optimal coiwtits of the factors to maximize,
minimize or carry out some specific conditions Ine response variable to provide
the best result.

To do this, one of the premises of this methodoltmygimplify the design,
decrease the number of experiments and obtain mespsurfaces is that the three
order or higher interactions among the factors megligible or insignificant
compared to those of first and second order. Thezethe function of this quadratic
model is as follows:
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wherey is the response the factorsf the coefficients ané the error associated
with the response.

First of all, it is necessary to establish the destand their experimental
domain (the range of values for those factors).s€hparameters are defined and
selected based mainly on literature, experimemtatdtions, previous experiences
and equipment parameters.

A CCD is actually a '2factorial design with '2factorial points complemented
with 2k axial or star points and several centrah{sp wherek is the number of
factors.

As in a 2 factorial design, each factor has two levels tlegiresent the
extremes of the experimental domain: the upper (ed¢ and the lower one (-1).
The factorial points corresponds to all possiblenkbimations of these two levels
with all factors. The axial points are all the piosis where all coordinates are zero
except one which is ¢, for example (4, O, O, ... 0), (0, &, 0, ... 0) ... (0,0,0, ...
a), and the central point is the central positiond(@ ... 0).

Each point has their purpose. The factorial pogssmate the effects of the
factors and their interactions. The axial pointaleate the effect of the quadratic
terms of the model together with the central pdimat detects the effect of
nonlinearity for each factor. The replicates of temter point showed the variance
in the response or the experimental error of tleeliptive model.

Moreover, it is important for a CCD model possed$escharacteristics of
orthogonality and rotatability.

On one hand, rotatability provide a stable distitiu throughout the
experimental design region. A CCD is rotatablehié tvariance of the predicted
response of the model at one point depends onthe@listance between this point
and the center point and not on the direction. Tifésins that the variance is uniform
on spherical models and any estimation is equalumate at any point of this
spherical region. In order to create this geomedhn@pe passing through all factorial
and axial points, the value it is given by the equation [105]:

o = (24

On the other hand, orthogonality simplify the cédtion and avoid
uncorrelated estimates of the response model cmgfts. A CCD is orthogonal if
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the effects of any factor sum to zero across tliecesf of the other factors. This
means that design parameters are estimated indamgnaithout any correlation.

In order to obtain orthogonality, the number oflicgies of the center point ¢Nis

based on the number of factors (k) as follows [105]

No=~ 4 X (2)¥2+ 4 - 2k

Finally, it is worth mentioning that the experimgshould be randomized in
order to avoid false conclusions.

Taking into account all the requirements, a thamdrs CCD is a good
example to observe the complete spatial domain désign. As can be seen in
Figure 1.21, the factor points correspond to thtices of a cube (8 points) and the
axial or star points are in the midpoints of thée6 points) at a distance=1.682
times higher than the experimental domain to eistalihe rotatability condition.
Taking into account that 9 replicates of the ceptint are needed to orthogonality,
a total of 23 experiments is required for’aCZD.

T T(U;o;i-,sg)
L (119

(-11h) (1,1,1)
(0-1.68,0)g T I @ CENTRAL POINT
/ J ~ 1 1 i ;!
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Figure 1.21. 3D representation of & £ZCD: position of the experimental points of the
special domain normalized to achieve the rotatgtilnd orthogonality conditions.
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ABSTRACT: A focused ultrasound solid-liquid extraction (FUSLENd high
performance liquid chromatography (HPLC) with ad#ioarray detector (DAD) is
proposed for the determination of ten fat-solublg filters in packaging. FUSLE
technique is relatively new and has been usechibektraction of a few analytes; such
as polycyclic aromatic hydrocarbons and other dmyaollutants. In this work, it has
been demonstrated that FUSLE is a useful, fastsangdle extraction methodology for
UV filters because the complete extraction was iedrrout with just 6 ml of
tetrahydrofuran and in only one cycle of 30 s. @ikgeloped method has been validated
and applied to the analysis of polyethylene-basedtilayer packaging samples. The
FUSLE-based method allows the sensitive detectibrmost of the UV-filters in
polyethylene, with limits of detection between @dd 8.5 ng mg/l (except for BDM).
Intra and inter-day relative standard deviationugal were below 5 and 14%,
respectively, except for MBP. In addition, the prepd method was more efficient than
tetrahydrofuran extraction under reflux for 2.50n &ll the analytes except for EMT and
BDM. Therefore, the developed method can be usecstablish the absorption
capability of different types of packaging and thiformation will be very useful in
packaging selection.

Keywords: FUSLE, UV filters, multilayer packaging.

1. INTRODUCTION

Nowadays UV filters are commonly used in many cdsim@oducts in order
to protect us from over-exposure to sunlight whicbmotes skin ageing as well as
other harmful effects on human health, such as skmors [1]. UV filters are
divided into two basic groups, chemical or orgamied physical or inorganic
protectors. The organic filters, which are used tmosmmonly, absorb the
ultraviolet light (UVA and/or UVB rays) and convattinto a small amount of heat,
and inorganic filters can reflect and scatter thélight [2]. In the European Union
(EV), 26 organic compounds have been approved tadeel as UV filters in

65


http://dx.doi.org/10.1016/j.chroma.2015.08.030

Determination of UV filtersin packaging by FUSLE and HPLC

personal care products with maximum individual @orications of up to 10%, but
for dometrizole trisiloxane with a maximum permidsi concentration of 15% [3],

and the usual concentrations in these productbetsgeen 0.1 and 10% [4, 5, 6].
The UV filters investigated in this paper (see ®abland Figure 1) are fat-soluble
compounds. The organic UV filters can be classifredwo groups: the most fat-

soluble, and the easily water-soluble, which areerm@ined under different

chromatographic conditions [7]. In this study, $atuble UV filters determination

has been carried out because they are more commbm@merous in creams
available on the European market.

Table 1. List of the target UV filters.

hmax.  MAC® :

INCI name® Abb. (:;T) ) Absorption

Benzophenone-3 BZ3 290 10 UVA+UVB
4-methylbenzylidene camphor MBC 303 4 UVB

Octocrylene OCR 306 10 UVA+UVB
2-ethylhexyl dimethyl PABA EDP 315 8 UVB
Ethylhexyl methoxycinnamate EMC 312 10 UVB
Butyl methoxydibenzoylmethane BDM 360 5 UVA
Ethylhexyl salicylate ES 306 5 UVB
Homosalate HS 306 10 uVvB

Methylene bis-benzotriazolyl tetramethylbutylphenMBP 305/347 10 UVA+UVB

Bis-ethylhexyloxyphenol methoxyphenyltriazine EMT 343 10 UVA+UVB

4INCI (International Nomenclature of Cosmetic Ingreds
b . .
Wavelength of maximum absorption
*MAC (maximum authorized concentration (%w/w)) by Edsmetic Directive

UV filter determinations have increased in recezdrg, not only in personal
care products [4, 5, 7-15] but also in water [g, #astewater [17], sea water [18],
sludge [19], dust [20], fish [21] urine [22] andsen [23]. This is because recent
studies have indicated that some UV filters camatdate in biota and act as
endocrine disruptors which have estrogenic eff@s27] hence many personal
care product ingredients, such as UV filters, Hasen included in the so-called
emerging contaminants.
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Figure 1. Chemical structures of the ten target UV filters.

Often new cosmetic formulations are promoted in titayer packaging
sachets which consist of several layers fixed togretoy extrusion or by an
appropriate adhesive. The materials normally usethis packaging are polymers
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(polyethylene, polyester, polypropylene, etc.) ghth aluminum foils used to
provide a hermetic barrier. The advantages of thesilayer packaging materials
are their impermeability, good external appeararftexibility and versatility.
However, the main disadvantage of them is thegrattion with the product. For
instance, certain ingredients of personal care ymtsdor food are able to pass
through the inner layer (a polymer), causing a lo$sadhesion followed by
delamination. Personal care products are in a aohsevolution, with the
development of new formulations and applicatioree®al investigations have been
carried out to identify these aggressive compousash as 2-phenoxyethanol,
benzyl-3-hydroxypropanoate, dihydromyrcenol, mehth®,7-dimethyl-3-octanol
and p-propenylanisole [28-30] and in recent stu@iesler confidentiality contract)
we have found that UV filters are some of the madive cosmetic ingredients
involved in the deterioration of multilayer packag

Different methods have been used to determine kimid of UV filters in
sunscreen products and other matrices. The modttasbnique to determine them
has been HPLC-UV because they are polar and UVralngpcompounds, however
their chromatographic separation by gas chromapbgrand detection by single or
tandem mass spectroscopy (MS or MS/MS) have also teported [16, 18, 20, 31].

In order to determine compounds absorbed in pacgagoming from the
migration from the product, HS-SPME-GC has been niwst appropriate and
chosen method when they are volatile and have |lovecualar weight. However, in
the case of UV filters because of their polarityg dow volatility, chromatographic
separation by HPLC was selected.

In some of the reported methods to determine UMr§| the isolation and
pre-concentration of sunscreen agents from mati@es been required prior to
chromatographic analysis. For instance superdrifioa extraction (SFE) [8] has
been used for cosmetic samples; and solid-phasacérn (SPE) [32], solid-phase
microextraction (SPME) [16, 33], dispersive liguigdid microextraction
(DLLME) [18] and membrane-assisted liquid—liquidtrextion (MALLE) [6] for
liquid samples such as water. Traditionally, extoac from polymers has been
carried out by Soxhlet extraction or by boiling endeflux [34], and more recently
by microwave assisted extraction (MAE) [35], supkical fluid extraction (SFE)
[36], pressurized fluid extraction (PFE) [37], hepdce solid-phase microextraction
(HS-SPME) [38, 39] and ultrasound assisted extaatising an ultrasonic bath [40-
44]; but this is the first time that focused ultrasd solid-liquid extraction (FUSLE)
has been used to sample preparation of packagmplss.
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FUSLE is a fast and low-cost technique, relativaBw, that has shown
similar results to other extractions, such as MAEhe determination of polycyclic
aromatic hydrocarbons, polychlorinated biphenylshthplate esters and
nonylphenols from environmental matrices [45-4]atdition, FUSLE is expected
to be a more efficient extraction technique thdrers.

FUSLE is based on the cavitation phenomena: uliias@aves crossing a
liquid cause the generation, growth, oscillatigaliténg and implosion of numerous
tiny gas bubbles (cavitation bubbles) [48]. As @&ute of cavitational bubble
implosion, very high temperatures (up to 5000 KJ pressures (up to 2000 atm) are
reached locally, and the implosion of the cavitatombble also results in liquid jets
of up to 280 m/s velocity [49]. These features fawxtraction efficiency.
Furthermore, the size of the bubbles is very snedditive to the total liquid volume,
so the heat they produce is rapidly dissipated withappreciable change in the
environmental conditions; this is why cavitationalso known as “cold boiling”
[46]. It is worth mentioning, that the focused attound microtip is immersed
directly in the extracting solution and this, tdgat with the higher ultrasound
power, makes the power of the focused ultrasouctthtque 100 times higher than
that of the traditional ultrasonic bath [45]. THere, the focused ultrasound
approach is very useful for developing new solifiid extraction procedures.

In this work, a fast and simple method based onlHEJRas been developed
for the determination of ten fat-soluble UV filteserbed in different polyethylene-
based flexible multilayer packaging. The extractieas carried out with only 6 ml
of tetrahydrofuran in one cycle of 30 s and theattanalysis was performed by
HPLC-UV. The method can be very useful to study ritigration of UV filters to
the layer of packaging contact; and this inforntatie important for packaging
selection.

2. EXPERIMENTAL
2.1. Materials and reagents

Benzophenone-3 (oxybenzone) (BZ3) 98%, 4-methyNatene camphor
(enzacamene) (MBC}98.0%, octocrylene (octocrilene) (OCR) 97%, 2-dibyyl
dimethyl PABA (padimate O) (EDP) 98%, ethylhexyl thwxycinnamate
(octinoxate) (EMC) 98%, butyl methoxydibenzoylmetha(avobenzone) (BDM)
>99.0%, ethylhexyl salicylate (octisalate) (ES) 99%md methylene bis-
benzotriazolyl tetramethylbutyl phenol (bisoctrigp(MBP) 99% were supplied by
Sigma-Aldrich (St. Louis, MO, USA). OCR, BDM, honadate (homosalate) (HS)
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and bis-ethylhexyloxyphenol methoxyphenyl triazifmemotrizinol) (EMT) were
also supplied by Beiersdorf (Eimsbuttel, Hamburgrr@any).

Polyethylene (PE) film and multilayer packaging péas were obtained from
AMCOR Flexibles. Multilayer packaging consisted s#veral layers of different
materials, including aluminum, polyethylene (PE)dapolyester (PET) fixed
together by extrusion or by different polyurethakesives.

Ethanol (HPLC grade) and tetrahydrofuran (THF) wen@vided by Scharlab
(Barcelona, Spain). A 1% (v/v) acetic acid aquesakition was prepared from
acetic acid supplied by Scharlab (Barcelona, SpeinMilli-Q deionized water
(Bedford, MA, USA).

Cream samples containing known concentration ofytggwere prepared in
a base cream containing 20% NeoPCL® Autoemulsien@iV (oil in water) from
Acofarma (Terrassa, Spain) and 80% Milli-Q deiodizeater (Bedford, MA, USA).

2.2. Solutions and samples preparation

Individual standard solutions containing 10 mg/nfiltke UV filter were
prepared in ethanol for all UV filters but for MP&hd EMT prepared in THF. A
multicomponent standard solution was prepared aanta80 pg/ml in ethanol from
individual standard solutions and subsequentlytelilias necessary.

Base cream was prepared from Milli-Q deionized wated NeoPCL. They
were heated separately to 90°C. The water was asldady to the oily mixture
while stirring. It was necessary to continue stgruntil the emulsion was cooled to
room temperature to obtain a homogeneous mixtunenTsunscreen agents were
incorporated into this emulsion at different leved8o (w/w), for determining the
absorption in the sachets, 7% (w/w), in order tmgtthe influence of the number of
cycles, and 10% (w/w), for the study of the resFOfSLE variables.

In order to study the influence of FUSLE variablé¥ film samples
containing UV-filters were prepared. These tred®&d samples were prepared by
immersing 3 crhof PE film in 1 g of cream formulation containingy filters
between 7 and 10% (w/w) in a NeoPCL base, for s ad 40°C, to favor the
absorption, and protected from the light. It is thomentioning that two cream
formulations were made to attain these concentratfor the ten UV filters. The
first cream formulation contained OCR, BDM, HS, B& EMT, and the second
contained the remaining UV filters. Therefore, & ahfortified PE film were used
to the study FUSLE variables.
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The determination of UV filter sorption in PE-basedltilayer packaging was
carried out using 6x8 and 10x10 ¢eachets containing 1.5 and 3.0 g of 5% (w/w)
UV filter cosmetic formulation, respectively. Inlatases the cosmetic mass-
packaging surface ratio was around 30 mg/@achets were thermosealed at 190°
and were kept in an oven at 40°C for 23 days torfthe sorption.

PE film and packaging samples were washed with warged with paper
towel and stored at 4°C protected from light betbedr analysis.

2.3. FUSLE procedure

All FUSLE processes were performed at 0°C in anmwiater bath, using a
SONOPLUS 2070 focused ultrasound system equippeéd &vi3 mm titanium
microtip and sound proof box (Bandelin Sonoplus,bBing Co. KG). Samples
were cut in small pieces of around 6 fripefore FUSLE. Around forty-two mg (6
cn?) of PE film were extracted with a volume of anamig solvent (THF, ethanol
or acetone) ranging from 2 to 10 ml for a periodimie between 30 and 300 s, at an
ultrasound power from 20 to 90%, once to four timas 50% pulsed cycle,
depending on the experiment. Microtip was immeiiséala cylindrical glass vessel
with flat-bottom, about 5 mm above the bottom oé thessel. Extracts were
evaporated up to ~0.5 ml under a nitrogen streanguwsTurbo Vap Il concentrator
(Zymark, Hopkinton. MA, USA). The extracts werertséerred to 5 ml volumetric
flask, made up to 5 ml with ethanol and filteredotigh a 0.45 nylon filter before
HPLC injection.

2.4. Chromatographic separation

HPLC analysis was performed with an Agilent moduld00/1200 liquid
chromatograph system (Agilent Technologies, Pato,ATA, USA) equipped with a
G1379A degasser, a G1311A HPLC quaternary pumd,32@A Automatic Liquid
Sampler (ALS) and a G1315D diode array detector@RAA Scharlau Nucleosil
120-C18 (5um packing, 250 mm x 4 mm i.d.) column protectechvetprecolumn
of the same material (Scharlab, Barcelona, Spaas) wgsed. The temperature of the
column was set at 45°C with a Waters column hectedule and a temperature
control module (Milford, MA, USA). A 1% (v/v) acetiacid aqueous solution and
ethanol mixture mobile phase at a flow rate of mhlmin was used for RP-HPLC.
The mobile phase gradient started at 70% of ethemblwas maintained for 17 min,
then increased to 100% in 1.5 min and maintained7f6 min. Finally, it was
decreased to 70% of ethanol in 1 min and was magd&gor 4 min in order to attain
the initial gradient conditions for the next inject. The injection volume was 30
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and the chromatogram was recorded at 305 nm faarallytes, except for BDM,
which was detected at 360 nm, its absorption maximand because the
interference by the coeluting HS isomer was avoidédhis wavelength. The
chromatograms of a standard solution are showigur& 2.

2.5. Software for statistical analysis

Experimental designs and statistical analysis wegexformed using
Statgraphics Centurion XV (Statpoint, Herndon, M#SA), and Microsoft Excel
was used for drawing response surfaces and plots.

3. RESULTS AND DISCUSSION
3.1. Chromatographic separation of UV filters
3.1.1 Preliminary experiments

In order to quantify the ten UV filters, any wavedgh between 305 and 315
nm provided good sensitivity for all analytes, ep¢tder BDM. Therefore, BDM was
measured at 360 nm the wavelength correspondintg toaximum of absorbance,
while the rest of analytes were determined at 305 The chromatographic method
used to separate the ten UV filters of this stu@s & modification of that reported
by Salvador and Chisvert [7].

Preliminary experiments on the chromatographic isgjpm of the ten UV
filters carried out by injecting the individual stard solutions showed that HS was
a mixture of two isomers. This has been alreadypnted [7]. In this work, the
quantification of HS was carried out using the peaga of the most abundant
isomer which represented 83.22% (RSD = 0.03%) aaltbiS. It is worth
mentioning that although retention time of the mityoisomer was very close to
that of BDM, it did not pose a problem because Iiiger was detected at a
wavelength at which HS does not absorb at all. hideo to select the
chromatographic condition, different mobile phasempositions were tested.
Methanol and ethanol as organic modifiers at diffiémpercentages, acetic acid and
AcOH/AcO buffer aqueous solutions, temperatures betweeam@d5°C, and flow-
rate values from 0.7 to 1.1 ml/min. However, no lioyement of the BDM
separation was achieved and this compound showegh#icant peak tailing which
spoils its determination.

3.1.2 Features of HPLC-UV method

The HPLC-UV method was characterized in terms oédrity, limit of
detection (LOD) and quantification (LOQ), and rejpddity (RSD, %). Results are
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shown in Table 2. The features of the HPLC-UV mdtheere established using

standard solutions of the UV filters in ethanol.

mAU 3

35 4
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25 1

20

15 4

10

2 305 nm

30 -

25

20 4

15 4

10

Figure 2. Chromatograms corresponding to the separatiorheftén UV filters in
ethanol recorded at 305 and 360nm. 1) BZ3, 2) MBCOCR, 4) EDP, 5) EMC, 6)
BDM, 7) ES, 8) HS majority isomer, 8) HS minoriigomer, 9) MBP, 10) EMT.

5 10 15 20 25

Chromatographic conditions are reported in the exptal Section 2.

The linear range of all compounds was studied batwéhe limit of
guantification, estimated as ten times the standardation of a blank divided by
the slope, and an upper limit of 80 pg/ml. The fiofl detection was estimated as
three times the standard deviation of a blank @iilly the slope.

min
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Table 2. Features of the HPLC-UV method

Retention time

Compound

Slope (ml/pg) + SD  Intercept + SD RSD (%)°

Determination of UV filtersin packaging by FUSLE and HPLC

BZ3

MBC

OCR

EDP

EMC

BDM

ES

HS

HS

EMT

(min)
5.188+0.022
8.27+0.04
10.40+0.06
12.40+0.07
13.51+0.08
14.63+0.13
16.72+0.10
18.74+0.11
18.74+0.11

27.51+0.06

77.1+0.3

173.3+0.6

52.74+0.19

154.2+0.5

148.0+£0.5

106.6+1.2

26.81+0.11

23.71+0.08

23.71+0.08

129.2+0.4

1049

22+18

9+6

24+15

14+14

-116+43

614

3+3

3+3

10+10

0.99990

0.99990

0.99990

0.99990

0.99992

0.9993

0.99990

0.99992

0.99992

0.99993

10

278

36

21

21

68

11

19

33

926

119

69

69

0.28

0.17

0.17

0.24

0.25

1.95

0.60

0.34

0.34

0.24

a Estimated as three times the standard deviatianbdédnk divided by the slope.
b Estimated as ten times the standard deviationbtdirak divided by the slope.
¢ Relative standard deviation (n=10) at 4 pg/ml.
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As can be seen, BDM offered worse features thametsieof UV filters, even
the wavelength selected for its detection (360 waryesponds to its absorption
maximum, and this could be because BDM showedrafsignt peak tailing which
reduces sensibility and precision. Therefore, Hift.C-UV method is not suitable
for quantifying BDM. The other UV filters showed @b features. The correlation
coefficients R were higher than 0.99990. LOD and LOQ ranged f2oim 36 ng/ml
and from 6 to 119 ng/ml, respectively. The relastendard deviation (obtained at 4
pg/ml concentration level) was less than 0.60%efioee the results showed to be
precise, even for BDM (1.95%).

3.2. Study of FUSLE variables

The main objective of this study was to selectlibst FUSLE conditions to
extract UV filters from multilayer packaging.

3.2.1 Preliminary considerations

Variables affecting the FUSLE process include:asibmic irradiation power,
extraction time, solvent volume, composition of #hdraction solvent, number of
cycles of extraction, sample mass, particle sixgaetion temperature, pulse time
and vessel shape.

The analyte amount extracted depends on the distibconstant, given by
the analyte solubility in the solvent and sampldrixanalyte interaction, as well as
the solvent-sample phase ratio. Therefore, sohamd sample volumes are
correlated variables, and so they were studiednas loy testing different volumes
while the sample amount was maintained constamtatue of 42 mg.

The influence of particle size on extraction of ttayer packaging was
already studied elsewhere [30]. According to thsults of this previous work,
scissor cutting was selected to reduce partick Jikus, 6 crhof sample (to get 42
mg of sample mass) were cut in small pieces ofrat@mn3 before FUSLE.

In order to select the extraction temperaturehdusd be taken into account
that higher temperatures increase analyte solbilitthe solvents and favor the
disruption of analyte-matrix interactions, but alsoreased temperatures negatively
affect the cavitation phenomena. As temperature®ase, the cavities immediately
fill with liquid vapor which cushions the implosiaction which extracts. [49]. The
optimal temperature of the extraction solvent wasestigated elsewhere by Sanz-
Landaluze et al. [47], who found that the compramietween temperature and
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cavitation was achieved at 0°C so it was decidddeép the solvent temperature at
0°C during all the extraction, immersing vessels an ice bath.

In the case of the pulse time, it is worth mentignthat Henglein [50, 51]
proposed that during cavitation there are two ckifé time periods: “Activation
time” which is the time required to produce chertjcactive bubbles with a
sufficient size to allow the implosion to be effget and “Deactivation time”
which is the interval between pulses; and thegedempromise between the two. If
the pulse time is too short, cavitation bubbled mot have enough time to grow to
the suitable size to collapse; and if the pulseriral is too long, growth and collapse
of bubbles disappear slowly and the following pulsk have to reactivate a new
extraction system. This compromise was studiedibg Bun et al. [52], who found
that irradiation for 50% of the time offered thesbeesults. Thus, in this work, it was
decided to set the pulse time at a 50% pulsed cycle

The vessel shape is quite important because “deaesZ where there is no
cavitation, and therefore no implosion of the belsband no extraction, should be
avoided during the extraction. The extraction viesBeuld be as narrow as possible
to avoid this problem [48]. It is worth mentionitigat the titanium microtip of the
probe must be immersed into the vessel 1-2 cm frarupper surface of the slurry
according to manufacturer's recommendations, andtébmm above the bottom of
the vessel to minimize “dead zones”. For this reasb was decided to use a
different vessel to be able to cover the whole n@uange to optimize (2-10 ml)
using at all times the narrower vessel. Then a vyasbel (9 mm i.d.) was used for
solvent volumes between 2 and 4 ml, while 10 mlr#8 i.d.) and 20 ml (23 mm
i.d.) vessels were employed for ranges 4-7 and i1 @espectively.

The rest of FUSLE variables, including the ultrasdrradiation power, the
extraction time, the solvent volume, the compositid the extraction solvent and
the number of extraction cycles were the chosearpaters to study.

In addition, the UV filter stability under strongUSLE conditions was
studied. Six ml of a UV filter solution containird pg/ml of each in THF was
subjected to FUSLE under extreme conditions (at @0¥asound power and 50%
pulsed cycle for 300 s) in triplicate. The soluSomere evaporated to ~0.5 ml under
a nitrogen stream, reconstituted in 5 ml of ethaaod filtered before HPLC
injection. Differences between analyte signal folusons subjected to FUSLE and
the control (untreated solution) were less tha®al.Sherefore, it can be concluded
that UV filters are stable during FUSLE.
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3.2.2. Solvent sdlection

First, in order to find the best extraction corati, the influence of extraction
solvent was studied. Usual solvents reported ardture for dissolving UV filters
were tested for FUSLE: ethanol, acetone and tedratfiyran (THF). Six crhof
spiked PE film were extracted with 10 ml of eachamic solvent for 300 s, at 50%
of ultrasound power and at 50% pulsed cycle. Expents were performed in
triplicate. After FUSLE, extracts were evaporateddryness under nitrogen and
transferred with ethanol to a 5 ml volumetric flasid filtered through a 0.45 nylon
filter before HPLC injection.

Results, presented in the supplementary matehalyed that THF extracted
the highest amounts of UV filters in all cases|diakd by acetone. BZ3 was also
well extracted with acetone, while this solventragted the same OCR, MBP and
EMT amounts as ethanol. Therefore, THF was seldotefdirther extractions.

It is also worth mentioning that the injection detUV filters dissolved in

THF decreased the efficiency and resolution of ¢heomatographic separation.
Therefore, a change of solvents was mandatory atvdots were evaporated and
reconstituted in ethanol before HPLC injection. Tl THF percentage in the
extract was studied; the evaporation process wagdaut to dryness, up to 0.5 ml
and up to 1.0 ml. No significant differences websarved between evaporation to
dryness and up to 0.5 ml in the resolution peakwerdfore, the extracts were
reconstituted containing 10% of THF in ethanol, &mel evaporation time was 50%
shorter and peaks showed the same resolution E®tlehanolic extracts.

3.2.3. Central composite design

Once THF was selected as extraction solvent, a ositgp central design
(CCD) was carried out to study the influence of thiasonic irradiation power,
extraction time and solvent volume.

The central composite design consisted of a 23Mfattdesign with six star
points located ata-from the center of the experimental domain. Thialadistance
a for this design was 1.68 in order to establishrttatability condition. The design
was also completed with nine replicates of theredmpiint to obtain an orthogonal
design. Therefore, the complete design consisted?®frandomly performed
experiments.

All the experiments were carried out using & afspiked films PE (prepared
as described under experimental section). The guiyele was set at 50%, the
titanium microtip was immersed about 5 mm abovehibigom of the vessel and the
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vessels were immersed into an ice bath. Ultrasioradiation power values ranged
from 20 to 90%, including the following levels: 284, 55 (central value), 76 and
90% of ultrasound power. Extraction time was stddietween 30 and 300 s and the
levels were 30, 85, 165 (central value), 245 an@ 80 THF volume used in
extractions was between 2 and 10 ml with level2,d3.62, 6 (central value), 8.38
and 10 ml.

The ANOVA test of the results (data not presensdmwed that only seven of
the coefficients were significant (p-value <0.0Blp first order coefficients were
statistically significant and only second order flioents were statistically
significant. Pareto-charts of the standardizedcesféor the six UV filters affected
significantly by some of FUSLE variables are indddin the supplementary
material. However, in order to determine the optiraues for the variables, the
coefficients which became significant by elimingtithe non-significant ones,
because they were close to 0.05 (p value <0.08g biso been taken into account.
Then, the effects considered were eleven: the tilnasound power interaction for
MBC, the quadratic effects of ultrasound power goldme for OCR, BDM, ES and
HS, the effect of volume for ES, and the effectiifasound power for MBP.

Response plot/surfaces for these compounds (intludesupplementary
material) showed that the highest responses fort mbshe compounds (OCR,
BDM, ES and HS) were attained at 55% of ultrasquwer and at about 6 ml of
THF. However, in the case of MBC and MBP, the maximof the response surface
was located at 90% and 20% of ultrasound powereaiely. Therefore, an
ultrasound power value of 55% was selected as apmamse. Finally, the
extraction time effect was only significant in thlBC which attained its maximum
at 30 s. According to these results, the optimalda@mns selected for the FUSLE
step were as follows: 30 s of extraction at 55%ultfasound power with 6 ml of
THF.

3.2.4. Study of number of extraction cycles

Once the best FUSLE conditions were establishedntimber of extraction
cycles required for complete extraction was deteechi The effect of a different
number of FUSLE steps, from one to four, was stidixtractions were performed
in triplicate using the treated film (prepared assatibed under experimental
section). No significant differences were obserusithg more than one cycle for all
analytes. MBP seemed to be better extracted ukieg ttycles but results obtained
for three cycles were statistically equal to thémeone or two cycles (F-value of
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3.366 lower than the critical value 5.143). Therefat can be concluded that one
extraction cycle was enough to extract all the UWers from PE. Further
experiments were performed using one extractiotecyc

2.1
3.3. Features of the FUSLE-HPLC-UV method -

The whole analytical method including FUSLE and i@Pdetermination was
characterized for the ten UV filters, in terms ahit of detection (LOD) and
guantification (LOQ), repeatability (intra-day RSDPp), intermediate precision
(inter-day RSD, %) and recovery. Results are ligtétable 3.

Table 3. Features of the FUSLE-HPLC-UV method

LOD = LoQ? Repeatability © |nterm§dia§e Recovery +
Compound (ng UV filter (ng UV filter (RSD, %) pieeBiel SD (%) ©
/mg PE) /mg PE) (RSD, %)
BZ3 4.9 16.3 3.3 3.9 113+12
MBC 0.8 2.7 1.8 3.3 199 +42
OCR 1.4 4.6 4.4 54 179+ 14
EDP 0.6 2.2 15 4.8 99+3
EMC 2.3 7.8 1.7 1.5 -
BDM 66.1 220.4 2.5 2.2 74+ 5
ES 8.5 28.2 2.3 3.9 100+ 4
HS 4.9 16.4 2.2 3.2 1003
MBP 2.2 7.3 34.8 47.7 132+4
EMT 0.4 14 4.7 134 58+2

aEstimated as three times the standard deviatianbtdink divided by the slope.
b Estimated as ten times the standard deviatiorbtdrak divided by the slope.

¢ Intra-day relative standard deviation (n = 3regils x 3days).

d Inter-day relative standard deviation (n = 3regiks x 3days).

¢ Recovery values have been calculated using thégetitained by THF extraction under reflux for
150 min.

The limits of detection and limits of quantificatiovere estimated as three
and ten times the standard deviation of a blankUW&LE extract of a PE film free
from UV filters) divided by the slope, respectivend expressed as nanograms of
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analyte per milligram of film. The limits of detémh and quantification were below
10 and 30 ng/mg of PE film, respectively, for dilthe analytes except for BDM.

The BDM detection was less sensitive than thathef other analytes even the
wavelength selected for its detection (360 nm)egponds to a maximum of its UV
spectrum, but it shows a notable peak broadeningass explained above.

The repeatability and intermediate precision ofrtfethod were calculated by
processing 9 replicates of spiked films PE (thragsdx three replicates per day).
ANOVA was used to obtain repeatability and interragglprecision. As can be seen
in Table 3, repeatability and intermediate precisigere satisfactory for all analytes
(RSDs less than 5 and 14%, respectively), but f@PMThe RSD values for this
compound were too high. Since the HPLC repeatgbilitas good for this
compound, there must be a problem during the exdraof MBP. Therefore, the
proposed method cannot be used for quantifying MBI this problem was
solved.

In order to check the accuracy of the method, atéce PE sample was
extracted by using the FUSLE method and with 2@fHF for 2.5 h under reflux.
Recovery values, calculated using the concentstifonind by extraction under
reflux as reference values, were close or highan #00% for most analytes except
for EMT (58%) and BDM (74%). EMC recovery could ria# calculated because it
was poorly extracted in THF under reflux.

3.4. Analysis of samples

The method was applied to determine the UV filmpson in different PE
contact layer packaging. Packaging samples contnibiV-filters were obtained
from sachets of multilayer packaging filled withetlsame amount of a cream,
containing the ten UV-filters, and stored for 23sldJV-filter concentration in the
cosmetic preparation was the same for the five &snpSachets were made of
different multilayer complexes, all of them withpalyethylene contact layer, but
different number of layers and including both esion-coated and adhesive-joint
packaging. In the case of adhesive-joint complekiésrent adhesives were used.

Although external layer was printed, the whole itayer packaging sample
can be processed without layer separation, because-extracted compounds were
found in the chromatograms. A typical chromatoglianshowed in Figure 3. The
concentrations found, expresseduwgof compound per milligram of packaging, are
given in Table 4.
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Figure 3. Chromatogram of a multilayer packaging extracttaming UV-filters
(sample 5 in Table 4). 1) BZ3, 2) MBC, 3) OCR, 9 5) EMC, 6) BDM, 7) ES, 8)
HS majority isomer, 8) HS minority isomer, 9) MBR0Q) EMT. Chromatographic
conditions are reported in the experimental Se@ion

4. CONCLUSIONS

A fast and simple FUSLE method has been developetbtermine the sorption in
polyethylene-based multilayer packaging of seven tlé main compounds
authorized and used as UV filters in Europe nowadayoffer a sun protection
factor (SPF).
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Table 4. Concentration of each UV filter found in PE-basaudltilayer packaging
(ug UV filter/mg packaging)

Samples

BZ3 2.74+0.04 3.12+0.13 1.87+0.03 3.39+0.03  2.57+0.07
MBC 2.24+0.03 2.18+0.05 1.88+0.06 2.59+0.05  2.1P30.
OCR 1.05+0.01 1.13+0.03 0.72+0.03 1.74+0.07  0.9850.
EDP 1.65+0.02 1.62+0.03 1.41+0.04 2.07+0.06  1.5%40.
EMC 1.52+0.03 1.51+0.02 1.26+0.04 2.00+0.06  1.4030.
BDM 1.501+0.006  1.55+0.05 1.05+0.04 2.05+0.04 165

ES 3.47+0.03 3.05+0.08 3.01+0.11 3.63+0.01  3.2640.0
HS 3.23+0.05 2.88+0.07 2.75+0.11 3.46x0.02  3.0540.0
MBP 0.099+0.004  0.17+0.02 0.08+0.01 0.13+0.04 O@3&
EMT 0.43+0.07 0.36+0.05 0.258+0.004  0.63+0.02 004

aConcentration + SD; n = 3. Samples 1 and 5: PEEAI/Bxtrusion-coated complex, and 2-4:
PE/PET/AI/PET adhesive-joint complex.

FUSLE was carried out with just 6 ml of tetrahydnain in only one cycle of
30 s. The proposed method allows the sensitivectieteof most of the UV-filters
in polyethylene, with limits of detection betweert @nd 8.5 ng mg/l (except for
BDM). Intra and inter-day relative standard dewatvalues were below 5 and 14%,
respectively, except for MBP. In addition, the pyspd method was more efficient
than tetrahydrofuran extraction under reflux fds B.for all the analytes except for
EMT and BDM. In addition, the whole packaging can frocessed without layer
separation, which simplifies the analysis. TherefBUSLE has shown to be faster
and easier to implement than other extraction tigetes such as microwave-assisted
extraction (MAE) or pressurized liquid extractidPLE). As well FUSLE is a low-
cost technique versus other extraction techniques.
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ABSTRACT: A simple and sensitive analytical method for theedeination of several
plastic additives in multilayer packaging based smtid-liquid extraction (SLE) and
ultra-high performance liquid chromatography (UHRIcBupled to variable wavelength
(VWD) and time of flight mass spectrometry (TOF-M&tectors is presented. The
proposed method allows the simultaneous deterroimati fourteen additives belonging
to different families such as antioxidants, slig@tg and light stabilizers, as well as two
oxidation products in only 9 min. The developed et was validated in terms of
linearity, matrix effect error, detection and qufication limits, repeatability and
intermediate precision. The instrumental methodnghib satisfactory repeatability and
intermediate precision at concentrations closddd® with RSDs less than 7 and 20%,
respectively, and LODs until 5000 times more serssithan other GC-FID and HPLC-
VWD methods previously reported. Also, focused agdtrund solid-liquid extraction
(FUSLE) was optimized and evaluated to extract tijglaadditives from packaging.
Extraction results obtained by FUSLE and SLE wesmgared to those obtained by
pressurized liquid extraction (PLE). All extractiorethods showed excellent extraction
efficiency for slip agents, however quantitativeaeery of all analytes was achieved
only by SLE with just 5 ml of hexane for 10 houFsnally, the selected method was
applied to the analysis of packaging samples wkeneamide, Irgafos 168, oxidized
Irgafos 168, Irganox 1076 and Irganox 1010 wereatetl and quantified.

Keywords: Plastic additives; Focused Ultrasound Solid-Ligtgtraction; Time of
Flight Mass Spectrometry; slip agents; antioxidants

1. INTRODUCTION

Additives are incorporated into plastic polymers donder to modify or
enhance their properties as well as to increase shelf life. The addition of those
compounds to plastic products can provide themrcalensity, opacity, stiffness,
flexibility, resistance to heat, light or air, flanmetardant, and improve processing
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properties during pellet creation and final prodtattrication. Depending on the
additive function they can be stabilizer, modifterfiller. Modifiers additives, such
as slip or anti-blocking agents, improve and aherpolymeric properties. However,
stabilizer additives such as light stabilizers atiaidants, preserve the original
features of the polymer manufactured [1].

For quality and regulatory reasons, it is very im@ot to determine the level
of these additives in polymers by both manufactund regulators in order to
ensure that plastic packaging is adjusted to itpqme safely.

The determination of polyolefin stabilizers anditlikegradation products was
reviewed by Reingruber and Buchberger in 2010T8E extraction from polymers
has been traditionally performed by Soxhlet exioacor by boiling under reflux
[3]. Since the nineties these extractions have bbsen carried out by ultrasonic
assisted extraction (UAE), supercritical fluid extion (SFE), microwave assisted
extraction (MAE) or pressurized liquid extractidALE) [3-9]. To our knowledge,
this is the first time that FUSLE has been testeextract additives from packaging.
Those techniques used heretofore are more timetotng, more complicated
and/or more expensive than FUSLE. In addition, #imple and fast extraction
method is proposed in this work due to the exceliesults obtained in previous
works determining UV filters as well as perfluotied and bisphenol type endocrine
disrupting compounds in multilayer flexible packagibased on plastics or paper
[10-12].

Regarding by-product of plastic additives, preliary studies and literature
showed that Irgafos 126 and 168, phosphite-typexdant additives, are prone to
oxidize in solution over time as a function of @it and temperature [13-15]. All
extraction techniques applied heretofore, exceptEUJAise high extraction
temperatures that caused partial or total oxidatibnthese additives, making
impossible the determination of the oxidized Irgafo-Irgafos ratio in the sample.
However, a traditional or ultrasonic solid-liquidteaction can permit to assess the
amount of the Irgafos oxidized in the sample oiraet

Stabilizer additives are generally separated chtognaphically by LC [3, 4,
6-8] because the high molecular weight and lowtililaof the majority of this sort
of additives makes gas chromatography generallyitaide. Although, oleamide
and erucamide can be separated chromatographicgllgoth GC and LC, slip
agents have been separated preferably by gas dognahy, mainly because GC
offers better facilities for detection [5, 9, 1®Joreover, the majority of additives
have been detected normally by ultraviolet visigpectroscopy (UV) because light
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stabilizers and antioxidants present normally atengroups. However, traditional

slips agents are based on unsaturated fatty adidleanfor instance, oleamide and
erucamide; and they have no aromatic groups, Sodaenot be detected by UV.

More recently, liquid chromatography coupled to snapectrometry has also been
reported for additive determination in polymers 1Z;19] and in migration studies

[20, 21]. Among MS and tandem MS instruments, nyaquadrupole [18-22] and

ion-trap [17, 23] analyzers have been used. Tiraligift instruments have also

been proposed but for the direct solid analysjsabfmers [24-28].

Himmelsbach et al [23] have compared different ®wources, such as
atmospheric pressure photoionization (APPI), atmesp pressure chemical
ionization (APCI) and electrospray ionization (ESBr the ionization of polymer

additives in liquid chromatography coupled to ioapt mass spectrometry. They
concluded that the advantages of the APPI soureeav ESI source are huge when
analytes are less polar compounds like polymertiaddi and that APPI source

provided a better performance than APCI in termsigal-to-noise ratio, and thus

lower detection limits.

The direct analysis of solid polymer samples far thpid identification of
additives has been carried out using differentrimsents: ASAP (atmospheric solid
analysis probe)-QTOFMS [24] and DESI (desorpticecebspray ionization) [25],
DART (direct analysis in real time) [26, 27], andAMDI-TOFMS [28]. In the
former instrument, the tip of the ASAP was dippeid ithe sample and subsequently
the analytes were thermally volatilized from thgewiith a curtain of desolvation gas
flow at high temperature. The volatilized substaneeere ionized by corona
discharge and finally analyzed by QTOFMS [24]. DESdurce used for
identification and semi-quantitative determinatioh polymer additives was a
combination of an in-house modified standard ESirg® and an also modified
nano-spray interface [25]. MALDI-TOFMS has also meproposed for the
qualitative determination of light stabilizers arahtioxidants directly from
polypropylene, without any pretreatment. In thiseethe polymer powder was only
mixed with dihydroxybenzoic acid as matrix [28].

The aim of this study was to develop a simple netho determine
simultaneously both slip agents and stabilizer taddi. To our knowledge, the
simultaneous quantitative determination of stabiliand modifier additives have
been reported in only one work [20] where the ntigraof additives from polymer
granules into solution was studied using a tripladgupole mass detector (QQQ).
However, this is the first time that a high-resinttime-of-flight (TOF) mass
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spectrometry, that offers a mass accuracy andutgsolhigher than 5 ppm and
17500, respectively, has been employed to the tmebdus quantitative
determination of these two types of additives. Mogez, this technique is much
more sensitive than the GC-FID and the HPLC-VWDhuds previously reported
[4,5, 9].

In this work, a straightforward method based on Sirtel UHPLC-VWD-
(TOF) MS has been developed for the quantificatibh4 commonly used additives
and 2 by-products (see the chemical structureshén Supplementary Material,
Figure S1) in multilayer packaging. In addition, BLFUSLE and SLE extraction
efficiencies have been contrasted and the whol@adetas also been applied to the
analysis of real samples.

2. EXPERIMENTAL

2.1. Standards and materials

3-tert-butyl-4-hydroxyanisole (butylated hydroxyswile, BHA,> 98.0%) and
2,6-di-tert-butyl-4-methyl phenol (butylated hydyoaluene, BHT,> 99.0%) were
purchased from Sigma-Aldrich (Madrid, Spain). Xylgibutylbenzofuranone
(reaction product between 5,7-di-tert-butylfurani®e and o-xylene, commercial
name HP 136, HP136); 2’,3-bis (3-(3,5-di-tert-bityhydroxyphenyl) propionyl)
propionohydrazide (commercial name Irganox MD 1024024); pentaerythritol
tetrakis (3-(3’,5'-di-tertbutyl-4’-hydroxyphenyl) rppionate (commercial name
Irganox 1010, Ix1010); octadecyl-3-(3,5-di-tertyded-hydroxyphenyl) propionate
(commercial name Irganox 1076, 1x1076); 3,3',355% "-hexa-tert-butyle,o’, o”-
(mesitylene-2,4,6-triyl) tri-p-cresol (commerciame Irganox 1330, 1x1330); 1,3,5-
tris (3,5-di-tert-butyl-4-hydroxybenzyl) 1,3,5-tame-2,4,6 (1H, 3H, 5H) trione
(commercial name Irganox 3114, Ix3114); bis (24edi-butylphenyl)
pentaerythriol diphosphite (commercial name Irgal@§, 1s126); tris (2,4-di-tert-
butylphenyl) phosphite) (commercial name Irgafos 8,161s168); 2-(2H-
benzotriazole-2-yl) 4,6-di-tert-pentylphenol (conmeal name Tinuvin 328, T328)
and bis (2,2,6,6-tetramethyl-4-piperidyl) sebada@mmercial name Tinuvin 770,
T770) were provided by Ciba-Geigy Corporation (n@®ASF Corporation),
Additives Division (Barcelona, Spain). Cis-9, 1QGamecenoamide >( 99%,
oleamide, Ole) and cis-13-docosenoamidle97%, erucamide, Eru) were supplied
by Sigma-Aldrich (Madrid, Spain). Tetradecanamid®8%, TDA) used as internal
standard for all target analytes was purchased frdifa Aesar (Karlsruhe,
Germany).
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According to'H-NMR (Proton Nuclear Magnetic Resonance) (seereig@2
in the Supplementary Material), the purity of ald#ives was> 95%, but for Is126
that showed a little impurity (enlarged image). Daethis, **P-NMR (Phosphorus
NMR) for 1s126 was performed (see Figure S2). T&é&26 *P-NMR spectrum
showed two signals and the little one was aroundo3%he high one. The signal
close to 100 ppm matched with a phosphite grouplevthe little signal (enlarged
image) close to 0 ppm matched with a phosphatepgrboerefore, it was assumed
that the impurity was the oxidized or double oxétlds126 at a level of about 3-6%.
As mentioned in the introduction, this is consistesth the degradation of 1s126
give rise to their by-products: the oxidized andlole oxidized Is126 (Ix1260x and
Is1260x2, respectively).

Sodium formate 99.998%, ammonium formate 99.0%, ammonium
persulfate> 98.0% and washed sea sand were purchased from&cfBarcelona,
Spain).

LC-MS grade acetonitrile (ACN) and formic acid, artiPLC grade 2-
propanol (2-PrOH), hexane, tetrahydrofurane (THRJ dichloromethane (DCM)
were purchased from Scharlab (Barcelona, Spaimpr@&solv® Plus grade hexane
and DCM were supplied by Sigma-Aldrich (Madrid, Bpa LC-MS grade
Methanol (MeOH) was purchased from Fisher Scien{fMadrid, Spain).

Milli-Q deionized water (Bedford, MA, USA) and LC-$1grade methanol
were used to prepare solutions.

Polyethylene film and multilayer packaging samplesre provided by
Constantia Flexibles Tobepal (Logrofio, Spain). #dimples were kept in paper
envelopes at room temperature and were cut appabelynto 5-10 mrh using
scissors before extraction.

No Is1260x2 and Is168ox standards were found. Tisé260x2 and 1s1680x
solutions for calibration were obtained from staddasolutions of 1s126 and 1s168
in MeOH by microwave assisted oxidation (MAQO) usamiylars X-press microwave
system with a solvent sensor (CEM, Vertex TechnBarcelona, Spain). The
procedure previously used by Garrido-Lopez et EH3] jwas modified in order to
avoid degradation of I1s1260x2 and to replace sodpersulfate by ammonium
persulfate because sodium salts are not recommeandels determinations. The
main MAO parameters were optimized using a cergoshposite design (CCD).
Is1260x was an intermediate product observed dutiegoxidation of Is126 that
could not be isolated for its use as a standaiddxdlations were performed at 1200
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W and the temperature was increased up to thetedlealue in 3 min. The selected
experimental conditions were: 8 ml of a 10 pg/mdidde standard solution

containing 1 mM and 0.5 mM ammonium persulfate amtdfor Is126ox2 and

Is1680x, respectively, microwaved at 50°C for 10 @d at 150°C min for 30 min
for Is1260x2 and 1s1680x, respectively.

Calibration curves for the two oxidized additivesres carried out separately
in order to avoid that the non-consumed oxidaness@ould oxidize the 1s126 and
Is168 contained in the calibration solutions.

2.2. SLE procedure

The solid-liquid extraction was carried out asdals: 0.20 g of sample were
placed into a 20 ml glass vial and 0.2 ml of 25migIrDA as internal standard in
MeOH and 4.8 ml of hexane were added. The sampke iwecontact with the
extracting solvent at room temperature for at ledsthours followed by vortex
mixing for 15 seconds at 3000 rpm with a vortex enixype 37600 (Barnstead
Thermolyne, Dubuque, 1A, USA). The extract was ¢farred to a 50 ml vessel
using a Pasteur pipette. The glassware used anektrected sample were washed
twice with 1 ml of hexane and the two aliquots watgo transferred. The final
extract was evaporated to around 0.1 ml underragah stream in a 25°C water
bath using a Calliper Turbo Vap Il concentrator ri@gyk, Hopkinton. MA, USA).
After that, extracts were reconstituted with 10 ol LC-MS grade MeOH and
filtered through a 0.22m nylon filter (Scharlau, Barcelona, Spain) befotéPLC
injection.

2.3. FUSLE procedure

A SONOPLUS 2070 focused ultrasound system withvagpaf 70 W and a
20 kHz frequency equipped with a 3 mm titanium wiigr and a sound proof box
(Bandelin Sonoplus, GmbH & Co. KG, Berlin, Germangs used.

In order to optimized the main FUSLE parameters, dlirasonic irradiation
power, the extraction time, the extraction solv@vieOH, 2-PrOH, ACN, hexane,
DCM or polar/nonpolar solvent mixtures) and the bemof extraction cycles were
tested.

Finally, the optimal extraction conditions werefaows: 0.20 g of sample
were placed into a 10 ml glass vial and 0.2 ml Bfi@y/ml internal standards in
MeOH and 3.8 ml of hexane were added. Then, thbepmeas immersed in the
mixture. The extractions were performed in an ietaewr bath and the sample was
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exposed to a 50% ultrasonic irradiation power &%50f pulsed cycle for 90

seconds. Liquid phase was removed using a Pasigettepand the extraction was
repeated with an additional 4 ml of extraction solv Liquid phase was removed
again and then, the glassware used and the extrsateple were washed with 1 ml
of extraction solvent. The microtip was rinsed wit®.3 ml of extraction solvent

between samples. Blank analysis between samplegeshthe absence of carry-over
contamination for the FUSLE method.

The three liquid portions were joined and evaparabearound 0.1 ml under a
nitrogen stream in a 30°C water bath using a Gallipurbo Vap Il concentrator
(Zymark, Hopkinton. MA, USA). After that, the exttawas reconstituted with 10
ml of LC-MS grade MeOH.

Finally, all extracts were filtered through a 0.2& nylon filter (Scharlau,
Barcelona, Spain) before UHPLC injection.

2.4. Pressurized fluid extraction (PLE) procedure

In order to compare the results of the two extosciprocedures (SLE and
FUSLE), samples were also extracted using presgutiquid extraction. The PLE
conditions were described elsewhere [4, 5].

PLE was carried out using an ASE200 acceleratedesblextractor from
Dionex (Sunnyvale, CA, USA), furnished with 11-ndigless-steel extraction cells.
Two cellulose filters were placed at the bottonhef cell, followed by about 1 g of
sand. Then a mixture of 0.20 g of sample and saasladded. Finally the cell was
completely filled with sand, and a cellulose filteas placed on the top.

The extractions were carried out twice with 2-Prd¥ane (92.5:7.5, v/v) as
solvent extraction at 105°C and 1500 psi for 15ute@s. The percentage of cell
filled with fresh solvent after extraction (flustolume) was 100% and the purge
time was set at 120 s. A volume 0.2 ml of 25 pgmternal standards in MeOH
were added to the PLE extracts (around 20 ml) befbey were evaporated to
around 0.5 ml under a nitrogen stream in a 30°@miaath using a Turbo Vap Il
concentrator (Zymark, Hopkinton. MA, USA). The dasés were reconstituted with
10 ml of LC-MS grade methanol and filtered throwgh.22 pm nylon filter before
UHPLC injection.

Clean-up of the PLE apparatus was performed autoatigt The PLE system
was rinsed with 8 ml of extraction solvent when stert button was pressed and it
was rinsed with 1 ml of extraction solvent afteclessample extraction. Blank
analysis between samples showed no carry-over mam#on.
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2.5. UHPLC-VWD-(TOF) MS analysis

A Waters Acquity UHPLC chromatograph (Milford, MAJSA) equipped
with a 100 mm x 2.1 mm i.d., 148m particle size Waters Cortecs UHPLC C18
column and a Waters VanGuard pre-column of the samaterial, coupled to a
variable wavelength detector followed by a Micre@{Q-TOF) mass spectrometer
from Bruker Daltonik (GMBH, Germany) with an elex$pray interface, was
employed for the separation and quantification laktic additives. The ultraviolet
and mass spectrometry data were acquired withdfteare Data Analysis Version
4.0 from Bruker Daltonik (GMBH, Germany).

The chromatographic separation conditions selechste as follows.
Mixtures of a 1ImM ammonium formate and 0.5% formoed solution in methanol
(solvent A) and a 1mM ammonium formate and 0.5%nforacid aqueous solution
(solvent B) were used as mobile phase. The chra@rebic separation took place
in less than 10 min. The mobile phase compositias vwaried according to a linear
gradient that was increased from 65% to 72.5% A.BO min, then to 80% A in
0.10 min; later it was increased to 90% A in 1.1id,nthen to 95% A in 0.50 min
and further increased to 100% A in 4.00 min. Finathe mobile phase was
maintained at 100% A for 2.00 min and it was reggrto the initial conditions. The
flow rate was set at 0.40 ml/min and the injecttolume was ul. The sample tray
was held at 10 °C and the column was maintain&@ &C.

UV chromatograms were acquired at 279 nm. Electegsjpnization was
carried out in positive mode using a capillary agk of +4.5 kV. A coaxial Ngas
flow of 9.0 I/min at 180 °C and 4.0 bar around B emitter was used as nebulizer
and drying gas to assist ion generation. The masstr®meter system was
calibrated across the mass range of 50-1200 nvig uisiernal references (sodium
formate clusters ions) leading to mass accuraciegpm. The concentration of the
calibrant had to be increased five times in ordeddtect clearly the clusters due to
the presence of ammonium formate in the mobile gdhéisat also formed clusters.
At beginning of each chromatographic run, 10 pl safdium formate at a
concentration of 11 mM were injected, immediatebfdoe the sample injection.
Quantification was performed by scan mode with anrsation ratio of 3000.
Retention times and quantification ions or wavelkngsed for the analytes are
listed in Table 1. lon extraction was carried outhva + 10 mDa m/z precision. The
chromatograms of a standard solution of the amalgtel the internal standard (a),
and an extract of a multilayer packaging samplaiobtl by SLE with hexane (b)
are shown in Figure. 1.
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2.6. Software for statistical analysis

The Statgraphics Centurion XVI.I software (Statpolechnologies, USA)
was used to generate the matrices of experimeasadjigs and to estimate the effect
of each factor on the extraction efficiency. Thetref statistical analysis were
carried out using Microsoft excel and SPSS stasistb (IBM, USA).
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Figure 1. Chromatograms of additives obtained from (a) ahamblic standard solution

at 500 ppb (5 ppm for BHA and BHT) and (b) a maigr packaging extracted by SLE.
Peak identification: 1) T770; 2) BHA; 3) TDA; 4)1824; 5) BHT; 6) Is1260x2; 7) Ole;

8) HP136; 9) Eru; 10) Ix3114; 11) T328; 12) Ix101B) 1x1330; 14) 1s126; 15)

Is1680x; 16) Ix1076; 17) Is1680x.
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Table 1. Peak identification, retention times and quarsditiicn ions.

: I_D_eak_ Compounds Retentipn time Quantification ions
identification 2 (min) (m/z)

1 T770 0,47 481.40
2 b BHA 1.29 -

3 TDA-IS 2.87 455.46
4 1x1024 2.87 570.42
5 bBHT 3.05 -

6 Is1260x2 3.21 654.33
7 Ole 3.44 563.55
8 HP136 35 351.23
- Is1260x 4.02 621.31
9 Eru 4.18 675.68
10 Ix3114 4.3 801.55
11 T328 4.92 352.24
12 Ix1010 5.48 1194.82
13 Ix1330 5.85 792.63
14 Is126 5.96 605.32
15 Is1680x 6.21 663.45
16 Ix1076 7.13 548.50
17 [s168 8.46 647.459

aPeak number identification in the chromatogramswhim Fig. 1
bNot detected by MS. Detected by UV at 279 nm

3. RESULTS AND DISCUSSION

3.1. Study of the additive detection conditions

The ionization of additives was verified by dir@cfusion. All additives were
ionized by ESI in positive mode except for BHA @BHT. ESI in negative mode
and APCI in both positive and negative mode wese #&sted without success for
these two compounds. The addition of sodium oresilens was as well tested in
order to favor the ionization process; howeverthegi BHA nor BHT could be
detected by MS. Hence, UV detection was used &sdliwo compounds.

BHT and BHA showed its absorption maximum at a Wevgth of 279 and
291 nm, respectively. A single wavelength of 279was selected as a compromise
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to quantify both additives because the BHT absa®aat 291 nm decreased
strongly and setting both wavelengths did not imprthe sensitivity.

The MS detector should be optimized for quantifffedent m/z ranges: low
(until ~ 500 m/z), medium (from ~ 400 to ~ 900 mdz)high (from ~ 700 m/z). Low
and medium ranges were tested due to the wideanfgerof additives. Only 1x1010
was out of these two ranges. The optimized parasma&taletect ions in the medium
m/z range showed the best results. The sensitdfityx1010 in the low range
decreased drastically. Additionally, the sensyiwif Ole and Eru in the medium
range was also good when 2M#%kbn instead of M+H ion was monitored; also,
and the blanks were considerably reduced. Only IBP1328 and T770 showed less
intensity signal when medium m/z range was selected

3.2. Chromatographic separation

Different organic solvents, buffers and formic aaitd buffer concentrations
were tested as mobile phase in order to obtairbés¢ chromatographic conditions
for additive determination.

In first experiments 0.1% formic acid was alwaysledito the mobile phases
in order to favor the ionization of the analytesaridtions of the mobile phase
composition reported by Pouech et al [20] wereetksFirstly, MeOH and ACN
were tested as organic solvents. MeOH was choseaube this solvent provided
higher analytical signals than ACN for all addisvexcept for T770 whose
analytical signals were similar in both solvents.

The addition of 1 mM of ammonium formate and soditormate to the
mobile phase solvents was also tested. It was wbddhat sodium formate gave rise
to clusters that suppressed additives ionizatiahsignal values were lower whereas
this did not happen for ammonium formate. Therefthes salt was selected for
buffer preparation.

Finally, the majority of combinations of 0 mM, 1 mi.5 mM and 10 mM
ammonium formate concentrations and, 0.1%, 0.5% & formic acid
concentrations in the mobile phases were alsodegtadiagram of the results is
shown in Table S1 in the Supplementary Material.gbneral, no significant
differences in the analytical signals were found different formic acid
concentrations in absence of ammonium formate. Mewaevhen 1 mM ammonium
formate was used in the mobile phases, all aretnalol were higher than in the
absence of buffer, and this increment was event@red acid concentrations of
0.5% and 1.0%, that showed similar results. Reggrdhe buffer, ammonium
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formate concentrations above 1 mM showed similaaven lower areas. Therefore,
1mM ammonium formate and 0.5% formic acid in MeQthqueous solutions were
selected for the mobile phase preparation.

Lastly, the mobile phase composition gradient wpsnozed in order to
resolve BHT and 1x2014 peaks and to achieve a comige between length of the
chromatogram and peak resolution for the rest afyé®s. Initially BHT and 1x2014
compounds gave rise to overlapped peaks in the péteum making impossible
their quantification with this detector. Howevehetquantification of overlapped
compounds in the mass spectrum such as TDA an@4xtf1x1330 and 1s126 (see
Figure 1.a) were performed without interferencealodse a chromatogram was
obtained for each compound at their correspondinlg matio (extracted ion
chromatogram). The final selected conditions wkasé described in Section 2.5.

3.3 Blanks

Plastic additives are present in all kind of plastiaterial. Micropipette tips
contaminated blanks with additives even after wastthem by sonication for 30
min in MeOH. Thereby, the use of any material mafiplastic must be avoided in
order to minimize the blanks and only glassware wawployed in this work.
Furthermore, signals at m/z 338.34 (Eru, M¥HEnd 663.45 (Is1680x, M+ from
the blank of an empty vial were indicative that rehe chromatographic system
was a source of contamination of these additivése ihjection of LC-MS and
HPLC grade solvents showed high blank signals farions such as 282.28 (Ole,
M+H?"), 553.46 (1x1076, M+Ng and 647.46 (1s168, M+H. Moreover, blanks can
change from one solvent bottle to another. It mightcaused by solvent filtration
through plastic filters. Therefore, every time awnigottle was open, a blank was
measured. In order to decrease blanks, the digtilaf the solvents was tested as
proposed Pouech et al [20]. Nevertheless, no $igmif differences were found
between blanks obtained from LC-MS grade MeOH arili-@ grade water before
and after distillation and therefore, this procedwas rejected.

Filters were the only material that could not benfd made of glass or metal.
Methanol, milliliter by milliliter, from 1 ml to éml was filtered through nylon (13
mm and 0.22 um) and Teflon (17 mm and 0.22 pum) mangbsyringe filters in
order to test them. The first, second, fourth amthdfiltrates were injected. The
results are shown in Figure S3 in the Supplementaterial. The Ole signal was
constant and similar using both filters. Contraoy nylon filters, Teflon filters
contaminated the solvent with Is1260x2 and Erungigit m/z 675.676, 2M+hHl
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The Is168ox contamination was higher employing Nytban Teflon membrane

filters, however they become similar after the fbuwwashes and the blank signal did
not decrease more. Therefore, nylon membrane ®yriiltgrs were selected and
they were washed at least with 4 ml of MeOH befiltering any sample.

It was also observed that the use of new vials glads Pasteur pipettes
increased the signal of m/z 338.34, which corredpoto M+H ion of Eru.
However, the M+H signals of Eru and Ole in blanks was not a probbewause
2M+H" ions were selected for Eru and Ole quantificaiioview of the fact that

those signals were not found in blanks. -
3
3.4. Extraction of additives from PE film

Initially, FUSLE was proposed to additive extraatiistom packaging due to
the excellent results obtained in previous workihhis extraction method. In order
to provide the highest extraction efficiency, tHéSEE parameters studied were the
extraction solvent, the ultrasonic irradiation pow¢he extraction time, the
percentage of swelling solvent in the extractiolvesat and finally the number of the
extraction steps.

All FUSLE experiments were performed at 0°C in@water bath at 50% of
pulsed cycle as well as all samples were cut ar@madnn? using scissor before
extraction.

3.4.1. Preliminary solvent selection

There is a wide range of solvents to extract piaatiditives. Traditionally the
usual solvents reported in literature for extragtiadditives from plastic were
nonpolar solvents such us chloroform, dichlorome¢h8DCM), tetrahydrofurane
(THF), hexane, heptane or diethyl ether [3] becdhsg can swell the polymer and
this favors the additive extraction. However, paalvents such as 2-PrOH, MeOH
and ACN were selected because this kind of sohemtsgreener” and less harmful,
and they can be injected directly in reverse-pHeged chromatography without
solvent exchange, thus reducing risks, analysie timd labor. However, the effect
of the presence of swelling solvents such us hexarke THF in the extraction
solvent was also tested.

Regarding to the compatibility of nonpolar swellisglvent with the further
reverse phase chromatographic determination, prediy tests confirmed that the
addition of up to 10% of hexane to the final santdid not affect peak shape and it
caused very slight changes in the retention times.
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Therefore, based on literature and our previousseapce, the following
solvents were tested: 2-PrOH, 2-PrOH/Hexane (983, 2-PrOH/THF (95:5, v/v),
MeOH, MeOH/Hexane (95:5, v/v) and ACN. Two blankeres carried out for each
kind of solvent and experiments were performedriplitate. For this study a
polyethylene (PE) film was used. Half a gram of genwas extracted with 4 ml of
each solvent for 60 s at 50% of ultrasound powigure 2. Shows the normalized
peak areas obtained for each solvent. Relativesareae normalized to the highest
one for each compound because 1x1010 signal instmaple was 2 orders of
magnitude lower than the other additive signals.
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Figure 2. Influence of solvent on the FUSLE of additivesnfranultilayer packaging.
Peak area normalized to the highest value of eddtivee. FUSLE conditions: 4.0 ml of
solvent, 50% of ultrasonic power irradiation, 68l 50% of pulsed cycle.

In general, MeOH/Hexane (95:5) extracted the higla@sount of additives
and ACN the lowest one in all cases, as may be sedfigure 2. Therefore,
MeOH/Hexane (95:5) was selected for further eximast Figure 2 also shows that
the presence of the swelling solvent was very itgmirto extract all additives
except for Eru. For this compound, differences leetwextraction efficiencies were
less marked. This can be explained because Eruslgp agent and this kind of
compounds bloom to the surface once the film ha# lpeoduced to reduce friction
coefficients in post-processing. Additionally, sipents are also less branched than
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the other additives and thus the diffusion is lesglered. That makes slip agents
easier to extract. However for the rest of addgjvkeigher concentrations were
obtained employing a mix of polar and nonpolar eptg instead of a pure polar
solvent in all cases.

Although MeOH showed the same or less extractifinieficy than 2-PrOH,
when 5% of hexane is added to these solvents, #f@Hvhexane mixture provided
similar or higher analytical signals than the 2-Affexane mixture. Likewise, 2-
PrOH/THF (95:5) showed also similar or less exteoactefficiency than the
MeOH/hexane.

3
3.4.2. Additive stability under FUSLE conditions -

It is also worth mentioning that both Is168 and @68&ere found in the PE
film used in the study of variables. Preliminanydies and literature [13-15] showed
that 1s126 and Is168 (phosphite-type antioxidamlitaes) are prone to oxidize in
solution over time as a function of solvent andpenature. The presence of Is1680x
in the extract can be caused by its oxidation & shmple over time or by an
analytical artifact due to oxidation during the ragtion process. Therefore, the
stability of the analytes under focused ultrasemadiation was studied. Four ml of
a standard solution containing 5 pg/ml of eachtagdivas subjected to FUSLE at
100% ultrasonic irradiation power for 0 s, 60 s1@0 s (data not shown). It was
observed that all additives were stable after 188der extreme FUSLE conditions
and thus it was assumed that the presence of [sll@&8 PE film was due to a
previous oxidation over time. Therefore, unlike P[£& 13], FUSLE allows the
determination of Is126o0x2-to-1s126 and Is168oxgbé8 ratios present in plastic
samples.

3.4.3. Central composite design: time, power, and percentage of swelling solvent

The influence of extraction time, ultrasonic irraitbn power and percentage
of hexane as swelling solvent in MeOH were optimizey a CCD. All the
experiments were carried out extracting 0.20 g wiitiml of extraction solvent.
Ultrasonic irradiation power was studied from 203, extraction time between
10 and 120 s and percentage of hexane from 2 to. T0#s upper value was
selected bearing in mind not to exceed a 10% pemiehexane in the extract to
inject it the directly into the chromatograph.

The ANOVA of the CCD experiments showed that oely of the coefficients
were significant (p-value <0.05), and they were ¢hé/ ones considered to obtain
the mathematical models. Pareto charts are inclikl€glupplementary Materials
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(Figure S4). The effect of the percentage of hexasewelling solvent showed a
positive effect for all additives. However, the éfimradiation power interaction for

Ix1076 and Is168, the time-percentage of hexarerantion for Is168ox and the
guadratic effect of percentage of hexane for Ix18@6wed a negative effect. The
highest percentage of hexane was the optimum foadditives. However, the

optimum extraction time value was the lowest (1€os)ls168ox and Is168 and the
highest one (120 s) for 1x1076. Similarly, the apim ultrasonic irradiation power

was the highest one (80%) for 1s168 but the lowast(20%) for Ix1076. Therefore,
the desirability function was obtained in orderfitad the compromise conditions
(see in Figure S5 of Supplementary Materials); &ndhowed that the overall

optimum was achieved at 10 s, 75% of ultrasouradiiation power and 10% hexane
as swelling solvent. Therefore, these FUSLE comatitiwere selected for further
experiments.

3.4.4. Number of extraction cycles

The number of extraction cycles required for conglextraction was
determined. One, two and three extraction stepg temted in quadruplicate. After
each extraction step, the solvent was removed ancthl4of fresh solvent
(MeOH/Hexane (90:10)) were added to the extract@i and the sample was
extracted again under the same conditions. Thdtsg$u terms of normalized area
for each additive) are shown in Figure S6 of thpementary Material. Significant
differences were observed only between one ane ttyeles for 1x1076 and Is168.
However, the results obtained for two and threelesyavere statistically equal.
Therefore, two extraction cycles were selectedddher experiments.

3.4.5. Evaluation of FUSLE extraction efficiency

In order to evaluate the extraction efficiency tie tdeveloped FUSLE
method, the results from the determination of pdaatlditives in packaging by
FUSLE were compared with those obtained by PLE\artex mixing. The latter
was used for comparison in order to check the efdct of US irradiation.
Therefore, vortex mixing was applied for 10 secomds3000 rpm instead of
sonicating the sample. PLE conditions were desdrieésewhere [4, 5] and
summarized in Section 2.4. Extracts were analyzedMPLC-VWD-(TOF) MS as
described in Section 2.5, and all experiments \weréormed in triplicate.

On one hand, contrary to expectations, signifiaifferences between the
results obtained by FUSLE and vortex mixing weranfb only for 1x1010 and
Is168, where FUSLE extracted a 23% and 18% mospertively. On the other
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hand, with respect to PLE, only Eru and Ix168 wguentitatively recovered with
recovery values of 98 + 2% and 94 + 4%, respegtivieecovery values for other
additives were low (64 + 2% for 1x1076) or very I¢+ 1% for 1x1010 and 28.9 +
0.7% for 1s1680x). It is important to bear in mithcit the partial oxidation of Is168
to 1s168ox during PLE at 105°C does not occur duRkISLE. Therefore, the real
Is168 recovery was not close to 100% and the atithésll68ox recovery was
higher than 29%. Then, FUSLE showed the same ¢ixinacapacity than PLE only
for Eru, probably because slip agents are mostlythen surface and are less
branched. Nevertheless, FUSLE was less efficieant fALE for the antioxidant and
light stabilizer additive extraction. PLE was prbamore efficient because the
high temperature used. It is also worth mentiorihrag the extraction of 1x1010 by
FUSLE provided the worst results compared to PLEY(®%). This is probably
because 1x1010 is the largest compound and prekemtbulky 3,5-di-tert-butyl-4-
hydroxyphenyl groups. Hence, this makes 1x1010uditin through the polymer
matrix more difficult. Likewise, it was also reped by Vandenburg et al [3] that
this additive needed ten times more ultrasound tionextract it than the rest of
additives in LDPE and PP.

3.4.6. Influence of nonpolar solvent percentage in extraction solvent

Due to the need of swelling the polymer to incredlse recovery of
antioxidant and light stabilizer additives by FUSIiEe use of higher concentration
of a nonpolar solvent in the extraction solvent wesed. Hexane and DCM were
selected because are relatively greener and daferdther good swelling solvents
like toluene or chloroform. THF was discarded beeashowed lower swelling and
extraction capacity than hexane during the solgel#ction carried out initially.

DCM, Hexane and the following solvent mixtures: DGAMOH (50:50),
DCM/MeOH (10:90), Hexane/MeOH (30:70) and HexandgIMie(10:90) (v/v) were
tested. Hexane percentages higher than 30% wer¢esigtd because of lack of
MeOH miscibility. All experiments were performed timplicate under the previous
optimal FUSLE conditions.

The results (as normalized areas) are shown inré&iguAs may be seen, the
extraction capacity of FUSLE improved significamiren the concentration of the
nonpolar solvent increased in all cases. As wagargd, no significant difference
was found for Eru. In most cases, the best recovalyes were obtained when
100% hexane or 100% DCM were used. This improvemerst more marked for
Ix1010 and 100% hexane as expected.
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Figure 3. Influence of the nonpolar solvent percentage inthamol on extraction
efficiency by FUSLE.

3.4.7. Central composite design: time, power and hexane:DCM ratio

The two principal FUSLE variables and the hexand/DCatio were
optimized again by a CCD. Ultrasonic irradiatiormgo was studied from 20 to
80%, extraction time between 10 and 90 s and p&rgerof DCM in hexane from O
to 100%. The ANOVA results of the CCD (Pareto chlarare shown in the
Supplementary Material (Figure S7). The responsacsel methodology was used to
find the optimal conditions (Figure S8 of the Swpéntary Material). Only the
response surfaces of compounds with significardgceffwere drawn in Figure S8.
DMC percentage showed a negative effect on IX1BlI®8 and I1s168ox responses,
as well as the time-DCM percentage interaction x¥010 and Is168ox and the
quadratic effect of time on Ix1010 response. Thenagm was set at the highest
hexane percentage and extraction time values.

Taking into account that the time was a very imgiotrtparameter to extract
IxX1010 and the optimal value of the extraction timas the upper limit of the
experimental domain studied, this parameter wadiesiuagain. Extractions for 90s,
120s, 150s and 180s were carried out in triplicdtewever no significant
differences were found between any of them. Howea@ditive recovery was not
complete.
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Moreover, the effect of a maceration period bef6tdSLE was tested.
Sample and hexane were maintain in contact for dn® 3 hours before FUSLE.
Also, an aliquot of sample was vortex mixed at 36@® after maceration in order
to check the effect of US irradiation on extractiefficiency. There was no
difference between FUSLE and vortex mixing extattefficiency when 100%
hexane was employed and therefore, it was concltitetdUS irradiation did not
improve extraction of additives from packaging. Aduhally, the higher the static
extraction time in hexane was, the higher was tmeumt of Ix1010 extracted
increasing more than two times from 1 to 180 mimerEfore, extraction time values
equal to or greater than three hours were requgaibtain a quantitative recovery
for 1x1010.

3.4.8. Optimization of SLE

Once FUSLE was discarded for the quantitative etitra of additives, SLE
was chosen for sample preparation. Then, the infle@ef the extraction time was
studied from 10 min to 24 hours (see Figure 4).e&fberiments were carried out in
triplicate. As can be seen, recoveries higher 8@ were obtained with 10 min for
all additives except for 1x1010. No significant fdifences between the analytical
signals for Ix1010 were found after 10 h, and tfeeethis value was selected for a
complete extraction of I1x1010.
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30 -

20

0 2 4 6 8 10 12 14 16 18 20 22 24
Static extraction time (hours)

Figure 4. Influence of extraction time on the additive reegvby SLE.
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3.5. Features of the UHPLC-VWD-(TOF) MS method

The UHPLC-VWD-(TOF) MS method was characterizedeims of limits of
detection (LODs) and quantification (LOQs), lineéarrepeatability (intra-day RSD,
%) and intermediate precision (inter-day RSD, %fe Teatures of the method
shown in Table 2 were established using standaldtiaos of the additives in
MeOH and the analytical signal used for calibrateomd quantification was the
analyte-to-internal standard peak area ratio.

Table 2. Features of the UHPLC-VWD-(TOF) MS method.

LOD2 LOQP’ Repeatability® (%) Intermediate precision®(%)
Compounds

(ng/ml) (ng/ml) ~LOQ ng/ml 250 ng/ml ~LOQ ng/ml 250 ng/ml

BHA 14 41 2 3 14 2
BHT 25 75 3 3 10 3
T770 12 35 6 8 16 11
1x1024 2.0 6 3 3 6 4
[s1260x2 0.7 2 2 3 10 7
Ole 6 17 3 4 7 10
HP136 3 8 7 5 20 5
Eru 3 8 3 4 7 9
Ix3114 0.7 3 3 4 10 3
T328 1.6 5 6 5 20 11
Ix1010 1.0 3 2 4 10 6
Ix1330 0.8 3 2 4 11 7
Is1680x 11 34 2 3 12 4
Ix1076 0.20 0.6 7 3 8 6
Is126 1.3 4 3 2 13 9
Is168 0.3 0.7 3 2 11 8

abEstimated as 3.3 and 10 times standard deviafitivedntercept divided by the slope, respectively.
¢Relative standard deviation calculated by ANOVAdplicated x 3 days).
~LOQ: concentration near LOQ (between 2 and 4 tib@@®).

LODs and LOQs were estimated as 3.3 times = 5%) and 10 times the
standard deviation of the intercept, respectiveiyided by the slope. The intercept
and the slope used were obtained from a linearessggn at low-concentration
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levels, from 7.5 to 75 ng/ml, for T770, Ole and@8ax, and from 1 to 10 ng/ml for
the rest of additives. As can be seen in Table @P4 determined by mass
spectrometry were between 0.2 ng/ml (IxX1076) and/&nl (HP136 and Eru) for the
most of the compounds. However, T770, Ole and Ist&éhowed significantly

higher LODs: 12, 6 and 11 ng/ml, respectively. Rema 1s168ox, the high LOD

value was due to high blank signal. Finally, as veagected, the additives
determined by ultraviolet detection showed the éggiODs: 14 and 25 ng/ml for
BHA and BHT, respectively.

Linearity was studied from LOQ to 5000 ng/ml #\B; plots are shown in the
Supplementary Material, Figure S5). Only BHA, BHIT770 and T328 showed a
linear fit. Ix1024, HP136, Ix1010, Ix1076 and Isl@6ta were best fitted by a
guadratic curve and 1s168, I1s1260x2, 1s1680x, 1431%1330, Ole and Eru data
were best fitted by a cubic equation. Therefore,tpper limit of the range was set
at 500 ng/ml (5000 ng/g for the additives detedigdJV) in order to obtain linear
calibration graphs. Then, the presence of significdifferences between the
residuals obtained for a linear regression mod&8M). and a quadratic regression
model (QRM) was checked using the Mandel's fittiegt with a 95% confidence
level [29]. Differences between the residual vazemnof both regressions were not
significant for most of the analytes except for ,Ol&gu, Ix1680x, 1x1330 and
Ix3114. Ole and Eru showed concave plots, while68dx, 1x1330 and 1x3114
showed convex plots.?R/alues were between 0.9979 and 0.9996 in therlifisa
and from 0.9991 to 0.9995 in the quadratic fitsisltalso worth mentioning that
checking the residual analysis of the graphs it @zerved that all no linear models
showed perfect quadratic regression model up t® 2&@ml, but for Ole and Eru.
These latter showed a good quadratic regressioreinsetting the upper limit of the
range at 1000 ng/ml.

Repeatability and intermediate precision were dated by ANOVA at low
levels (between 2 and 4 times LOQ) and at mediwel$g(250 ng/ml) (see Table 2).
Four replicates per day over three different dagsewmeasured. RSD values for
repeatability were less than 8% in both levels. Ewsv, RSD values for
intermediate precision were in general higher atlevels € 20%) than at medium
levels € 11%).

3.6. Features of the SLE-UHPLC-VWD-(TOF) MS method

The whole analytical method SLE-UHPLC-VWD-(TOF) MSvas
characterized in terms of matrix effect error, LORLQs, repeatability and
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intermediate precision (intra and inter-day RSD, &#)d recoveries. See Tables 3
and 4.

Table 3. SLE-UHPLC-VWD-(TOF) MS method sensitivity.

Compounds LOD 2(ng/g) LOQ ® (ng/g)
BHA* 0.5 1.5
BHT* 1.7 5
T770 0.4 1.2
Ix1024 0.14 0.4

Is1260x2 0.17 0.5
Ole 0.09 0.3
HP136 0.3 1.0
Eru 0.17 0.5
Ix3114 0.04 0.12
T328 0.08 0.25
x1010 0.12 0.4
Ix1330 0.06 0.19
IX1680x 0.7 2.0
Ix1076 0.03 0.10
1s126 0.20 0.6
1s168 0.16 0.5

ab Estimated as 3.3 and 10 times the standard dewiafi the intercept
divided by the slope, respectively.
* UV detection. MS detection for the rest of analyt

First, the matrix effect was studied by standarditah on sample extracts
extracted for 12 h. The calibration slopes in Me@ttl MeOH/hexane (90:10) as
well as in sample extract in MeOH/hexane (99:1) é@10) were compared at a
confidence level of 95%. Eight concentration levweisre added from 30 to 400
ng/ml (300 to 4000 for the additives detected by) UNhe extract of the sample pull
was diluted ten times for Eru and four times fdt@8ox, 1x1076 and 1x168 in order
to not exceed a final concentration of 500 ng/nfle Talibration curves in presence
and absence of matrix components showed for eadtiivaedthe same behavior
(linear or quadratic fit). Rvalues obtained ranged from 0.9957 to 0.9997 in
presence of matrix. No significant differences kadiw the slopes were found for all
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analytes when there was an equal or very similaame percentage in the standard
solutions and the extract, but for 1xX1024. Therefanatching the hexane percentage
of calibration solutions and extracts, only thed24 calibration had to be carried
out by standard addition.

LODs and LOQs (Table 3) were estimated as in previeection. The
intercept and slope standard deviation values wbtained from the regression
equation of five low concentration levels (betwé&eand 60 ng/ml) in a 1% hexane
methanolic extract of a sample pull. The extractttef sample pull was diluted
twelve times for Eru and five times for Ix1680x,106¢6 and 1x168 in order not to
exceed a final concentration of around 150 ng/rsl.n#ay be seen in Table 3, BHT
showed the highest LODs (1ug/g). The rest of additives showed LODs between
0.03 and 0.7.9/g.

Table 4. Repeatability and intermediate precision of theERIHPLC-
(TOF) MS method.

SR Repeatability @ (%) Intermediate precision? (%)
30 min 30 min
Eru 5 4 6 5
[x1010 6 4 16 7
Ix1680x 4 5 6 6
Ix1076 3 6 7 7
Is168 3 4 6 8

a Calculated by ANOVA, 3 replicates x 3 days

Repeatability and intermediate precision of the hodtwere calculated by
ANOVA (three replicates x three days) of the whwolethod for extraction times of
30 min and 12 h (complete extraction) (See Tahld ey were calculated only for
the additives present in the sample pull (Eru, 1,0s1680x, 1xX1076 and Is168).
Excellent repeatability was obtained with RSD rahdem 3 to 6%. Likewise,
intermediate precision was lower than 8% RSD fdrcaimpounds, except for
Ix1010. This additive presented an intermediatecipren of 16% for a 30-min
extraction, probably due to its incomplete exti@cin 30 min.

3.7. Analysis of samples

The method was applied to determine additives polgethylene (PE) film
(no final product, sample 0) and eight flexible thayer packaging made of PE,
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aluminum foil, polyester and/or paper (samples .14) extracts were injected
undiluted and 10-40 times diluted. Results arergimeTable 5. All samples showed
the presence of the same additives and by-prottuetgoncentration range between
142 ug/g and 910 pg/g, being 1xX1076 the predomimampound, followed by
Is168ox. 1x1010 was the less abundant. However, dbecentrations of each
compound varied widely between some samples, edfyefr 1s168 and Is1680x.

Table 5. Analysis of multilayer packaging samples by 12LE%nd UHPLC-TOFMS.

Concentration + SD (ug/g}

1x1010 IXx1076 1s168 Is1680x Total b

13.2+0.7 11.2+0.6 99.5+2.2 123+6 352+5 599+8
183 +9 25.9+0.6 236 £ 11 25.9+0.6 208 +11 79618
87+4 7.2+1.2 92+3 <LOQ 2.04 £0.06 188 £5
57+9 10.81+0.23 77+3 11.7+04 38.3+2.0195+10

0

1

2

3

4 136 £ 4 27014 3419 19.7+22 311+4 838

5 126 + 4 275+10 2751+12 498+10 432+5 9107

6 142 £ 4 146 +0.6 35310 24.2+05 233+x9 7Z#64
7 695 18.18 +0.15 2045 17.21+0.085.7+1.9 394 +7
8

743+0.7 208+0.10 382%1.0 8.5+0.3 188109 141.9+13

a Standard deviation (N = 3).
b Total plastic additives calculated by the sumuwdmfified additives.
<LOQ: concentration below the quantification linitetected but not quantifiable.

No Tinuvin additive (light stabilizer) was found any sample and only Eru
was found as a slip agent. About antioxidants etla@ditives were quantified in all
samples: 1s168, 1x1076 and Ix1010. In addition,68&ix was also found in all
samples with concentrations between 2 and 16 timgber than the 1s168
concentration. This can be probably due to oxigatiuring the manufacturing
process and the packaging storage.

4. CONCLUSIONS

A simple and sensitive analytical method to detaedi4 plastic additives and
2 by-products in packaging based on SLE and UHPMIBRY (TOF) MS has been
developed and validated.
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The chromatographic method proposed in this woldwal the simultaneous
determination of slip agents and other additiveless than 10 min. Slip agents have
been usually determined by GC-FID, while the otheysLC. Furthermore, this
method is between 21 and 5000 times more senghiae the GC-FID and the
HPLC-VWD methods previously reported showing LOQween 0.6 and 8 ng/ml
for the majority of additives. In addition, goodpeatability and intermediate
precision values were achieved for all of them eaeooncentrations close to LOQ
with RSDs below 7% and 20%, respectively.

PLE, FUSLE and SLE techniques were evaluated fer ektraction of
additives in packaging. All extraction methods skdwexcellent extraction
efficiency for slip agents because those additbleem to the surface once the film
is produced and are less branched. However, thglxExtraction was the most
troublesome due to its large size. FUSLE was regeéh this work due to its
ineffectiveness since it did not show significamceleration of the extraction
process. Regarding PLE, this method makes impesdiik determination of
Is1260x2-t0-1s126 and Is168ox-to-Is168 ratios ircka@ing because the high
temperatures used during the extraction oxidizegtiglig or completely the
phosphite-group of these antioxidant additives. édoer, PLE showed a partial
recovery for 1x1010 around 25-30%. However, an egkige extraction of all
analytes was achieved after traditional static $&E10 hours with just 5 ml of
hexane. Actually, only the presence of swelling/gots significantly increased the
recovery values, especially for 1xX1010, and theeefib seems that the extraction
efficiency depends more on the packaging swellmnton the extraction force.
Consequently, although a 10-hour SLE is a very 4boesuming process, this
technique was selected due to its low cost, sintpland excellent recovery values,
as well as, because it preserves phosphite syathiliing extraction.
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ABSTRACT: A focused ultrasound solid-liquid extraction (FUSLand liquid
chromatography (HPLC) coupled to quadrupole-time flafht mass spectrometry
(QTOF-MS/MS) based method is proposed to deterrsixgerfluorocarboxylic acids
(PFCAs) and perfluorooctanesulfonate (PFOS) in foaatact packaging. FUSLE, a
simple, inexpensive and fast extraction technidpas, been carried out with just 8 ml of
ethanol in one cycle of only 10 s. The whole metpogsented good repeatability and
intermediate precision, with RSDs bellow 11 and 188épectively; limits of detection,
with values between 0.5 and 2.2 ng/g, and sucdessfavery values, around 100% in
all cases. The developed method has been validatgchpplied to the analysis of real
food-contact packaging samples. FUSLE results e compared to those obtained
with pressurized liquid extraction (PLE) and nongigant differences between them
have been found. PFAAs were detected in all th&kq@ing samples analyzed, in a
concentration range between 4 and 29 ng/g, beitdpRKperfluorooctanoic acid) the
most abundant of them.

Keywords: Perfluorinated alkyl acids, Focused UltrasoundidsSbiquid Extraction,
Liquid Chromatography, Quadrupole - Time of Flihdss Spectrometry, Packaging.

1. INTRODUCTION

Perfluorinated alkyl substances (PFASs) are amglipbompounds that
show high thermal, biological and chemical inertn€ghey can resist degradation
by acids, bases, oxidants, reductants, microbestplytic and metabolic processes
because carbon-fluorine is the strongest existivglent bond (450 KJ/mol) [1, 2].

As perfloroalkyl chains are oleophobic and hydrdpbaand exhibit surface
tension lowering properties, PFASs have been widsed in different commercial
and industrial applications such as stain-resistaatings for textiles, leather and
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carpets, lubricants, grease-proof coatings for pdped-contact packaging, fire-
fighting foams, insecticides and floor polishes3[4]

Unfortunately, PFASs are environmentally persisteitaccumulative and, in
addition, potentially harmful;, and they have beemdely distributed in the
environment due to extensive industrial applicatéord consumer use [5]. It has
been proved that PFOS (perfluorooctanesulfonateé)PECAs (perfluorocarboxylic
acids) exhibit toxicity in laboratory animals caugidevelopmental diseases, liver
cancer, affect the lipid metabolism and disturb ithenune system [5]. Moreover,
other perfluorinated alkyl substances, such asflpaiyalkyl phosphate surfactants
(PAPs) and fluorotelomers (FTOHs), may be atmospaky or metabolically
degraded to perfluorinated alkyl acids (PFAAS)r@asing their concentration in the
environment [6-8].

Therefore, PFASs have in a trend in a wide var@gdtynatrices, from liquid
and solid matrices to air [9]. Methods for the deteation of PFASs in
environmental and biological samples such as sewslagge [10-15], water [15-18],
sediments [15, 19, 20], biota [21] or even air 2B- have been developed.
Likewise, the accumulation in humans has been etluthirough the analysis of
blood [25-27], tissue [28] or even hair and naB][2n order to assess the sources
and pathways of human exposure to PFASs, dust3B)),articles of commerce
[32], food [33-38], drinking water [38] and food gikaging [39-46] have also been
examined.

One of the two main applications of perfluorinaedilyl substances in food
contact materials is as additives in paper coatitgprovide oil and moisture
resistance to paper food packaging [47]. Beglesl.dd5] and Matinez-Moral et al.
[45] have found levels up to 290 and 198 ng/g oDRFperfluorooctanoic acid),
respectively, in microwave popcorn packaging [44, @hd the US FDA considered
treated paper as the greatest potential sourcduofothemicals in 2005 [48].
Therefore, it is important defining possible routdexposure such as food-contact
packaging.

The most reported technique to determine PFASEIMIS because with the
use of other techniques employed as LC-UV or GC/M&ny perfluorocompounds
are not detectable or the measurement of these aordp at low levels is not
possible [47, 49].

Ultrasound assisted extraction (UAE) and pressdriipiid extraction (PLE)
have been used to extract PFASs from food-contackgning [39-46], and this is
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the first time that focused ultrasonic solid- liquextraction (FUSLE) has been
proposed. The analytes were extracted quantitgtioel 30 min by classical solid-

liquid extraction [44], for 1-2 hours by UAE [40-425] and for 6-30 min by PLE

[39, 43, 46] from different kinds of samples. Howevorganic pollutants can be
extracted by FUSLE in several seconds or in a feautes [50, 56]. FUSLE has
already been used in the determination of polyaméded biphenyls [53], phthalate
esters [53], nonylphenols [53], polycyclic aromatitydrocarbons [52-55],

brominated diphenyl ethers [56] and metals [57irfrenvironmental matrices, and
UV filters [50] and bisphenols [51] from packaging.

FUSLE is a relatively novel, simple, inexpensivel ast extraction technique
in comparison to others as pressurized liquid etita (PLE), supercritical fluid
extraction (SFE) or microwave assisted extractdAE). Its only disadvantage is
the lack of automation.

FUSLE technique is based on the cavitation phenomeand is carried out
by immersing the focused ultrasound microtip diseirt the extracting solution and
this, together with the higher ultrasound powerkesathe irradiation power of the
focused ultrasound technique more reproducible @ times higher than that of
the traditional ultrasonic bath [54, 55].In thisidy, a fast and simple method based
on FUSLE and HPLC-QTOF(MS/MS) has been developedhi® quantification of
the most commonly determined PFAAs, PFOA and PRD8,also other PFCASs in
food-contact packaging. Moreover, it has also bagplied to the analysis of real
samples.

2. EXPERIMENTAL

2.1. Standards and materials

Individual standards of perfluoroheptanoic acid HPR) 99%,
perfluorooctanoic acid (PFOA) 98%, perfluorononanacid (PFNA) 97%,
perfluorodecanoic acid (PFDA) 98%, perfluoroundedanacid (PFUNA) 95%,
perfluorododecanoic acid (PFDoA) 95% and perfluotanesulfonic acid (PFOS)
98%, were provided by Sigma Aldrich (Madrid, Spaifihe isotopically labelled
perfluoro-n-L3Cgloctanoic acid and sodium perfluoro-1 [1,2,3,4-
13C,loctanesulfonate standards (MPFOA and MPFOS, b@®%), used as an
internal standard for perfluorocarboxylic acids gmeffluorooctanesulfonic acid,
respectively, were purchased from Wellington Labmias Inc. (Guelph, ON,
Canada) as 50g/ml solution in methanol.
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LC-MS grade acetonitrile (ACN), methanol (MeOH)rrfoc acid and HPLC
grade ethanol (EtOH) were obtained from Scharlaard¢@ona, Spain). Agueous
solutions were prepared in Milli-Q deionized watgedford, MA, USA).

Standard solutions were prepared in LC-MS grade Me@ing glass
volumetric flasks and stored in glass vials pradctrom light at -18°C. During
preparation and storage, solution or sample com@tt perfluorinated materials
such as PTFE (polytetrafluoroethylene) and PVDHy{poylidene fluoride) was
avoided in order to prevent from contamination.

Anhydrous sodium sulphate, for GC residue analysign. 99.5%) was
obtained from Scharlau (Barcelona, Spain).

2.2. Samples

Different food-contact packaging like microwave pom bag, ice cream tub
and cardboard cup were obtained from different llc@permarkets. The six
microwave popcorn bags analyzed were of differaantls, all different generic
brands but for a name brand (sample 2). There wWeee types of microwave
popcorn: salty (samples 1, 2 and 3), salty ancebedt(samples 4 and 5), and sweet
popcorn (sample 6). The bags were purchased betlag=2011 and early 2012.
The cardboard cup tested was made of printed cardband lined with polymer
layer, and the ice cream tub of printed cardboadileed inside and outside with a
polymer layer.

The samples were ground using an IKA A10 Analytigdl purchased from
IKA-Werke GmbH & Co. KG, (Staufen, Germany). Theognd samples were
stored protected from the light at 4°C in cylindfiplastic wide-mouth containers
purchased from Lin Lab Rioja (La Rioja, Spain).Gamérs of 11 and 250 ml were
made of PP (polypropylene) and HDPE (high-densitygthylene), respectively.

A pull of microwave popcorn bags samples was usad tifie method
optimization and validation. Spiked samples at iaceatration level of 800 ng/g of
each analyte were used to study the influence @LEJconditions. The features of
the method were established using spiked samplgsining 15, 40 or 200 ng/g of
each analyte. These spiked samples were preparaddiyg a standard solution of
the perfluorocompounds in ethyl acetate to the @giclg. The mixture was
thoroughly homogenized and maintained at room teatpes until the solvent was
completely evaporated, and then it was triturateghira to ensure proper
homogenization of the sample. Then the samples aged in polypropylene plastic
containers, protected from light at 4°C, for asteao weeks before use.
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2.3. Focused Ultrasound Solid-liquid Extraction (FISLE)

A SONOPLUS 2070 focused ultrasound system, witlovagp of 70 W and a
20 kHz frequency, equipped with a 3 mm titaniumnatip and a sound proof box
(Bandelin Sonoplus, GmbH & Co. KG, Berlin, Germamgs used.

The optimal extraction conditions were as folloWws5 g of ground sample
were deposited into a 34 x 100 mm 50-ml centrifggess tube with round bottom
(Scharlau, Barcelona, Spain). , and then 8 mllwdratl were added.

Before each extraction, 100 pL of the 300 ng/ménm&l standard solution
was also added. Then, the probe was immersed imititare. The extractions were
performed at 0°C in an ice-water bath and the sampls exposed once to a 30%
ultrasonic irradiation power for 10 seconds at 58f%ulsed cycle.

The microtip was rinsed with 1.5 ml of fresh MeOklween samples. Blanks
between samples showed the absence of carry-omammation. In addition, 10
ml of acetone were sonicated for 10 s at 30% paw#ne beginning and at the end
of working session.

Liquid phase was removed using a Pasteur pipetiettzan solid phase was
then washed twice with 2.5 ml of extraction solv@thanol). FUSLE extracts were
evaporated to dryness under a nitrogen stream usir@@aliper Turbo Vap |II
concentrator furnished with 50 ml vessels (Zymatkpkinton. MA, USA). The
extracts were reconstituted with 2 ml of LC-MS gradethanol and filtered through
a Scharlau (Barcelona, Spain) 25-mm diameter, Qr@2nylon filter before HPLC
injection.

2.4. Pressurized liquid extraction

In order to contrast FUSLE results, the food-confscking samples were
also extracted using pressurized liquid extracisrescribed by Martinez-Moral et
al [46].

PLE was carried out using an ASE200 acceleratedesblextractor from
Dionex, furnished with 11-ml stainless-steel eximc cells. Two cellulose filters
(20-mm diameter, Restek, Bellefonte, PA, USA) welaced at the bottom of the
cell, followed by a layer of 1 g of anhydrous sadisulphate. Then a mixture of 0.5
g of sample and 1 g of anhydrous sodium sulphateadaed. Finally the cell was
completely filled with anhydrous sodium sulphated & cellulose filter was placed
on top. The extractions were carried out once witlthanol at 100°C and 1500 psi
for 6 minutes.
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Clean-up of the PLE apparatus is performed aut@aiéti The PLE system is
rinsed with 8 ml of extraction solvent when thertstautton is pressed and is rinsed
with 1 ml of extraction solvent after each sampl&aetion. Blank analysis showed
no carry-over between samples.

One hundred pL of a 300 ng/ml internal standatdtiem were added to the
PLE extracts (around 15 ml) before they were ewatpor to dryness under a
nitrogen stream using a Caliper Turbo Vap Il comdar furnished with 50 ml
vessels (Zymark, Hopkinton. MA, USA). The residuwe=e reconstituted with 2 ml
of LC-MS grade methanol and filtered through a 2%-miameter, 0.22-um nylon
filter (Scharlau, Barcelona, Spain) before HPL@atijon.

2.5. UHPLC-(QTOF) MS/MS

A Waters Acquity UPLC chromatograph (Milford, MA,S4) equipped with
a 50 mmx 2.1 mm i.d., 1m particle size Waters Acquity BEH C18 column and a
Waters Van Guard pre-column of the same matenml, @upled to a Microtof-Q
(Q-TOF) mass spectrometer from Bruker Daltonik (GN)BGermany) with an
electrospray interface, was employed for the seéjparsand quantification of
PFAAs. The chromatographic and mass spectrometgy ware acquired with the
software Data Analysis Version 4.0 from Bruker Dalk (GMBH, Germany).

The chromatographic separation conditions used weperted elsewhere
[46]. A 0.1% formic acid-acetonitrile mixture (selt A) and a 0.1% formic acid
aqueous solution (solvent B) were used as mobiksgd The chromatographic
separation took place in less than 4 min. The mgfiilase composition was varied
according to a linear gradient that increased f8&% to 55.7% A in 1.84 min, then
increased until 58% A in 0.43 min; increased agaitil 65.7% in 0.5 min and 100%
A is reached in 0.23 min, at minute 3.00, and HefdL.5 min. Finally, the mobile
phase composition returned to the initial condgiofihe flow rate was set at 0.45
ml/min and the injection volume wasub The sample tray was held at 20°C and the
column was maintained at 35°C.

Chromatograms of a) the mixture of the analytesiateinal standards and b)
a fortified microwave popcorn bag at 40 ng/g exedcby FUSLE, are shown in
Figure 1. It is worth mentioning that although MPkx@nd PFOA, and MPFOS,
PFOS and PFDA peaks overlapped; their quantifinatmuld be performed without
interference because chromatograms were obtaineg&goh compound at their
corresponding m/z ratio.
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Electrospray ionization was carried out in negatiwede using a capillary
voltage of 3.5 kV. A coaxial nebulizer,igas flow (9.0 I/min) at 200°C and 3.0 bar
of pressure around the ESI emitter was used tstas generation of ions. The
mass spectrometer was calibrated across the mage & 50-1500 m/z using
internal references. Quantification was performgdriultiple reaction monitoring
(MRM) and ion extraction. As can be seen in Tahlthé collision energies were set
between 8 eV (minimum possible) and 14 eV to achidve most abundant
fragmentation. Retention times, quantification i@l summation ratios used for
the analytes are also listed in Table 1.

Table 1. Analyte retention times, quantification ions, tin energy and summation
ratio values.

S Retenti9n Quantification ions (m/z) Collision Sumrr?ation
time (min) MS MRM Energy (eV) ratio

PFHpA 1.16 362.90 318.98 10 5000
PFOA 1.56 413.00 368.95 12 3750
MPFOA® 1.55 421.00 375.99 12 3750
PFNA 2.00 463.00 418.94 14 5000
PFOS 2.35 498.90 498.90 8 2500
MPFOS 2.34 502.90 502.91 8 2500
PFDA 2.47 513.00 468.94 14 2500
PFUNA 3.03 563.00 518.94 12 5000
PFDoA 3.44 613.00 568.92 12 5000

2 nternal standards for all PFCAs
b Internal standards for PFOS

Screening of short chain PFAAs were carried out nwitiple reaction
monitoring (MRM) and ion extraction (See Figure)Xollision energy was set at 8
eV and transitions monitored were the followingsizn812.97 268.98 for
perfluorohexanoic acid (PFHxA), m/z 262-98218.99 for perfluoropentanoic acid
(PFPeA), m/z 212.98 168.99 for perfluorobutanoic acid (PFBA) and m/z
162.98- 118.99 for perfluoropropanoic acid (PFPrA); alltkém corresponding to
the loss of the C&group.
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Figure 1. Chromatograms of a) a methanolic standard solwfoRFAAS b) a 40 ng/g
fortified microwave popcorn bag sample extractedFbJSLE c) a microwave popcorn
bag sample extracted by FUSLE. Peak identificatigrPFHpA, 2) PFOA; 3) MPFOA,;
4) PFNA; 5) PFOS; 6) MPFOS; 7) PFDA, 8) PFUNnA, DBA, 10) PFBA, 11)

PFHXA and 12) PFHPpA.
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2.6. Software for statistical analysis

The experimental design and their statistical asislyere performed using
Statgraphics Centurion XV software (Statpoint Texdbgies, USA) to generate the
matrix of experiments and to estimate the effectath factor on the efficiency of
the extraction. The rest of statistical analysisenarried out using Microsoft excel
and SPSS statistics 19 (IBM, USA).

3. RESULTS AND DISCUSSION

3.1. Study of FUSLE variables

The aim of this study was to select the FUSLE ciomab that provide a high
extraction efficiency. The influence of several RIESvariables have already been
reported and some of them are correlated [50, Bhgrefore, in this work, the
FUSLE parameters studied were only the composifaihe extraction solvent, the
ultrasonic irradiation power, the extraction tirttee solvent volume and the number
of the extraction cycles.

3.1.1. Solvent sdlection

The influence of the extraction solvent was studMdthanol (MeOH) is the
most common solvent to extract PFASs accordingtévature; however another
four solvents have been tested in this study bectiney have also been reported for
solid-liquid extractions of PFASs [13, 29, 40, 4B]. They were ethanol (EtOH),
acetonitrile (ACN), the 1:1 MeOH:ACN mixture, an@blformic acid in MeOH
(FA-MeOH). Extractions were carried out under tbofving conditions: 13.0 mi
of extraction solvent were added to the samplethednixture was exposed once to
a 75% ultrasonic irradiation power for 60 secondSQ% of pulsed cycle. Results
are shown in Figure 2. As can be seen in FigurChl was the worse solvent for
PFDA, PFUnA and PFDoA. Increasing over nine-carlmbrain length causes
decreasing capacity extraction of ACN. LikewiseQBtextracted a higher amount
of PFDoA than the others. Therefore, EtOH was s$etefor further extractions.

3.1.2. Stability analyte under focused ultrasonic irradiation

Once EtOH was selected as extraction solvent, thigility of the analytes
under focused ultrasonic irradiation was studiaedorder to check that the FUSLE
process do not cause analyte degradation, thet effed®0% irradiation power and
long irradiation times was examined. An ethanoldugon of all analytes and
internal standards at a concentration of 15 ng/ad subjected to FUSLE at 100%
ultrasonic irradiation power and 50% of pulsed eyfr 10, 30, 60 and 120 s.
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ANOVA (analysis of variance) of the results showhkdt there are not significant
differences for all the analytes (p-value >0.0%i, for PFUnA and MPFOS (p-value
of 0.002 for both). However, for these analytesdigeal decrease was below 10%.

Signal

o000 | WACN
BEtOH
B MeOH
B FA-MeOH
B MeOH-ACN

60000 -

30000 -

PFHpA  PFOA PENA PFOS PFDA  PFUnA  PFDoA

Figure 2. Influence of solvent in FUSLE of PFAAs from foodrtact packaging.
Extraction condition: 13.0 ml of solvent, 75% ofrakonic power irradiation, 60 s and
50% of pulsed cycle.

3.1.3. Irradiation power, time and solvent volume

The influence of ultrasonic irradiation power, extion time and solvent
volume were optimized by a central composite de@Z2D).

The central composite design consisted of a 2dfattdesign with six star
points located at # from the center of the experimental domain an@ méplicates
of the central point. An axial distanaeof 1.68 was selected in order to establish the
rotatability condition. Therefore, the design ceteil of 23 randomly performed
experiments.

All the experiments were carried out using 0.5 gaeofspiked samples
containing 800 ng/g of each analyte. The titaniurorotip was immersed about 5
mm above the bottom of the vessel, the vessel magersed into an ice bath and the
pulsed cycle was set at 50%.
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The experimental domain was selected bearing ird rr@nhnical limitations,
literature and our previous experience in FUSLEBrddbnic irradiation power was
studied from 30 to 90%, including the following &s. 30, 42, 60 (central value), 78
and 90%. Extraction time was studied between 101&0ds and the levels were 10,
32, 65 (central value), 98 and 120 s. Ethanol velumsed in extractions was
between 8 and 18 ml with levels of 8, 10, 13 (adntalue), 16 and 18 ml.

The ANOVA test of the results (data are presented Tiable S1.
Supplementary Material) showed that the only faetdh a significant effect (p-
value <0.05) was time for PFHpA (p-value 0.0474sidering all the factors, and p-
value 0.0220 when factors with non-significant eféewere not considered in the
statistical treatment) showing a negative effetiud, the lower the extraction time

is, the higher PFHpA signal is obtained. Therefafes was the time value selected.

However, this result cannot be explained by a PFHie§radation because its
stability was shown previously.

No statistically significant effects a£0.05) were found for ultrasonic
irradiation power or solvent volume parametersrefwge, the lowest values were
chosen (30% and 8 ml) in order to lengthen thetiifee of the microtip and shorten
analysis time, respectively.

3.1.4. Study of the number of extraction steps

Finally, the number of extraction steps requireddomplete extraction was
studied. See Figure S1 in the Supplementary Méateria

Experiments were carried out using a different neidf steps (1, 2 and 3),
and each experiment was carried out in triplicAtiker each extraction step, the
solvent was removed and 8 ml of fresh solvent (eihawere added to the
remaining sample in the extraction tube. The sample extracted again under the
same conditions. The two or three collected frastiovere joined, evaporated to
dryness and processed as described in SectioM2e3ANOVA test of the results
showed that no significant differences were obstibvetween 1, 2 or 3 cycles (p-
values between 0.891 and 0.050 for PFOS and PFéépectively), therefore, it can
be concluded that no additional PFAAs were extdctdth more than one
extraction step.

3.2. Features of the FUSLE-HPLC-(QTOF) MS/MS method

The whole analytical method FUSLE-HPLC-(Q-TOF)MS/MfBr the
determination of PFAAs was characterized in terntirefarity, matrix effect error,
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limit of detection (LOD) and quantification (LOQkpeatability (intra-day RSD, %)
and intermediate precision (inter-day RSD, %) ab twoncentration levels and
recoveries at three concentration levels.

The linearity study was carried out with standastlitsons (in methanol) and
by standard addition (to a methanolic sample eRtiacorder to check the absence
of matrix effect in the extract. The linearity wstsidied from 1 to 100 ng/ml and 12
concentration levels were measured in triplicateept for PFOS which calibration
was carried out from 2 to 100 ng/ml, and only X&le were included.

The presence of significant differences betweenréiseduals obtained for a
linear regression model (LRM) and a quadratic regjmm (QRM) was checked
using the Mandel’s fitting test [58]. As can bers@eTable 2, statistical differences
were found in the residual variances, for, PFOSDARFPFUNA and PFDoA.
Therefore, the calibration curves for these compsuwere fitted better by a
guadratic function than by a linear one. Once timearity was studied, the
possibility of matrix effect was examined. No sigrant differences, at a confident
level of 95%, were found between the slopes in budlrices for all analytes, except
for PFOS and PFDoOA (see Table 2). Therefore, thantfication of these
compounds was carried out by standard addition.

The limits of detection and quantification were imsted as 3.3
(corresponding to the = B = 5% guideline) and 10 times the standard dewatio
the intercept, respectively, divided by the slopiee intercept and the slope used for
the calculation were obtained for a low-concenbratievel addition standard
calibration graph. Results are listed in Table 3. @&an be seen, the limits of
detection and quantification were below 2.2 and)/g of packaging, respectively.

The repeatability and intermediate precision ofrtiethod were calculated by
processing 15 replicates of spiked packaging (feicates x three days) at two
concentration levels of 15 and 40 ng/g. ANOVA wa®dito obtain repeatability
and intermediate precision. As can be seen in Tahlepeatability and intermediate
precision were satisfactory (RSDs were less thaantil15%, respectively).

Recovery values were obtained at a low (15 ngdgy/rhedium (40 ng/g) and
medium (200 ng/g) concentration levels (Table 3.c&n be seen, they were close
to 100%, at both levels, ranging from 94 to 118%.
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Table 2. Linearity and matrix-effect study

Calibration curve

b1+ Cl1

1) 0.9958 -0.06 +£0.08 0.0632+0.0016 -
PFHpA 3.474
2) 09924 -0.12+0.10 0.0657 £0.0021 -

1) 0.9933 -0.08+0.09 0.0535+0.0018 -
PFOA  1.933
2) 0.9918 -0.03+0.09 0.0499 +0.0018 -

1) 0.9946 -0.01+0.10 0.0700 *0.0020 -
PFNA  0.510
2) 0.9952 -0.19+0.12 0.0656 +0.0024 -

1) 0.9958 -0.10+0.12 0.047 £ 0.007 0.00024 + 0.00007*
PFO$¢ 5.895
2) 0.9933 0.20+0.11 0.049 £ 0.006 0.00008 + 0.00006*

1) 0.9974 0.02x0.12 0.070 £+ 0.007 0.00022 + 0.00007
PFDA> 25.188
2) 0.9969 0.05+0.12 0.066 + 0.007 0.00027 = 0.00007

1) 0.9985 0.03+0.09 0.074 £ 0.005 0.00022 + 0.00005
PFUNRA 25.101
2) 0.9963 0.05+0.13 0.067 + 0.007 0.00025 + 0.00007

1) 0.9982 -0.02+0.26 0.183 + 0.016* 0.00100 +0.00016*

PFDoA¢ 79.304
2) 0.9976 0.06+0.20 0.124 £ 0.011*  0.00068 + 0.00012*

aMandel’s fitting test. For Fcal>dF1;N-3 = Fcrit HO is rejected. Fcrit=4.171 for aimpounds,
but for, PFOA (Fcrit=4.210)

b The calibration curve is fitted better by a quéidrunction than by a liner function.

¢ Compounds affected by matrix effect.

bo: intercept.

b1: slope or lineal coefficient.

b2: quadratic coefficient.

Cl: Confidence interval.

1) Calibration curve of PFAAs in methanol

2) Calibration curve of PFAAs in methanolic sampteact

* Significant statistical differences between metblaand methanolic sample extract calibration
parameters

Bold numbers: selected calibration curve.
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Table 3. Features of the FUSLE-HPLC-(Q-TOF) MS/MS method.

LOD 2 LOQ P Repeatability ¢ (%) Intermediate precision® (%) Recovery + 95% CI (%), N=4

(ng/o) (ng/g) 15ng/g 40 ng/g 15 ng/g 40 ng/g 40 ng/g 200 ng/g
PFHpA 1.2 4 10 8.5 11 12 97 £10 112 + 31 979
PFOA 2.2 7 10 8.7 12 12 104 £12 110 £ 10 96 + 16
PFNA 0.9 3 8 6.9 10 10 106 £ 16 96 +21 102 £12
PFOS 0.9 3 6 6.6 13 12 96+8 108 + 15 103 +22
PFDA 0.5 1.6 10 8.2 12 12 102 £ 19 1057 101 +14
PFUNA 1.1 3 11 7.9 13 13 118 £ 32 107 £ 27 99 +13
PFDoA 0.5 1.4 9 7.0 10 15 94+8 114 £ 19 97 + 22

aEstimated as 3.3 times the standard deviatiohebaseline divided by the slope.
b Estimated as 10 times the standard deviationeobéseline divided by the slope.
¢ Calculated by ANOVA (5replicates x 3days).

15, 40 and 200 ng/g: concentration levels studied.
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3.3. Analysis of samples

The developed method was applied to determine thdiesl PFAAS in
different matrix as microwave popcorn bag, ice arg¢ab and cardboard cup; and
the results were compared with those obtained dy-RBLC-(Q-TOF) MS/MS in
order to contrast FUSLE efficiency versus PLE. Resare given in Table 4.
Broadly, all samples contained PFAAs, mainly PFHpA|evels of between 4 and
29 ng/g total PFAAs. PFHpA showed the highest cotradons and PFNA and
PFUNA were not detected in any sample. It is wandntioning that, opposite our
expectations, PFOA was found in only two samplese Bamples 1, 2 and 4,
corresponding to microwave popcorn bags, showecdhiteest levels of PFAAs,
near 30 ng/g, whereas that microwave popcorn bagdice cream tub samples
showed the lowest, around 5 ng/g

PFHpA has been reported as the most abundant PBAAdfin articles of
commerce such as nylon carpet, carpet protectarectrate, spot removal kit and
tire shine [32]. In addition, it has been foundhion-stick cookware and microwave
popcorn bag [44] and surface soils [59] followingg@A and PFOS as most
abundant PFAAs.

Short chain PFAAs were also detected in the FUShERLE extracts of the
samples. A chromatogram of a FUSLE extract for pcpon packaging sample is
shown in Figurel.c. These compounds could not la@ttfied, but the highest peak
area was obtained for PFHxA followed by PFBA, PFR&d PFPrA (not detected).
This seems to indicate that compounds with an enxanber of carbon atoms and
with a longer chain are more abundant. The presefshort chain PFAAs in food
and the increase of PFHXA levels in prepared foasl been reported by Ullah [34]
and Gebbink [37], respectively.

No significant differences were found for the résulbtained by FUSLE and
PLE, except for sample 1 where PLE extracted méidpA than FUSLE. On the
contrary, PFDA from popcorn bag 2 and PFOA fromquop bag 3 were extracted
with FUSLE, but it could not be quantified afterl2L

CONCLUSIONS

A FUSLE-HPLC-(Q-TOF) MS/MS method has been devetbfsedetermine
PFAAs in food-contact packaging. FUSLE has showrbéoa fast, simple and
efficient extraction method for PFAAS. The proposeethod allows a quantitative
extraction (around 100% recovery values) of PFAsnfthis kind of packaging in
a very short time (10 s extraction step).
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Table 4. Concentration of PFAAs in food-contact packaging.

Concentration + SDa (ng/gy

Samples
Total PFAASP

FUSLE 141+0.8 n.d. 5.9+0.9 n.d. n.d. 20014
Microwave popcorn bag 1
PLE 215+0.7 n.d. 7.7+0.3 n.d. n.d. 29.2+05
FUSLE 10.9+0.3 14.0+£1.2 <LOQ 1.8+0.4 n.d. 26.7+1.6
Microwave popcorn bag 2
PLE 11.6+1.0 152+15 <LOQ <LOQ <LOQ 27+3
FUSLE n.d 7.2+0.9 n.d. 46+0.9 25+0.3 143+1.7
Microwave popcorn bag 3
PLE n.d <LOQ n.d. 4.7+0.7 29+0.3 7.2+0.5
FUSLE 231+21 n.d. 5.0£0.3 n.d. n.d. 28+4
Microwave popcorn bag 4
PLE 205%+1.6 n.d. 5.4+0.6 n.d. <LOQ 26+3

a Standard deviation (N=3)

b Total PFAAs calculated by the sum of quantifiedhRE.

n.d.: No detected. Concentration below the detedimit. PFNA and PFUNA were not detected in anygke.
<LOQ: Concentration below the quantification linidetected but not quantifiable.

* Significant statistical differences between FUSIrHl PLE methods.
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Table 4(cont.). Concentration of PFAAs in food-contact packaging.

Concentration = SDa (ng/g}

Samples
PFHpA PFOA
FUSLE 7.1+0.3 n.d.
Microwave popcorn bag 5
PLE 8.8+0.9 n.d.
FUSLE 43+0.3 n.d.
Microwave popcorn bag 6
PLE 49+0.3 n.d.
FUSLE 9.76 £ 0.16 n.d.
Cardboard cup
PLE 9.2+0.7 n.d.
FUSLE n.d. n.d.
Ice cream tub
PLE n.d. n.d.

PFOS
46+0.7
56+1.1

<LOQ

<LOQ
57+0.6
7.2+1.2
6.1+0.7

6.9+04

PFDA

n.d.

n.d.

n.d.

n.d.
n.d.
n.d.

n.d.

PFDoA
n.d.
n.d.
n.d.
n.d.

<LOQ
<LOQ
<LOQ

<LOQ

Total PFAASP

11.7+0.5

143+£19

43+0.3

49+0.3

155+04

16.4+£25

6.1+0.7

6.9+04

a Standard deviation (N=3)
b Total PFAAs calculated by the sum of quantifiedh\RB.

n.d.: No detected. Concentration below the detediiit. PFNA and PFUNnA were not detected in anygke.

<LOQ: Concentration below the quantification limietected but not quantifiable.
* Significant statistical differences between FUSIrHl PLE methods.
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Therefore, FULSE may increase the sample througfggybackaging screening in
comparison to classical solid-liquid extraction t(agtion times around 30 min),
classical UAE (1-2 hours) and PLE (6-30 min). Fexdracts may also be available
for analysis of FTOHs, which have very often beerargified in paper based
packaging.
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Determination of perfluorinated alkyl acids in corn, popcorn
and popcorn bags before and after cooking by focude
ultrasound solid-liquid extraction, liquid chromatography and
guadrupole-time of flight mass spectrometry

Cristina Moreta and Maria Teresa Tena*.
Department of Chemistry. University of La Rioja. KBAdre de Dios 51, E-26006. Logrofio
(La Rioja). Spain.

ABSTRACT: An analytical method is proposed to determine gerfluorinated alkyl

acids (PFAASs) [nine perfluorocarboxylic acids (PFE}And perfluorooctane sulfonate
(PFOS)] in corn, popcorn and microwave popcorn pgelg by focused ultrasound
solid-liquid extraction (FUSLE) and ultra high pmrhance liquid chromatography
(UHPLC) coupled to quadrupole-time of flight magsearometry (QTOF-MS/MS). _
Selected PFAAs were extracted efficiently in onheadl0-second cycle by FUSLE, a -
simple, safe and inexpensive technique. The degdlopmethod was validated for
microwave popcorn bags matrix as well as corn aopcprn matrices in terms of
linearity, matrix effect error, detection and qufication limits, repeatability and
recovery values. The method showed good accuratyrecovery values around 100%
except for the lowest chain length PFAAs, satisfacteproducibility with RSDs under

16%, and sensitivity with limits of detection inettorder of hundreds picograms per

gram of sample (between 0.2 and 0.7 ngfg)s method was also applied to the analysis

of six microwave popcorn bags and the popcorn enbigfore and after cooking. PFCAs
contents between 3.50 ng/g and 750 ng/g were foindags, being PFHXxA
(perfluorohexanoic acid) the most abundant of thdowever, no PFAAs were detected

either corn or popcorn, therefore no migration assumed.

Keywords: Perfluorinated alkyl acids; Focused Ultrasoundidsbiquid Extraction;
Liquid Chromatography; Quadrupole-Time of Flight $8aSpectrometry; Packaging;
Popcorn.

1. INTRODUCTION

Perfluoroalkyl and polyfluoroalkyl substances (PEA®iave been broadly
used since the late 1940s in different industniel aommercial applications due to
their effect of the reduction of the surface tensand their hydrophobic and
oleophobic properties [1, 2]. Hence, they have bexdensively distributed in the
environment.
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However, perfluorinated compounds show high thernmblogical and
chemical inertness owing to carbon-fluorine is shrengest existing covalent bond
(450 KJ/mol) [3]. Moreover, it has also been provbat perfluoroalkyl acids
(PFAASs) exhibit toxicity in laboratory animals caug developmental diseases, liver
cancer, affect the lipid metabolism and disturbithewune system [4]. Additionally,
these compounds may come from the degradation loér oPFASs, such as
polyfluoroalkyl phosphate surfactants (PAPs) ansbribtelomers (FTOHSs), which
may be atmospherically or metabolically degradethtam, increasing the PFAAs
concentration, such as perfluorocarboxylic acid6QRs) and perfluorooctane
sulfonate (PFOS), in the environment and the huexgosure [5-7].

Due to their hazardous, PFASs have been deternovedthe last few years
in a wide variety of matrices, such as human ardlife biological ones (urine,
milk, plasma, serum, blood, liver, brain and kidnesnvironmental liquid (river
water, seawater and wastewater) and solid matfthest, sewage sludge, sediments
and soil), consumer products (textile, carpet, ek and food packaging), food
and even in indoor and outdoor air [1, 8].

One of the main applications of the PFASs has l@eadditives in food-
contact packaging due to their ability to make towering oil, stain and water
resistant [9]. In previous studies, PFOA (perflamt@anoic acid) has been found at
levels up to 198 ng/g and 290 ng/g in microwavecpop packaging [10, 11], but
fortunately, the concentration of long chain PFA$gackaging have decreased in
recent years [12, 13] because the manufacture OfSP&nd other PFASs have been
banned in the USA and in Europe. However, thesgoomds can still be present in
food contact packaging due to the acquisition afdpcts that can still contain
PFASs from other countries outside the USA or Eerop

PFASs have been typically extracted quantitativstyclassical solid—liquid
extraction (SLE) [12, 14], by ultrasound assistgttaztion (UAE) [10, 15-17] and
by pressurized liquid extraction (PLE) [11, 13, 18] from different kinds of food-
contact packaging samples. However, the focuseasolind solid—liquid extraction
(FUSLE) has offered an efficient extraction in osveral seconds [20]. FUSLE is
a low-cost, fast, simple and safe extraction templmmi based on the cavitation
phenomenon. It is more reproducible and more efficthan traditional ultrasonic
bath extraction (USE) due to its 100 times high#érasonic power and the
immersion of the ultrasound microtip directly iretextracting solution [21, 22].

FUSLE has also been used for the fast extractieco(gls or few minutes) of
organic analytes, such as UV filters [23] and bespiis [24] from packaging, as
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well as, polychlorinated biphenyls [25], phthal&sters [25], nonylphenols [25],
polycyclic aromatic hydrocarbons [21, 22, 25, 268 &rominated diphenyl ethers
[27] from environmental matrices. However, longe&traction times were needed
for the extraction of metals from sediments [28hgd-USLE.

Regarding to extract PFASs from food, this matras tbeen more widely
studied than packaging. The most commonly usedaetin methods have been
based on SLE using an orbital shaker [29-32] and &, 33, 34]. lon pair
extraction (IPE) [35, 36], alkaline digestion [387], PLE [38] and QUEChERS
methods [40] have also been employed. However oatiyese techniques are more
time-consuming or difficult to implement than FUStdehnique, and this is the first
time that this extraction has been used to sampleapation of food samples.

In this study, a fast and simple method based o8lEHJand UHPLC—(QToF)
MS/MS has been developed, validated and applied ther detection and
guantification of ten PFAAs in six different micrawe popcorn bags and the
popcorn inside them, before and after microwavekiogp Thereby, the absence of
migration from packaging to food has been shownthadffect of the microwaving
process on PFAAs has also been studied.

2. EXPERIMENTAL

2.1. Materials and reagents

Individual standards of perfluorooctanesulfonicdatraethylammonium salt
(PFOS) 98%, perfluorobutanoic acid (PFBA) 98%, Iperbpentanoic acid (PFPeA)
97%, perfluorohexanoic acid (PFHxA) > 97%, perfhlugptanoic acid (PFHpA)
99%, perfluorooctanoic acid (PFOA) 98%, perfluonoamoic acid (PFNA) 97%,
perfluorodecanoic acid (PFDA) 98%, perfluoroundetaracid (PFUNA) 95% and
perfluorododecanoic acid (PFDoA) 95%, were providgdsigma Aldrich (Madrid,
Spain).

Isotopically labelled internal standards of sodiuperfluoro-1-F3Cg]-
octanesulfonate (M8PFOS) isotopic purity > 99%, flpero-n-[3,4,5°Cs)-
pentanoic acid (M3PFPeA) isotopic purity > 99%,flpero-n-[13Cg]-octanoic acid
(M8PFOA) isotopic purity > 97.9% and perfluoro-ng43C;]-dodecanoic acid
(MPFDoA) isotopic purity > 99%, were purchased fro¥ellington Laboratories
Inc. (Guelph, ON, Canada) as p@ml solutions in methanol. MBPFOS was used as
internal standard for PFOS; M3PFPeA was used f@AP&nd PFPeA; MPFDoA
was used for PFDoA; and MBPFOA was used for thieofd8FCAS.
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LC-MS grade acetonitrile (ACN), methanol (MeOH) aodmic acid, and
HPLC grade ethanol (EtOH) were obtained from Sehar{Barcelona, Spain).
Aqueous solutions were prepared in Milli-Q deiodizeater (Bedford, MA, USA).

Sodium formate 99.998% and ammonium format89.0% were obtained
from Scharlau (Barcelona, Spain).

2.2. Samples

Microwave popcorn bags of six different types welgained from local
supermarkets in mid-2013. There were three diffebeands (A, B and C) among
which were four types of flavors (salty (ST), but(8), sweet (SW) and with no
added fats (NF)). A and C were generic brands amé8a name brand.

Before analysis, fat, salt and/or sugar were thginbu removed from
packaging and corn samples with the aid of papseltcAll samples were ground
using an IKA A10 Analytical Mill purchased from IkKiWerke GmbH & Co. KG
(Staufen, Germany) and then corn and popcorn weved through a 0.5 mm mesh
sieve. The ground samples were stored protectenl fight at 4°C in polyethylene
plastic containers purchased from Lin Lab Rioja Riaja, Spain).

Three pulls of samples (one for each kind of sajnplecooked microwave
popcorn bags, corn and popcorn samples were peeparee used during method
validation. The three pulls were spiked at a cotregion level of 20 ng/g of each
analyte. The microwave popcorn bag pull was algieesipat a concentration level of
2.5 times the limit of quantification of each artaly

These spiked samples were prepared by adding anaith PFAAs standard
solution to the grounded matrix (packaging or fodgpersed in ethyl acetate. The
mixture was thoroughly homogenized and maintairted54C water bath until the
solvent was completely evaporated, and then ittvitasated again to ensure proper
homogenization of the sample. Then the samples agee in polyethylene plastic
containers protected from light at 4°C for at ldasi weeks before use.

2.3. FUSLE procedure

A SONOPLUS 2070 focused ultrasound system, witbwegp of 70 W and a
20 kHz frequency, equipped with a 3 mm titaniumnatip and a sound proof box
(Bandelin Sonoplus, GmbH & Co. KG, Berlin, Germangs used.

The optimal extraction conditions were as follodss g of ground sample
was placed into a 34x100 mm centrifuge glass tahd,then 24 ml of EtOH were
added. Before each extraction, 100 pl of the 30@nhhanternal standards solution
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was also added. Then, the probe was immersed imititare. The extractions were
performed in an ice-water bath and the sample wagmsed once to a 30%
ultrasonic irradiation power for 10 seconds at 5f%ulsed cycle.

Extracts were filtered through a 50 ml capacity 86dnm disc diameter filter
funnel porosity 3 (16-4@m nominal max. pore size) (DURAN Produktions GmbH
& Co. KG, Mainz, Germany) using a vacuum pump. Tdlassware and the
extracted sample were washed twice with 2 ml ofagxion solvent. The three
liquid portions were transferred to a 50 ml vessebrder to be evaporated to
dryness under a nitrogen stream using a CallipetbdWap Il concentrator
(Zymark, Hopkinton. MA, USA). However, for corn apdpcorn samples an oily
residue remained. Therefore, a micro-scale liggjdidl extraction (LLE) of the
highly viscous yellow liquid was performed for teematrices. LLE was carried out
twice with 1.0 ml MeOH. It is worth mentioning thaalt had to be added as an
additive in order to keep immiscible the two phaseshe case of sweet popcorn
extract. The two methanolic layers were transfeteed 50 ml vessel in order to be _
evaporated to dryness under a nitrogen stream uwsir@@plliper Turbo Vap Il -
concentrator.

Extracts were reconstituted with 1 ml of LC-MS grddeOH and filtered
through a 0.22um nylon filter (Scharlau, Barcelona, Spain) befdu&lPLC
injection.

2.4. UHPLC-(QTOF) MS/MS

A Waters Acquity UPLC chromatograph (Milford, MA,S4) equipped with
a 50 mm x 2.1 mm i.d., 1pin particle size Waters Acquity BEH C18 column and a
Waters VanGuard pre-column of the same materialpleal to a Microtof-Q (Q-
TOF) mass spectrometer from Bruker Daltonik (GMBB8ermany) with an
electrospray interface, was employed for the sdéjparsand quantification of
PFAAs. The chromatographic and mass spectrometgy \are acquired with the
software Data Analysis Version 4.0 from Bruker Dalk (GMBH, Germany).

The chromatographic separation conditions wereethasid developed based
on those reported in previous works [11, 20, 39D.8% formic acid—ACN mixture
(solvent A) and a 0.8% formic acid aqueous solutisolvent B) were used as
mobile phases. The chromatographic separation pdaée in 4 min. The mobile
phase composition was varied according to a ligeagdient that was increased from
28% to 50% A in 1.50 min, then increased until 5&% 1.20 min; increased again
until 72% A in 0.5 min and maintained for 0.5 mithen increased to 100% A in
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0.10 min and held for 1 min. Finally, the mobileagh composition was returned to
the initial conditions.

It is worth mentioning that 100% ACN mobile phasepassed through the
column during 1 min in order to clean the columntfee next injection. Likewise,
cleaning the column with 100% ACN during 5 min gv&0-15 injections is also
recommended.

The flow rate was set at 0.50 ml/min and the imggctvolume was 7.ql. The
sample tray was held at 20°C and the column wastaiaed at 35°C.

Electrospray ionization was carried out in negativede using a capillary
voltage of 3.5 kV. A coaxial nebulizer.Mgas flow (9.0 I/min) at 200°C and 3.0 bar
of pressure around the ESI emitter was used tatatb® generation of ions. The
mass spectrometer was calibrated across the mags @ 50-1500 m/z using
internal references. Quantification was performgdmultiple reaction monitoring
(MRM) and ion extraction. The collision energiesrgvget between 8 eV (minimum
possible) and 14 eV to achieve the most abundagnfentation (see Table S1 in
Supplementary Material). Regarding to PFOS, coltignergies from 8 eV to 80 eV
were tested. PFOS began to fragment at collisienggnof 35 eV. Nevertheless, no
stable and abundant fragment was found for PFO e voltage was increased.
Therefore, the precursor ion for PFOS was sele®etention times, quantification
ions and summation ratios used for the analytesatse listed in Table S1 in
Supplementary Material.

The chromatograms of a mixture of the analytesthadnternal standards, an
extract of a microwave popcorn bag sample and amacxof a fortified popcorn
sample obtained by FUSLE are shown in Figure 1.

2.5. Software for statistical analysis

The statistical analysis was performed using Miofo€xcel and SPSS
Statistics 19 (IBM, USA).
3. RESULTS AND DISCUSSION
3.1. UHPLC-(QToF) MS/MS method

3.1.1. Preliminary experiments

In order to select the optimal chromatographic domts, different mobile
phases and flow rates were tested (data not shown).
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Figure. 1. Selected ion chromatograms of PFAAs obtained Y@ methanolic standard
solution at 20 ng/ml b) a microwave popcorn bagmarextracted by FUSLE and c) a
20 ng/qg fortified popcorn sample extracted by FUSBEak identification: 1) PFBA; 2)
PFPeA; 2°) MPFPeA; 3) PFHxA; 4) PFHpA; 5) PFOA; BPFOA; 6) PFNA; 7)
PFOS; 7)) MPFOS; 8) PFDA; 9) PFUNA; 10) PFDoA afd) MPFDoA.
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Formic acid concentrations between 0.1% and 1.0#%%dmobile phase were
studied. PFOS and PFDA cannot be separated chrgraptucally employing 0.1%
formic acid mobile phase, but when formic acid @ntcation was increased up to
1.0%, PFOS retention time decreases in such a hayPFNA and PFOS began to
overlap. Accordingly, a 0.8% formic acid—ACN mixtuand a 0.8% formic acid
aqueous solution were selected in order to obthm best chromatographic
separation.

Two buffers consisting of formic acid and ammonidionmate or sodium
formate were also tested. The PFAAs peaks intesityeased with both buffers.
All areas decreased until around two - three timsi®ig the ammonium formate
buffer and more than 15 times using sodium forntatiéfer. Therefore, the use of
those buffers was discarded.

Flow rates from 0.45 to 0.60 ml/min were checketle Tthromatographic
separation took place faster increasing this fadttowever, a flow rate of 0.5
ml/min was selected because higher flow rates wexethe chromatographic
resolution.

Moreover, the injection volume and the summatidio naere studied in order
to obtain a sensitive and reproducible method.ctige volume values between 5
and 10ul were tested. A value of 7,8 was selected because higher values spoiled
the PFAAs peak shape even showing up peaks withicérs.

Summation ratio was checked at three different l¢elw, medium and
high); corresponding to values of 2500, 3750 an@aD5@& summation ratio of 5000
showed the highest sensibility for all compoundewkver, at the high summation
value fewer data are acquired per second and chognaphic peaks are less
defined worsening peak area repeatability. A suriunatatio of 5000 was set
except for PFPeA, PFOA, PFDoA and PFOS becausedteegetected at the same
retention times as their internal standard. A sutimnaratio of 3750 was set for
them.

3.1.2. Features of UHPLC-(QTOF) MS/MS method

The UHPLC—(QTOF)MS/MS method was validated in terofslinearity,
limits of detection (LODs) and quantification (LOQsepeatability (intra-day RSD,
%) and intermediate precision (inter-day RSD, %)e Teatures of the method are
shown in Table 1. The analytical signal used fdibcation and quantification was
the analyte-to-internal standard peak area ratio.

174



G.T

Table 1.Features of the UHPLC-(Q-ToF) MS/MS method.

LOD 2 LOQ ®

(ng/ml) (ng/ml) 2l
PFBA 0.4 1.3 9
PFPeA 0.3 0.8 9
PFHxA 0.3 0.9 11
PFHpA 0.3 0.8 8
PFOA 0.5 1.4 11
PFNA 0.4 11 10
PFOS 0.3 0.9 7
PFDA 0.3 0.8 8
PFUNA 0.2 0.6 10
PFDoA 0.3 0.8 9

Repeatability ¢ (%)

10 ng/ml

o o w »» b N O A O N

45 ng/mi

o o b~ N b~ B~ b~ OO W B>

Intermediate precision® (%)

2 ng/ml
10
12
15
15
15
14
11
14
13
14

10 ng/ml

45 ng/mi

10
10

2, 10 and 45 ng/ml: concentration levels studied.

aEstimated as 3.3 times the standard deviatiohedfrttercept divided by the slope.
b Estimated as 10 times the standard deviationeoirttercept divided by the slope.

¢ Calculated by ANOVA (5 replicates x 3 days).
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Linearity was studied from 2 ng/ml to 100 ng/ml &ficoncentration levels
were measured in duplicate. The presence of sigmifi differences between the
residuals obtained for a linear regression mod&M) and a quadratic regression
model (QRM) was checked using the Mandel's fittiegf [40]. Differences between
the residual variances of both regressions wersigotficant for all analytes up to a
45 ng/ml concentration (9 concentration levels) ighE values obtained ranged
from 0.75 to 4.13 (critical F-value 6.20), so thatRM was selected for all PFAAs
up to that concentration level? Ralues were between 0.9968 and 0.9991.

LODs and LOQs were estimated as 3.3 times = 5%) and 10 times the
standard deviation of the intercept, respectiveiyided by the slope. The intercept
and the slope used for the calculation were obtaatelow-concentration levels,
from 0.5 ng/ml to 5 ng/ml. As can be seen in TabldODs were between 0.19
ng/ml (PFUNA) and 0.5 ng/ml (PFOA).

Repeatability and intermediate precision were dated by ANOVA at three
levels: 2 ng/ml, 10 ng/ml and 45 ng/ml (see TableConcentrations levels were
measured in five replicates per day over threeeddfit days. RSD values for
repeatability and intermediate precision were thas 7% and 11%, respectively, at
medium and high levels. However, at low levels, R&ues increased until 11%
and 15 %, respectively.

3.2. FUSLE-UHPLC-(QTOF) MS/MS method

3.2.1. Preliminary experiments

In order to enhance the sensitivity of the previpuseveloped FUSLE-
UHPLC-(QTOF) MS/MS method [20], an increase of g@mple amount and a
decrease of the final extract volume were testeid. worth mentioning that solvent
and sample volumes are correlated variables, atites@tio of mass to volume was
maintained constant. Accordingly, the sample amouat tested in triplicate at 0.5
g, 1.0 g and 1.5 g using 8 ml, 16 ml and 24 mlxfaetion solvent, respectively,
and the extracts were evaporated to dryness aodgseitted with 2 ml of MeOH.
Spiked microwave popcorn bags at a concentratiosl k& 20 ng/g of each analyte
were used. No significant differences were fountiveen the final concentrations
obtained. Therefore, the FUSLE procedure was egaéitient in all cases.

Finally, the final extract volume (reconstitutionlwme) was tested at 2.0 ml,
1.0 ml and 0.5 ml; extracting 1.5 g of spiked bagshe same spiking level, above
mentioned. No significant differences were found Xd® and 2.0 ml. Nevertheless,
PFAAs compounds with longer carbon-chains showsidificant peak tailing and
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even a noteworthy change in retention times whpzhled their determination when
a reconstitution volume of 0.5 ml was used. Thigy ha caused by the presence a
higher amount of matrix components in the more eatrated extract.
Consequently, 1.0 ml was the reconstitution volselected.

It also worth mentioning that when corn and popcaxtracts were
evaporated to dryness a highly viscous yellow dqimmiscible with MeOH
(probably oil from samples) was observed. A LLE whecked in order to achieve a
complete extraction of PFAAs from this phase. Frome to three step extraction
with 1 ml of MeOH were tested. Two MeOH extractiomsre enough to ensure at
least a 95% extraction of the PFAAs from the vischaquid.

3.2.2. Features of the FUSLE-UHPLC-(QTOF) MS/MS ninetd for microwave
popcorn packaging

The whole analytical method FUSLE-UHPLC—(Q-TOF) MS/ for the
determination of PFAAs in microwave popcorn packggivas characterized in
terms of linearity, matrix effect error, LODs andOQs, repeatability and 4.2
intermediate precision (intra and inter-day RSD,&¥d recovery values.

At the same time, linearity and matrix effect westidied by standard
addition on a methanolic sample extract. Eight eofr@tion levels, from 2 ng/ml to
45 ng/ml, were measured in duplicate.

As in Section 3.1.2, linearity was verified by Maiid fitting test with a 95%
confidence level. A LRM was selected for all PFAAse to the absence of
significant differences between the residuals olehifor LRM and QRM. Rvalues
obtained ranged from 0.9961 to 0.9990 and F valm® between 0.98 and 5.84
(critical F-value 6.41).

Once the linearity was checked, the possibilitynatrix effect was examined
by comparing the calibration slopes in MeOH andsample extract. Calibration
curves were constructed by plotting both the aealgtinternal standard peak area
ratio and the analyte peak area (y) against thiyteneoncentration (x) in order to
also check if possible matrix effects can be comptd by using the selected
internal standards.

Matrix effect was also evaluated for the differgaickaging amounts used:
0.25 g. (previous work [20]), 0.50 g, 1.00 g andl §..(present work); reconstituting
the extracts with 1 ml of MeOH. Four calibratiomges from 4 ng/ml to 45 ng/ml
(one for each sample amount) were made by staratidition. Their slopes were
compared with those obtained by external standaliiration in MeOH (See Table
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S2 in Supplementary Material). As can be seenntimber of analytes affected by
matrix effect increased with increased sample aronitil 1.00 g.

For packaging, significant differences (at a cosffice level of 95%) between
the slopes of calibration graph in presence andraiesof matrix components were
found for all analytes when the internal standarchdt used, except for PFHXA,
PFHpA, PFOA and PFNA (See Table S2 in Supplemeriaterial). The matrix
effect was compensated for all compound when tterrial standards were used,
except for PFUNA that showed a negative matrixaefté -39% (signal suppression)
that neither MPFDoOA nor MPFOA compensated. Theeeftine quantification of
PFUNA in microwave popcorn bags was carried ouwttbpdard addition.

LODs and LOQs were estimated as in Section 3.1h2s@ parameters were
acquired at low concentration levels, between hd ang/ml, by standard addition
to extracts that presented a low PFAAs concentrg@opull of samples NF-B and
ST-C). As can be seen in Table 2, this improvedhoets between 3 and 7 times
more sensitive than the previous one [20]. PFOAnglbthe highest LODs and
LOQs: 0.5 ng/g and 1.6 ng/g, respectively; and P§@#Ath longer carbon chain
showed the lowest one: between 0.13-0.19 ng/g ak0.6 ng/g, respectively.

Repeatability and intermediate precision of the hodtwere calculated by
ANOVA (four replicates x three days) at two concation levels of 2.5 times LOD
and 20ng/g. As can be seen in Table 2, repeatabitidl intermediate precision near
the LOQ of the method were higher than at mediuncentration levels. However,
satisfactory RSDs (less than 12% and 16%, resgbgliwere obtained.

Recovery values were also acquired at two condsrdevels: 2.5 times
LOD and 20 ng/g (see Table 2). Good recovery valasging from 90% to 106%,
were obtained for all analytes at both levels, foutPFBA and PFPeA that showed
recovery values of 80% and 84%, respectively, atdiv concentration level.

3.2.3. Features of the FUSLE-UHPLC-(QTOF) MS/MS ninetd for corn and
popcorn samples

The FUSLE-UHPLC-(QTOF)MS/MS method for the detemmion of
PFAAs in corn and popcorn was also characterizeteims of linearity, matrix
effect error, LODs and LOQs, repeatability (int@dRSD, %) and recovery values
for both matrices.
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Table 2.Features of the FUSLE-UHPLC-(Q-TOF)MS/MS methodrfacrowave popcorn packaging.

Intermediate precision ¢ Recovery (%) + DE, N=5

Repeatability ¢ (%)

LOD a LOQ b (%)
(ng/e) (ng/a) 251L0Qng/g 20ng/g 2.5L0Q ng/g 20 ng/g 2.5 LOQ ng/g

PFBA 0.4 1.1 12 8 15 8 80+10
PFPeA 0.3 0.8 11 5 13 9 84+9
PFHXxA 0.3 0.8 10 4 12 8 101+£2
PFHpA 0.2 0.6 2 4 9 6 91+3
PFOA 0.5 1.6 2 2 11 6 99+5
PFENA 0.3 0.9 6 4 14 5 90+9
PFOS 0.3 0.9 6 4 7 5 99+9
PFDA 0.2 0.6 8 4 10 5 91+9
PFUNA 0.2 0.5 8 5 16 15 90+6
PFDoA 0.2 0.4 2 3 5 7 96 £ 4

20 ng/g

103 +10
91+6
105+8
99+3
102 +6
104 +6
106 5
1034
96 +5
104 £3

2.5 times the LOQ and 20 ng/g: concentration lestldied.

a Estimated as 3.3 times the standard deviatidimeoihtercept divided by the slope.
b Estimated as 10 times the standard deviatioheoirttercept divided by the slope.
¢ Calculated by ANOVA (4 replicates x 3 days).
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The linearity of the calibration curves was verfigsing the Mandel's fitting
test [40] as in Section 3.1.2. Calibration curvesravconstructed by standard
addition to methanolic corn and popcorn extracts.c8ncentration levels, from 2
ng/ml to 45 ng/ml, were measured in duplicate. fethod was shown to be linear
in the range tested because no differences bettheeresiduals obtained for LRM
and QRM were found at a 95% confidence level. riemlobtained ranged from
0.98 to 5.01 (critical F-value 7.21) andWlues were between 0.9924 and 0.9995.

The absence of matrix effect was checked by comgdhie calibration slopes
in MeOH and in sample extract with a confidenceslenf 95%. In order to check if
possible matrix effects can be compensated by usiegnal standards, both, the
analyte to internal standard peak area ratio anctialyte peak area, were employed
(See Table S3 in Supplementary Material).

Without internal standard calibration, the cornrasts showed matrix effect
for only PFNA and PFDoA with sensitivity enhancetnsernf 23% and 26%,
respectively. Moreover significant differences wéoend in popcorn extracts for
PFBA, PFPeA, PFHXA, PFHpA, PFNA and PFDoA showilops relative standard
errors between —21% and 22%. Only PFBA and PFPeiveth signal suppression.
However, the use of the internal standard selectedpensated the matrix effect
error of all PFCAs in both matrices.

LODs and LOQs were estimated as in Section 3.0t8rdept and slope were
obtained at low concentration levels from 1.0 ngtonf ng/ml by standard addition.
As can be seen in Table 3, PFOA showed the hidl®BSis in both matrix extracts
with values of 0.6 ng/g and 0.7ng/g. LODs for PFA®ere similar in both matrices,
but for PFPeA whose LODs and LOQs in popcorn (g rand 1.5 ng/g) were
more than twice those in corn (0.2 ng/g and 0.G)ag/

Repeatability and recovery values of both methodsewcalculated at a
concentration level of 20 ng/g (see Table 3). Rigility for corn and popcorn was
below 9% and 7%, respectively.

Recovery values in popcorn were close to 100% remnfyiom 94% to 109%.
However, in general terms, recovery values of loalain length PFAAsS in corn
were lower than those with longer chains showinlyies from 65% to 101%. In
addition, recovery values from corn are lower tllanse obtained from popcorn.
One reason could be that analyte penetration in daring spiking process was
deeper than in popcorn because popcorn floats tatides not absorb analytes as
well as corn does. Furthermore, smaller molecud@spenetrate deeply in the
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Table 3 Features of the FUSLE-UHPLC-(Q-TOF)MS/MS methoddorn and popcorn.

LOD 2 (ng/g) LOQ ° (ng/g) Repeatability ¢ (%) Recovery® (%) + SD
Popcorn Corn Popcorn Corn Popcorn Popcorn

PFBA 0.4 0.4 14 1.3 7 6 65+5 94+6
PFPeA 0.2 0.5 0.6 15 7 4 74+5 105+4
PFHxA 0.3 0.3 1.0 0.9 9 5 69 +6 109 +£5
PFHpA 0.3 0.4 1.0 1.3 8 3 65+5 103+3
PFOA 0.7 0.6 2.0 1.8 9 4 82+7 101+4
PFNA 0.3 0.3 0.7 1.0 5 7 101+5 104 +7
PFOS 0.2 0.2 0.6 0.7 7 3 85+6 104 =3
PFDA 0.4 0.4 1.3 1.3 2 7 97 +2 108+ 7
PFUNA 0.4 0.4 1.2 1.2 4 6 92+3 100 = 6
PFDoA 0.5 0.4 15 1.3 6 4 92+6 105+4

@ Estimated as 3.3 times the standard deviatiohedfrttercept divided by the slope.
b Estimated as 10 times the standard deviationepirttercept divided by the slope.
¢ N=5, Concentration level studied: 20 ng/g.
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sample matrix during spiking because they have demscal hindrance and higher
diffusion capacity than higher chain PFAAs. Therefdower chain PFAAs are
more difficult to recover than higher chain onesl aiso from corn than from
popcorn.

3.3. Analysis of samples

The developed methods were applied to determine ptiesence of the
selected PFAAs in six different microwave popcoag®d as well as their content
before and after microwave cooking.

Results of the microwave popcorn bags are giverainle 4. Broadly, all bag
samples contained PFCAs at levels of between 3pand 750 ng/g total selected
PFCAs. PFHxA and PFHpA were quantified in all sasspNevertheless, no PFOS
or PFCAs with a carbon chain length higher tharesevere detected in any sample.

PFPeA and PFHpA showed similar concentration lewsfore and after
microwave cooking unlike PFBA and PFHxA. The concation of PFBA was
decreased after cooking, but for Salty B sampldchvidid not present significant
differences. This decrease could be a result ofrtiseowave cooking but the reason
is indeterminate. On the contrary, the concentnatibPFHXA was increased after
cooking, except Salty C sample, which neither presk significant differences.
This increase in the concentration of PFHxA coudd dxplained by degradation
pathways of other PFASs such as FTOHs or PAPs wiacid be present in the
bag. For example, 6:2/6:2 diPAP, 6:2 FTOH or 8:2HTcould be degraded to
PFHxA [6, 7] and due to the stability of PFCAs, sbeare the likely final
degradation products of different PFASSs.

There are clearly two different groups of PFCAsaamiration levels: Salty
A, Butter A and Salty B samples that showed higlele between 329 and 750 ng/g
total PFCAs whereas Sweet A, Non-added fats B afty € showed much lower
levels between 3.50 and 10.0ng/g.

As can be seen in Table 4, compounds with an euenbar of carbon atoms are
more abundant.

A comparison of the results obtained in this wonkl @ previous work [20]
showed that the PFAAs concentration has substintiatreased in the microwave
popcorn bags acquired between late 2011 and mid:-2lHie PFHpA concentration
values found for this period have been reduced d@tw65 and 80%. Moreover,
PFOS, PFOA, FPDA, PFDoA were found in some micravaepcorn bag samples
from late 2011 whereas that none of them has betttdd in the present study.
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Similar results were found by other authors forqmp packaging before and
after microwave cooking. Sinclear et al. [14] andfefraki et al. [13] analysed
popcorn bags acquired in New York in 2005 and iedse in 2012, respectively.
Sinclear found all PFCAs with carbon chain lengthsl twelve in one of the two
samples, whereas years later Zafeiraki detected PIRCAs chain length from 4 to
7. In general no differences were found before afitek cooking in the first study
while on the contrary in the Zafeiraki's study BIFCAs concentration increased
after microwave cooking except for PFBA and, aghia present work, PFHxA
followed by PFBA showed the highest levels reachipgo 681.35 ng/g of PFHxA
after cooking.

Table 4.Analysis of microwave popcorn packaging before aftelr microwave process

Concentration = SD (ng/g}

PFBA PFPeA PFHXA PFHpA  Total PFCAS

Salty A 1 256+8 36.8+1.0 405+13 75+1.3 705 + 15
(ST-A) 2 208+3 37+3 497 + 32 76+1.0 750 + 32

ButerA 1 28027 373  272%35 332017  592+44

(B-A) 2 236+8 43+ 4 453 +32 4.06+0.16 736 + 33
SweetA 1 nd. n.d. 224+0.06 1.26+0.03 3.50+0.07
(SW-A) 2  nd n.d. 3.4+0.3 1.18+0.18 4.6 +0.3

Saltys 1 158%6 266+23 142%#4 274:020  329+8

(ST-B) 2 158+21 30.3+1.2 303+21 2.18+0.16 493 + 30

No added fats B 1 n.d. n.d. 3.79+0.17 1.47+0.13 5.26 +0.21
(NF-B) 2 <LOQ n.d. 80+05 1.7+0.3 9.7+0.6
Salty C 1 nd. n.d. 7.4+06 1.91+0.15 9.3+0.6
(ST-C) 2 nd. n.d. 7.6+0.7 24+0.3 10.0+0.8

1: Microwave popcorn bags before cooking / 2: Migawe popcorn bags after cooking.

n.d.: not detected. Concentration below the detadimit. PFOA, PFNA, PFDA, PFUNA,
PFDoA and PFOS were not detected in any sample.

<LOQ: concentration below the quantification linitetected but not quantifiable.
a Standard deviation (N = 3).
b Total PFCAs calculated by the sum of the seleBteGAs
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Regarding to the analysis of corn and popcorn, FaA3 have been detected
in any of analyzed samples. Therefore, no migratb®PFAAs to food could be
detected.

Gebbink et al [12] carried out a similar study wethrn acquired in Sweden in
2012. They found levels between 0.4 and 35.7 pGRFECA in corn samples before
and after cooking, being PFHxA, PFOA and PFHpArttwest abundant in this order,
but no significant differences were found afterking. It is worth mentioning that
those PFCAs levels cannot be detected with theeptasethod. In general terms,
the Q-ToF used in the present work is more seledfijp one ten-thousandth of
Dalton) but less sensitive than the QqQ used irGé&ebink’s study.

4. CONCLUSIONS

A FUSLE-UHPLC—(Q-TOF) MS/MS method has been dewedopo
determine nine PFCAs and PFOS in microwave popgackaging, corn and
popcorn.

An efficient and simple extraction of PFAAs has earried out by FUSLE
in only one cycle of 10 s. Additionally, the chraimgraphic separation of the ten
PFAAs took place in only 4 min. Therefore, this huat allows a fast screening for
these emerging pollutants in microwave bags anid ¢batent.

The whole method has been validated for the thre&ices, showing good
repeatability with RSDs below 12% and LODs below Og/g. Satisfactory
recovery values between 80% and 108% have beemebta all cases but for corn
that showed recovery values between 65% and 74%®FR&As with slower carbon
chains (from PFBA to PFHpA).

The validated method has been applied to the asalys six different
microwave popcorn bags and the content of eachbedgre and after cooking.
PFCAs were found in all the microwave bags sampiea concentration range
between 3.50 ng/g and 750 ng/g, being PFHXA folibvsy PFBA the most
abundant of them. On the contrary, PFOS and PFCif{s arbon chain length
higher than seven were not found in any bag. Howeke presence of low carbon
chain PFAAs is still significant.

Regarding to the analysis of corn and popcorn, RAA% were detected in any of
them. Therefore, it seems that no migration of PEA® food happens during the
microwave cooking.
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ABSTRACT: Exposure of humans to parabens is a concern dubetestrogenic
activity of these compounds. Parabens are widedy as preservatives in some personal
care products, foodstuffs and pharmaceuticals owtingheir low cost, high water
solubility and broad spectrum antimicrobial projeext Despite this, little is known on
the occurrence of parabens in pharmaceutical ptedurcthis study, a method based on
solid-liquid or liquid-liquid extraction (SLE or LE), and high performance liquid
chromatography (HPLC) coupled with triple quadrgpahass spectrometry (QQQ-
MS/MS) was developed for the determination of sbshfrequently used parabens and
four paraben derivatives (methyl- and ethyl- pratechuates, and mono- and di-
hydroxybenzoic acids) in pharmaceuticals. A sanmpiefication step involving solid-
phase extraction (SPE) was optimized for the aismlyf solid and lipid-rich
pharmaceuticals. To our knowledge, this is thet foemprehensive report on the
occurrence of parabens in pharmaceuticals. Thelafm@ method was applied for the
analysis of 128 liquid/syrup, cream, solid, prgstion or over-the counter (OTC) drugs
collected from the USA and a few other countriesEarope and Asia. Although
majority of the drugs analyzed in the study did cottain parabens, concentrations as
high as 2 mg/g were found in some drugs. Methyd armopyl- parabens were the
frequently detected compounds. 4-Hydroxybenzoid aas the major metabolite found
in pharmaceutical products.

Keywords: Parabens, Pharmaceuticals, Liquid chromatograpass spectrometry,
Human exposure.

1. INTRODUCTION

Parabens are alkyl esters of 4-hydroxybenzoic &iHB) and are widely
used as preservatives in consumer products ingupiincessed foodstuffs [1, 2],
cosmetics [3, 4, 5], toiletries [3, 4, 5], papeogucts [6] and pharmaceuticals [5]
due to their low cost, effectiveness over a widegeaof pH, high stability, water
solubility and a broad spectrum antimicrobial atfivin particular, preservatives
are added to pharmaceuticals to prevent any migrgbdwth and/or degradation of
the drug (i.e., to increase the shelf-life).
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Studies have shown that parabens possess a weadjegst activity [7]. The
most commonly used parabens are methyl-, ethybpydt, butyl-, benzyl- and
heptyl- parabens and the estrogenic activity ofe¢heompounds increases with the
length of the alkyl chain [7]. Parabens are comsideas endocrine disrupting
compounds. Some studies have associated a decreaperm production or an
increase in the incidence of breast cancer andgnaait melanoma to paraben
exposures [8-12].

Concomitant with an increase in the understandirtg>acological properties
of parabens, the European Union has lowered alll@rabximum concentrations of
propyl- and butyl- parabens in cosmetics from 0.M#en used individually and
0.8% when mixed with other esters, to 0.14% whedusdividually or in mixture
[13]. In addition, the use of propyl- and butyl-rglaens is banned in cosmetics
intended for children under three years of age.[14]

Human exposure to parabens is a concern, and soof¢®iman exposure to
parabens are not fully characterized. A few stutiege reported the occurrence of
parabens in consumer products including processedisf and personal care
products [5, 15-17], as well as in environmental &logical samples including
water, sediments, sewage sludge, soil, indoor datitja, serum and urine [18-22].
However, to our knowledge, little is known on thecoarrence of parabens in
pharmaceuticals [5, 15-17]. The two earlier studiest measured parabens in
pharmaceuticals involved a small sample size af 274 liquid pharmaceuticals and
these studies analyzed only for 4-HB, MeP and BrR€].

Parabens have been typically analyzed by high-peeoce liquid
chromatography (HPLC) coupled with ultraviolet (UVjetector or mass
spectrometry (MS) [20, 23] and gas chromatogra@®)(coupled with MS [15, 20,
23, 24]. Liquid-liquid extraction (LLE), solid-ligd extraction (SLE) and
ultrasound-assisted extraction (UAE) are the commmathods employed in the
extraction of parabens from sample matrices. Initimag pressurized liquid
extraction (PLE), dispersive liquid-liquid microexttion (DLLME), supercritical
fluid extraction (SFE) and stir bar sorptive extime (SBSE) [20] have been
reported for the extraction of parabens. LLE andBU#ave been employed in the
analysis of parabens in liquid syrup pharmaceif@l 15-17]. However, no earlier
studies have determined parabens in pharmacetafats/capsules.

Although parabens are stable, they can be metaoby esterases [25]. In
addition, hydrolytic transformation of several gaeas to p-hydroxybenzoic acid
has been reported [26]. Another degradation pathfeayparabens is oxidative
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hydroxylation. Light—induced hydroxylation of methyaraben to methyl
protocatechuate has been reported [27]. Therefiydrplysis and hydroxylation of
parabens can occur in pharmaceutical formulatiemsg production and storage.

In this study, a method comprising SLE / LLE and ULGFRMS/MS was
developed for the determination of six parabens #md paraben derivatives
(methyl- and ethyl- protocatechuates, and mono-dinthydroxybenzoic acids) in
pharmaceuticals (Figure S1) encompassing liquidfsyrcream, gel, and solid
capsules (pills) collected from pharmacies in tH&AUand a few other countries.
The method was applied in the determination of lpama in 128 pharmaceuticals.

2. MATERIALS AND METHODS

2.1. Chemicals and reagents

Methyl- (MeP), ethyl- (EtP), propyl- (PrP), butyBuP), benzyl- (BzP), and
heptyl- (HpP) parabens were purchased from Acawsia Inc (New Haven, CT,
USA) in methanol (MeOH) at 100 pug/ml (puri#®8%). 4-Hydroxybenzoic acid (4-
HB) and 3,4-dihydroxybenzoic acid (i.e., protocatgc acid; 3,4-DHB) were also
purchased from AccuStandard in acetonitrile (ACN)@0 pug/ml (>99.5%). Methyl
protocatechuate (OH-MeP; 97%) and ethyl protocataieh (OH-EtP; 97%) were
purchased from Sigma-Aldrich (St Louis, MO, USA).

Isotopically labelled internal standardéCs-MeP, 1*Cs-BuP and'*Cs-4-HB,
were purchased from Cambridge Isotope Laboratdiiesvksbury, MA, USA) as
individual standard solutions in methanol at 1 md88%).

Formic acid (ACS grade; 88%), hexane (ultra-resigtagle; 95% n-hexane)
and ethyl acetate were purchased from J.T.Baker@ntet Valley, PA, USA).
Acetone and dichloromethane (DCM) (ACS grade) wawechased from Macron
Fine Chemicals™ (Center Valley, PA, USA). LC-MSdganethanol (MeOH) was
purchased from Fisher Scientific (Pittsburgh, PSAY. Milli-Q water was prepared
by an ultrapure water system (Barnstead Internakjodubuque, 1A, USA). All
standards and solutions were prepared in LC—MSegkéelOH and were stored at -
20°C until analysis.

Strata® NH (55 pm, 70A, 200 mg/3ml) and Oasis® HLB (3cc, 66)m
cartridges were used for solid-phase extractionE{S&éhd were obtained from
Phenomenex (Torrance, CA, USA) and Waters CorgmraiMilford, MA, USA),
respectively.
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2.2 Sample collection and preparation

A total of 128 pharmaceuticals were collected frauty to November 2014.
Over-the-counter (OTC) drugs were purchased inl Istoaies and prescription drugs
were obtained from volunteers who donated a smadiumt (<1 g) for this research.
Name of the drug (commercial name), expiration dat@nufacturer, and sampling
location were recorded. Some of the prescriptiamgsiranalyzed had passed the
expiration date.

The pharmaceutical samples originated from the YSé&w York and New
Jersey) (n=104), Italy (n=2), Poland (n=2), Spain5), China (n=7), India (n=5),
and Japan (n=3). The pharmaceuticals collected tlrmmUSA were grouped into
three categories: solid samples (capsules/pillS8ndiquid/syrup or cream samples
(n=32) and softgels (n=14). Samples were also o&tagl as over-the-counter
(OTC) and prescription medicines, as well as, leyrttherapeutic effects.

Solid samples (tablets, caplets or capsules) afide$® were kept at room
temperature in the dark. Tablets and caplets wem@benized with a solvent-rinsed
ceramic mortar prior to extraction. The exterioelslof softgels and capsules were
cut into small pieces (1-2 nfn using scissors. Liquid/syrup, cream and
homogenized samples were stored at 4°C in polyEopy(PP) tubes until analysis.

2.3. Extraction and clean-up

Between 0.05 and 0.10 g of pharmaceutical sampke pleced in a 15 ml
polypropylene conical tube (PP tube), followed ty addition of 200 pL of 1 pg/mi
internal standard mixture and 4.5 ml of MeOH. Théraetion was performed by
shaking the mixture in a reciprocal shaker for 30 at 280 + 5 osc/min (Eberbach
Corporation, Ann Arbor, MI, USA). The sample wasittéuged at 5000 x g for 15
min (Centrifuge 5804 Eppendorf, Hamburg, Germany)l #he supernatant was
transferred into another PP tube. Liquid/syrupagreand non-oily softgel samples
were analyzed by HPLC-MS/MS.

Solid and oily softgel (e.g., fish oil supplemenssimples required further
SPE clean-up before instrumental analysis. Thersapent was concentrated to 2
ml under a gentle nitrogen stream using a multisdpgen evaporation system
(Organomation Associates Inc., Berlin, MA, USA).té&f vortex mixing, 6 ml of
water acidified with 0.1% formic acid were addetieTiinal mixture was vortexed
and centrifuged at 5000 x g for 15 min, and the Mé@ater (25:75 v/v) mixture
was transferred into another PP tube.
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The sample purification was accomplished by use @4-port solid phase
glass block vacuum manifold (Burdick & Jackson, kegon, MI, USA). The
extract was purified by passage through Oasis HtBeXtraction cartridge (60 mg
and 30 um particle size), that was previously cioniéd with 3 ml of MeOH and 3
ml of water. The cartridge was washed with 3 mlLe% MeOH in water and 3 ml
of water. The cartridge was dried under vacuumlfdmin and then the analytes
were eluted with 3 ml of MeOH. All of the SPE step®re carried out at
atmospheric pressure, although a vacuum pump wagsdoged to load some
samples, at a rate not exceeding 20 drops /mifitie extract was made up to 4 ml
and centrifuged at 5000 x g for 15 min before HRUG/MS analysis.

2.4. HPLC-ESI-(QQqQ) MS/MS analysis

An Agilent 1100 Series HPLC system (Agilent Teclugiés Inc., Santa
Clara, CA, USA) connected to a (100 mm x 2.1 mm Bgum particle size) Betasil
® C18 column and a (20 mm long) VanGuard pre-coluffhermo Electron,
Bellefonte, PA, USA) coupled to an APl 2000 elesmm@y triple quadrupole mass
spectrometer (ESI-QqQ; MS/MS) (Applied Biosystefaster City, CA, USA) was
employed for the separation and quantification igf marabens and four paraben
derivatives. The data were acquired with the An@lsoftware.

The HPLC column was kept at room temperature. Tokile phase flow rate
was set at 0.30 ml/min and the sample injectiouwa was 1QuL. The mobile
phases were MeOH (solvent A) and 0.02% formic adigeous solution (solvent B).
The mobile phase composition started isocratic Jomin at 5% A and then
increased linearly from 5% to 85% A in 2 min andimtgined at 85% A for 1 min.
Then the gradient was increased from 85% to 98% & min and maintained at
98% A for 7 min. The mobile phase composition wasntreturned to the initial
conditions in 1 min and held for 7 min.

The quantification was performed by multiple reagtimonitoring (MRM)
and the transitions for quantification and confitima are shown in Table S1 and
Figure S2 (Supplementary Material). Electrospragization was carried out in
negative ion mode using an ion spray voltage & k4/. Other mass spectrometric
conditions used in the analysis are shown in T&dleNitrogen was used as both
curtain and collision gas. The curtain gas wasas@0 psi and the collision cell gas
was set at 2 psi. The ESI source temperature wagaimed at 450°C. Finally, the
data acquisition was set at 100 msec for scan speed
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3. RESULTS AND DISCUSSION
3.1. Optimization and validation of HPLC-ESI-(QqQ) MS/MS method

The QQqQ parameters were optimized by infusion dividual analytes at 250
ng/ml in MeOH into the mass spectrometer throudiow injection system (see
Table S1 Supplementary Material). The confirmatemd quantitation ions of
parabens and protocatechuates were 136>92 and A82relspectively. The mass
spectrometric fragments of parabens monitoredtaens in Figure S2. Quantitation
ion corresponded to the loss of the ester groutherCOO group for the acids.
Confirmation ion was from the loss of the alkyl gpo Acids did not fragment
considerably even with increasing collision energy.

The mobile phase containing formic acid (up to @%®r ammonia (up to
0.025%) was tested to further improve the signdheftarget analytes. Whereas the
intensity of alkyl protocatechuates increased, ititensity of parabens and acids
(i.e., 4-HB and 3,4-DHB) decreased with a decréagdl. Conversely, the intensity
of parabens and acids increased and protocateshdatenished at higher pH
values. Nevertheless, the presence of ammoniaeimtbbile phase distorted the
peak shapes (fronting) of acids and short chaialjgars (possibly due to secondary
interactions). These analytes eluted at the beginrof the chromatographic
separation at a concentration of 0.025% ammoniaeftecless, a mobile phase
concentration of 0.02% formic acid yielded optincahditions for sensitivity and
resolution of the target chemicals.

We examined optimal sample injection volume (inj@ts between 10 and 50
pL) and found that volumes above 10 uL yielded pmak shapes (due to fronting).
Therefore, a sample injection volume of 10 pL wsedu

The limits of detection (LODs) and limits of quditation (LOQs),
repeatability (intra-day RSD, %) and inter-day s®n (RSD, %) were determined
(Table 1). Quantification was based on the ratfcanalyte-to-internal standard peak
area.®*Ce-MeP was used as the internal standard for thetifigation of MeP, EtP,
OH-MeP and OH-EtP**Cs-BuP for PrP, BuP, BzP and HpP, arids-4-HB for 4-
HB and 3,4-DHB.

The LODs and LOQs were estimated as 3.3 and 10stithe standard
deviation of the intercept, respectively, dividedtbe slope of the calibration curve
injected at concentrations of 0.1 ng/ml to 5 ng/fle LODs and LOQs were below
0.06 and 0.18 ng/ml, respectively, for all targetsept for 4-HB and 3,4-DHB, and
MeP (Table 1). The LODs for these analytes werddrigbetween 0.21 and 0.4
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ng/ml) due to the presence of a background sigite. procedural blanks contained
two peaks that eluted close to 4-HB with relatiggention times (RRT) of 1.04 and
1.10, although they that did not interfere with thentification of this acid (RRT =

1.00).

Table 1. Limit of detection (LOD), limit of quantitation QQ), retention time (RT),
product ion ratio, and precision of the LC-MS/MS thwal for the analysis of
parabens and their derivatives in pharmaceuticals.

iayies 00" LO@ 1 T, s PrOtuction REPEIRINT merday
3,4-DHB 0.21 0.7 0.957 £ 0.002 - 2.2 8
4-HB 0.4 1.2 1.00 £ 0.001 - 3.8 6.4
OH-MeP 0.05 0.13 0.965+0.00227.4+1.0 3.2 3.2
OH-EtP  0.06 0.18 0.994 +£0.00132.7+1.0 3.3 5.1
MeP 0.3 0.8 1.00+0.001 18.4+0.6 2.8 49
EtP 0.04 0.12 1.03+0.002 9.1+0.3 4.3 4.6
PrP 0.06 0.18 0.972 +0.002 5.2+0.1 3.8 4.6
BuP 0.019 0.06 1.00 £ 0.001 9.6+0.3 2.7 3.9
BzP 0.04 0.12 0.996 +£+0.00113.0+0.7 3.8 2.2
HpP 0.03 0.08 1.10+0.003 16.7+x0.4 2.4 45

ab Estimated as 3.3 and 10 times the standard dewiatf the intercept divided by the slope,
respectively.

¢Analyte and internal standard retention times r@itie9: 3 replicates x 3 days).
d Quantification product ion and qualification pratlion peak areas ratio (N=10).
eCalculated by ANOVA (4 replicated x 3 days) at aaantration of 20 ng/ml.

All calibration curves were linear from 0.1 to 50@/ml with R values
between 0.9992 and 0.9997. The repeatability artdr-day precision were
calculated by the analysis of variance (ANOVA) & 2g/ml (measured in four
replicates per day over three different days) dm@RSDs were below 8% for all
analytes. Select chromatograms of the mixtureldaedet analytes (standard), and a
liquid and solid pharmaceutical samples are showkigure S3.
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3.2. Optimization and validation of extraction andpurification procedures

MeOH was the most frequently used solvent in thieaekion of parabens
from sample matrixes [1, 2, 4-7]. We selected 3I18omMeOH and 0.2 ml of
internal standards in MeOH (at a concentration pigdml) for the extraction of 0.1
g of sample. Liquid syrups yielded recoveries ofween 37 and 94%; however
solid samples exhibited a strong matrix effect pta 95% for-*Cs-MeP and-*Cs-4-
HB. Therefore, a sample purification step was ndeitle the analysis of solid
pharmaceutical samples prior to instrumental aislys

3.2.1. Purification by solid-phase extraction method

An extract from a solid pharmaceutical sample wasfipd in triplicate by
LLE with ethyl acetate/water (80:20 v/v) similar tbat reported earlier [28].
However, this procedure did not improve the reciegenf the internal standards
(Table S2).

Therefore, two SPE based purification methods eynpdp NH, and HLB
cartridges, similar to that reported earlier [1gres optimized for the analysis. All
tests were performed in triplicate. Four ml of anstard solution containing 100
ng/ml of a mixture of target analytes and 50 ngionithe internal standards were
transferred into a PP tube prior to purification.

For NH; cartridges, the extract was concentrated to neareds (less than 0.2
ml) under a gentle nitrogen stream and re-dissoinetiml of DCM/hexane (30:70
v/v) and transferred onto a Strata-NEartridge. The cartridge was previously
conditioned with 4 ml of acetone/MeOH (20:80, vand 4 ml of hexane. After
loading the extract, the cartridge was washed Withl of hexane and dried under
vacuum for 10 min. The analytes were eluted witml3f acetone/MeOH (20:80,
vIv).

We also tested the HLB cartridges for the puriforatof sample extracts. The
extract was concentrated to 2 ml under a genttegen stream and 6 ml of Milli-Q
water were added. The HLB cartridges were conditiowith 3 ml of MeOH and 3
ml of water. After loading the sample, the cartddgas washed with 3 ml of 10%
MeOH in water and 3 ml of water. The cartridge waen dried under vacuum for
10 min and the analytes were eluted with 3 ml ofO%e

The recoveries of target analytes through HLB ahti bartridges are shown
in Table 2. The recoveries of all parabens andopetechuates through the HLB
cartridges ranged from 84 to 103%. With the \drtridges, only parabens showed
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good recoveries (86-105%). 4-HB and 3,4-DHB wesenfl to sorb onto glass
surface.

Table 2. Recoveries (%) of parabens and their derivatibesugh the solid-phase
extraction (SPE) procedure (N=3).

HLB cartridge NH: cartridge

Not Acidified 0.1% Ac. 0.2% Ac. Not Acidified 0.2% Ac.

7 B T wash | ez
elution Load elution elution  elution glassware elution

MeP 100+3 1.3+0.4 90+10 92+ 6 91+7 n.d. 98 + 11

BCe¢-MeP 101+8 n.d. 93+7 94 +4 89+9 n.d. 100+ 9
EtP 103+ 6 n.d. 95+7 96 + 4 88+7 n.d. 97 +11
PrP 103+5 1.1+0.2 98+8 91+11 1018 n.d. 95+14
BuP 1039 n.d. 98 +5 88+12 105+13 n.d. 102 +5

13Ce-BuP 102 +4 n.d. 96 +3 92+2 1039 n.d. 10BL+

BzP 103+£8 n.d. 104 £ 6 97+11 10012 n.d. 102 + 13
HpP 1035 n.d. 98 +3 97+ 6 867 n.d. 96 £ 7
4-HB 26+05 1085 99+ 6 99 +4 n.d. 32+11 925
13Ce-4-HB 2.0+0.6 101+4 9713 95 +2 n.d. 34+12 883
3,4-DHB 1.2+04101+12 0913 90 +£2 n.d. 37+8 84+6
HO-MeP 848 n.d. 882 92+4 47+9 3.0 £1.492+3
HO-EtP 89+9 n.d. 89+3 92+3 47+9 2.0 £0.888+3

All recoveries were below 3% in cartridge wash atua

The influence of sample pH on the recoveries thinodtt B and NH
cartridges was tested by employing DCM/hexane (BOiV) acidified with 0.2% of
formic acid or water acidified with 0.1% and 0.2%f@mic acid (Table 2). In both
cases, excellent recoveries of between 80% and Méfé obtained for all target
analytes. Because 9 to 11% of the acids and thigrnal standards were eluted in
the second fraction, an elution volume of 6 ml vgatected for Nk cartridges.
Moreover, no significant differences were foundwesn water acidified at 0.1% or
0.2% of formic acid. Therefore, water acidified @t1% of formic acid and
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DCM/hexane (30:70 v/v) acidified at 0.2% of fornaicid were selected for analysis
using the HLB and NHcartridges, respectively.

Select solid pharmaceutical samples were analygdibth the SPE methods.
Recoveries of the internal standards spiked intosdimples are shown in Table S2.
Purification by HLB cartridges yielded higher reeoes for all internal standards
than that by Nkl cartridges. Hence, HLB cartridges were selectegtoification of
solid pharmaceuticals prior to HPLC-MS/MS analysis.

The purification method was further validated byksm 1 ml of a standard
solution containing 400 ng/ml for all target anal/tand 200 ng/ml for all internal
standards to a solid pharmaceutical sample exna®). All target analytes showed
satisfactory recoveries of between 89% and 98% RE8Ds <13%.

3.2.2. Sample extraction cycle

Samples were extracted up to three times to eathatextraction efficiency,
as described below: 4.5 ml of MeOH and 0.2 ml ¢énnal standards (at 1 pg/ml)
were added to 0.10 g sample. The sample was exdrégt shaking for 30 min, and
centrifuged at 5000 x g for 15 min. For the secand third extractions, 4.5 ml of
MeOH was added to the residue and extracted assaB®coveries of MeP, EtP,
PrP, 4-HB, 3,4-DHB, OH-MeP and the internal staddaranged from 95.1% to
98.9% in the first extraction (Figure S4), whichygasted that a single extraction
can adequately extract the target chemicals frenptfarmaceutical samples.

3.3. Quality assurance and quality control (QA/QC)

Quantification of target analytes was performedngslinear regressions
generated from eleven- or twelve-point calibratistandards at concentrations
ranging from 0.5/1.0 to 500 ng/ml. The standardbcalions were performed daily
at the beginning and at the end of the sample sisalpuplicate analysis was
performed after every 10 samples and the RSD fatugllicate samples was18%.

A six-point calibration curve was generated afteerg 20 samples. In addition, a

methanol blank was injected between each sampleaapdocedural blank was

processed every day when samples were analyzadiddg were carried out when

the analyte concentration was above the calibraéoge. Some samples required
dilution of up to 100 times in MeOH.

Although oily softgel samples showed acceptabl@veges (even without
SPE purification), those extracts required furthmirification to protect the
instrument from oily deposits. It is also worthn@ntion that some samples showed
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peaks with a same MRM transition for quantificatimd confirmation ion, but at
different retention times. The ratios of retenttone of analyte to internal standard
were different; for MeP (0.96 instead of 1.00), E1F00 instead of 1.03) and PrP
(0.94 instead of 0.97) (see Table 1). These peak® wot considered as target
compounds because it was observed in some casdbeah@nal concentration with
the quantification and confirmation ions were vdifferent between them. They are
compounds that are very similar to parabens wighsdime parent and two daughter
ions or derivatives of parabens attached to othectfonal groups, leading to
changes in retention times. Further studies ardete® identify these compounds
in pharmaceuticals.

3.4. Analysis of pharmaceutical samples

Physical state, therapeutic effect, active ingneie expiration date and
concentrations of parabens and their derivativesdividual sample are shown in
Tables S3-S7 (Supplementary Material). Because ofdke samples were from the
USA, they were categorized by physical state asdigyrup or cream (henceforth
referred to as liquid), softgel (oily or agueousdi aolid samples (Table 3).

Solid samples were further grouped as over-theteo @ TC) or prescription
medicines (Table 4). All softgel and liquid sampdemlyzed in this study were OTC
medications. Solid and liquid OTC medications werso grouped by their
therapeutic purpose: a) solid pharmaceuticals: adiet supplements,
antifungal/antibacterial, pain/fever, cold/flu, dalive disorder and allergy
medications (Table 4); b) liquid pharmaceuticaksn spain/fever, cold/flu, digestive
disorder, antifungal/antibacterial and others (edreps, allergy and hair loss
treatment) (Table 5). Softgel and solid prescriptieedications were not categorized
by their purpose due to the low frequency of samphleat contained parabens.
Pharmaceuticals collected from a few other cousitriere only classified based on
the origin (Table 6).

The results were evaluated by taking into accouatgeometric mean (GM),
median, and maximum as well as the detection frecuéexpressed as percentage
and number of positive samples) (Tables 3-6).

Regardless of the categories mentioned above, nelatton was found
between expiration date and the concentration t@ctien frequency of any of the

target analyte. However, it appeared that the poesef some parabens was related

to the nature of active ingredients in medications.
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Table 3. Concentrations of parabens and their derivatiug#y) in pharmaceuticals collected from the USA.

MeP EtP
1. Softgel (N=14)
Geometric mean 0.16 -
Median 0.16 -
Maximum 0.16 n.d.

Detection frequency (9%6) 7 (1) 0

2. Liquid/ cream (N=32)

Geometric mean 7.89 2.94
Median 0.86 0.72
Maximum 2000 394

Detection frequency (96) 44 (14) 13(4) 3

3. Solid (N=58)

Geometric mean 0.37 -
Median 0.41 -
Maximum 1.10 n.d.

Detection frequency (96) 10 (6) 0

PrP

19.0
105
695

8(12) 13 (4)

0.16
0.16
0.16
2(1)

BuP

2.13
24.0
140

BzP

1.16
1.16
1.16
3(1)

4-HB

0.14
0.14
0.14
7 (1)

5.90
3.04
128

34 (11)

0.96
0.98
3.38

16 (9)

1.48
1.48
1.48
3(1)

0.47
0.35
1.36
7(4)

0.12
0.14
0.30
9(3)

0.11
0.15
0.29
7(4)

3,4-DHB OH-MeP OH-EtP

n.d.

0.08
0.08
0.09
6(2)

0.11
0.12
0.12
5(3)

>PB ) Total
0.16 0.30
0.16 0.30
0.16 0.30
7@Q) 7 (1)
28.66 16.0

158.99 4.52
2689 2693

44 (14) 53 (17)

0.38 0.63
0.41 0.63
1.25 4.89

10 (6) 28 (16)

aFigures in parenthesis refer to the number oftpessamples

n.d.: not detected / HpP was not detected in ampte
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On the one hand, no parabens or their metaboli® wletected in any
pharmaceuticals with actives ingredients such ataatinophen / dextromethorphan
/ doxylamine succinate, loratadine or diphenhydremhydrochloride, among
others. On the other hand, similar concentratiah@mposition pattern were found
in samples of different brands with actives ingeatis such as hydrocortisone,
aluminum hydroxide / magnesium hydroxide / simath& or vitamin C.

In general, MeP was the predominant compound]lithaese samples that
contained parabens, followed by 4-HB (Table 3). mtrations and detection
frequencies of parabens in U.S. pharmaceutical les{p=104) were: 21 samples
(20%) contained one or more parabens (of which @& liquid samples) and 30
samples (29%) contained the acid or alkyl protattatates.

Ligquid pharmaceuticals presented the highest frecuef occurrence (44%)
and concentration of parabens with a maximum dl tparaben concentration of
2689 ug/g. The target analytes were detectedlgaat one liquid sample, except for
HpP. The paraben with the longest carbon chainneagound in any of the sample
analyzed. In contrast to the liquid samples, stdtghowed low concentration and
frequency of parabens. MeP was found only in ondhef 14 softgel samples
analyzed (7%) at a concentration of 0.16 pg/g. I8ngi 6 solid samples contained
MeP (10%) and 1 sample contained PrP (2%) at armari concentration of 1.10
png/g and 0.16 pg/g, respectively. EtP, BuP and\Bef not found in any of the 58
solid samples analyzed.

Taking into account that parabens are used priynemiltheir bactericidal and
fungicidal properties, the low detection frequerayd concentration observed in
softgel and solid samples can be explained bytteste formulations do not require
antimicrobials, as the chances for microbial grointthese formulations are limited.
Softgel medications are protected by the polymetl sthile the moisture content in
solid samples is very low to favor microbial growth

In liquid pharmaceuticals, the composition pattefiparabens was similar to
those reported previously in personal care prody@s 4, 6, 29] (i.e.,
MeP>PrP>EtP>BuP>>BzP). The concentrations of pasb®ind in liquid samples
can be grouped into two categories (see Table S8uipplementary Material):
samples with concentrations < 1 pg/g and those Wwithdreds of pg/g. 4-HB
showed a similar pattern that some samples comtaioecentrations in the range of
0.54-3.45 pg/g whereas the others showed concemsan the range of 22.7-128
pa/g. The sources of 4-HB in pharmaceuticals isknmotvn and further studies are
needed.
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Table 4. Concentration of parabens and their derivatipggd) in solid pharmaceuticals collected from tHeAU
MeP EtP PrP 4-HB 3,4-DHB OH-MeP OH-EtP > PB > Total

1.1. Prescription (N=17)

Geometric mean 1.10 - 0.16 0.57 - - - 1.25 0.85
Median 1.10 - 0.16 0.57 - - - 1.25 0.91
Maximum 1.10 n.d. 0.16 0.57 n.d. n.d. n.d. 1.25 1.25
Detection frequency (96) 6 (1) 0 6 (1) 6 (1) 0 0 0 6 (1) 12 (2)

1.2. OTC (N=41)

GM 0.30 - - 1.03 0.47 0.11 0.11 0.30 0.60
Median 0.39 - - 0.98 0.35 0.15 0.12 0.39 0.57
Maximum 0.53 n.d. n.d. 3.38 1.36 0.29 0.12 0.53 4.89
Detection frequency (96) 12 (5) 0 0 20 (8) 10 (4) 10 (4) 7 (3) 12 (5) 34 (14)

aFigures in parenthesis refer to the number oftpessamples
n.d.: not detected / HpP was not detected in ampte
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Table 4. Cont. Concentration of parabens and their derivativggg(Lin solid pharmaceuticals collected from thedJS

2.1. Dietary supplement (N=8)
Geometric mean

Median

Maximum

Detection frequency (96)
2.2. Pain / fever reliever (N=10)
Geometric mean

Median

Maximum

Detection frequency (96)
2.3. Cold/ flu reliever (N=10)
Geometric mean

Median

Maximum

Detection frequency (%)

MeP EtP
0.28 -
0.34 -
0.53 n.d.
25 (2) 0
0.41 -
0.41 -
0.43 n.d.
20 (2) 0
n.d. n.d.
0 0

PrP

n.d.

n.d.

n.d.

4-HB

0.68
1.44
2.71
25 (2)

1.49
0.99
3.38
30 (3)

0.88
0.88
0.88

10 (1)

0.47
0.35
1.36
50 (4)

n.d.

n.d.

0.10
0.16
0.29
25 (2)

0.07
0.07
0.07

10 (1)

3,4-DHB OH-MeP OH-EtP

n.d.

0.10
0.10
0.12
20 (2)

0.12
0.12
0.12

10 (1)

> PB

0.28
0.34
0.53
25 (2)

0.41
0.41
0.43
20 (2)

> Total

0.54
0.39
4.89
63 (5)

0.58
1.37
3.38
50 (5)

0.40
0.53
0.88

20 (2)

aFigures in parenthesis refer to the number oftpessamples.
n.d.: not detected / BuP, BzP and HpP were not tieteie any sample.
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Table 4. Cont. Concentration of parabens and their derivativggg(Lin solid pharmaceuticals collected from thedJS

2.4. Digestive disorder reliever (N=8)
Geometric mean

Median

Maximum

Detection frequency (96)

2.5. Allergy reliever (N=4)
Maximum

2.6. Antifungal / antibacterial (N=1)

Maximum

MeP EtP
0.18 -
0.18 -
0.18 n.d.
13 (1) 0
n.d. n.d.
n.d. n.d.

PrP

n.d.

n.d.

n.d.

4-HB

1.98

1.98

1.98

13 (1)

n.d.

0.46

3,4-DHB OH-MeP OH-EtP

n.d.

n.d.

n.d.

n.d.

n.d.

0.22

n.d.

n.d.

n.d.

> PB Y Total
0.18 2.16
0.18 2.16
0.18 2.16
13(1) 13(1)
n.d. n.d.
n.d. 0.69

aFigures in parenthesis refer to the number oftpessamples.

n.d.: not detected / BuP, BzP and HpP were nottisten any sample.
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Alkyl protocatechuates were not found in any sdfigd-HB was found in
one sample (the sample that had MeP) at a contentraf 0.14 ug/g. The four
paraben derivatives analyzed in this study weradaua liquid and solid samples at
frequencies of 3-34% and 5-16%, respectively. Amthegfour derivatives, 4-HB,
followed by 3,4-DHB, were the dominant ones. Thieylaprotocatechuates (OH-
MeP and OH-EtP) were relatively less abundant tienacids (i.e., 4-HB>>3,4-
DHB>OH-MeP~OH-EtP). The concentrations of 4-HB ad@-DHB in liquid
samples were higher than those found in solid pheeuticals and hydrolysis
during storage of medications is suggested as silpeseason for the occurrence of
4-HB and 3,4-DHB.

The detection frequencies of parabens in solid CAr@ prescription
medications were similar (Table 4). However, theedgon frequencies of paraben
metabolites in solid OTC samples (7-20%) were higtlean in prescription
medicines. MeP was the only paraben found with teatien frequency of up to
25%. Cold/flu, allergy and antifungal/antibactersdmples did not contain any
parabens (Table 4). However, dietary supplemealiswed by pain/fever relievers,
presented the highest respective detection frequeh25% and 20%, and the
maximum concentrations of 0.53 pg/g and 0.43 pigB was found in all groups,
except for allergy medications.

Among liquid pharmaceuticals, skin medications taored the highest
concentrations of MeP, EtP and PrP. The Highestaranations of BuP, BzP and 4-
HB were found in digestive disorder medicationsb€a5). Pain/fever relievers
contained the lowest concentrations of paraben8.EHt pg/g. The composition
pattern of parabens in skin medications, cold/fluelievers and
antifungal/antibacterial drugs was similar (MeP>=HEHP) whereas that in digestive
disorder medications was Bu>Pr.

All 9 samples collected from Europe showed a pamaboncentration
pattern similar to that found in the USA (Table Bharmaceuticals from Spain and
Italy did not contain parabens, but 4-HB was deidat concentration as high as
0.46 pg/g. Although pharmaceuticals from Japan slowpatterns similar to that
found for the USA, the maximum concentrations aeddencies of the two acids in
Chinese pharmaceuticals were very high: 50.0 pay/d@fHB and 152 ug/g for 3,4-
DHB and 86% detection rates for both, respectiv&lye small concentrations of
parabens, and the elevated concentration of agi@hinese samples could not be
explained currently and more investigation is needéMajority of the
pharmaceuticals from India showed very high conegions of MeP, EtP, PrP and
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Table 5. Concentrations of parabens and their derivatiugg) in liquid pharmaceuticals collected from WgA.

Liquid samples from USA

For skin (N=8)
Geometric mean
Median

Maximum

Detection frequency (%96)
Pai n/ fever reliever (N=3)
Geometric mean
Median

Maximum

Detection frequency (%6)
Cold/ flu reliever (N=9)
Geometric mean
Median

Maximum

Detection frequency (%96)

111
1270
2000

50 (4)

0.07
0.07
0.07

33 (1)

1107
1108
1160

22 (2)

394 43.4
394 270
394 695

13 (1) 50 (4)

n.d. n.d.
0 0
- 230
- 241
n.d. 314
0 22(2

n.d. n.d
0 0
0.04 -
0.04 -
0.04 n.d.
33 (1) 0
n.d. n.d
0 0

4-HB

2.89
2.78
3.45
38 (3)

6.32
3.04
29.8

33 (3)

n.d.

n.d.

1.48
1.48
1.48

11 (1)

0.20
0.22
0.30
25 (2)

n.d.

0.05
0.05
0.05

11 (1)

3,4-DHB OH-MeP OH-EtP

0.09
0.09
0.09
13 (1)

0.07
0.07
0.07

11 (1)

172
1740
2689

50 (4)

0.11
0.11
0.11

33 (1)

1343
1349
1474

22 (2)

173
1743
2693

50 (4)

0.11
0.11
0.11

33 (1)

31
629
1476
44 (4)

aFigures in parenthesis refer to the number oftpessamples.

n.d.: not detected / HpP was not detected in ampka
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Table 5. Cont. Concentrations of parabens and their derivatiuggg) in liquid pharmaceuticals collected from W8A.

Liquid samples from USA MeP EtP PrP BuP BzP

Digestive disorder reliever (N=3)

Geometric mean 0.18 1.01 61.1 81.9 1.16 14.3 -
Median 0.18 1.01 63.8 93.9 1.16 42.3 -
Maximum 0.19 1.01 82.2 140 1.16 128 n.d.

Detection frequency (96) 67(2) 33(1) 67(2 67(2) 33(1) 100 (3) 0

Antifungal / antibacterial (N=5)

Geometric mean 229 043 459 - - 22.7 -
Median 0.15 043 641 - - 22.7 -
Maximum 593 043 128 n.d. n.d. 22.7 n.d.
Detection frequency (96) 60 (3) 20(1) 40(2) 0 0 20 (1) 0
Others (N=4)

Geometric mean 086 043 0.39 0.07 - 0.75 -
Median 0.86 043 043 0.07 - 0.75 -
Maximum 0.88 043 0.61 0.07 n.d. 0.75 n.d.

Detection frequency (96) 50(2) 13(1) 50(2) 13(1) 0 13 (1) 0

4-HB 3,4-DHB OH-MeP OH-EtP Y PB ) Total

145 32
159 222
224 267

67 (2) 100 (3)

3.17 321
0.30 0.30
722 745

60 (3) 60 (3)

147 1.72
154 191
200 2.75

50 (2) 50 (2)

aFigures in parenthesis refer to the number oftpessamples.
n.d.: not detected / HpP was not detected in ampka
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4-HB. These high concentrations can be explainethéyheed for antimicrobials in
drugs because of the prevailing warm and moist atihmwhich is conducive for

microbial growth in that country. Two pain/fevedieger OTC medications from

India contained total concentrations of all parabah 1168 ug/g and 1369 ug/g,
whereas the three antibiotics contained conceatrsitof 0.37, 0.63 and 521 pg/g.
This can be explained by the fact that OTC sampgsire longer storage (shelf-
life) time, which requires the use of antimicrobial

4. CONCLUSIONS

An analytical method for simultaneous determinatibgix parabens and four
of their metabolites in in liquid, solid and softggarmaceuticals was developed.
Solid samples showed matrix effects which requitezl need for a SPE clean—up
step. The SPE clean-up step involving HLB and.NHIrtridges was optimized to
obtain acceptable recoveries of the target compauRecoveries of between 84 and
104% and relative standard deviations <15% weresget for all analytes through
these methods. HLB clean-up was applied in theyaisabf solid pharmaceuticals
and oily softgels. One hundred and twenty eightiplaaeuticals collected from the
USA and a few other countries in Europe and Asieevemalyzed by the established
method. The concentration pattern of parabens iarrpaceuticals was: MeP
>PrP>EtP>BuP>>BzP. Paraben derivatives were alsadfin some samples on the
order of, 4-HB>>3,4-DHB>0OH-MeP>0H-EtP. HpP was detected in any sample.
Hydrolysis of parabens during storage of pharmacalstis an explanation for the
presence of 4-HB. Overall, 20% of the pharmacelstie@amalyzed in this study
contained at least one of the parabens, and etbwatecentrations and detection
frequencies were found in liquid/syrup or cream gias (concentrations of up to
2000 pg/g and frequency of up to 44%). Solid arnftgeb samples contained low
concentrations of parabens (up to 1.10 pug/g and)10®@harmaceuticals can be a
source of human exposure to parabens and the expdsse depends on the type,
frequency and amount of pharmaceuticals ingestaghér studies are needed to
assess the extent of human exposure to parabengthpharmaceuticals.
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Table 6. Concentrations of parabens and their derivativg&gin pharmaceuticals collected from several toes

Samples other countries MeP 4-HB
India (N=5)
Geometric mean 112 13.2 27.91 4.18
Median 615 109 110 11.4
Maximum 1123 216 233 23.3
Detection frequency (96) 80 (4) 40 (2) 80 (4) 60 (3)
China (N=7)
Geometric mean 0.18 - - 6.01
Median 0.18 - - 6.14
Maximum 0.18 n.d. n.d. 49.97
Detection frequency (%6) 14 (1) 0 0 86 (6)
Japan (N=3)
Geometric mean 0.22 - - 0.53
Median 0.22 - - 2.17
Maximum 0.22 n.d. n.d. 4.28
Detection frequency (96) 33 (1) 0 0 67 (2)

3,4-DHB OH-MeP OH-EtP

n.d.

31.2
18.4
152

86 (6)

1.51
1.51
1.51

33 (1)

0.31 0.10 150
0.31 0.10 833
0.31 0.10 1357

20(1)  20(1) 80 (4)

n.d n.d. n.d
0 0 0
n.d. n.d. n.d.
0 0 0

> PB ) Total

45.5
521
1369
100 (5)

19.2
23.8
202

86 (6)

0.44
0.22
5.80

67 (2)

aFigures in parenthesis refer to the number of pesgamples.
n.d.: not detected / BuP, BzP and HpP were not tités any sample
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Table 6. Cont. Concentrations of parabens and their derivatiMgéy) in pharmaceuticals collected from severahtaes.

Samples other countries  MeP

Spain (N=5)

Geometric mean - - - 0.35
Median - - - 0.36
Maximum n.d. n.d. n.d. 0.46
Detection frequency (%96) 0 0 0 40 (2)
Polan (N=2)

Maximum n.d. n.d. n.d. n.d.

Italy (N=2)

Geometric mean - - - 0.28
Median - - - 0.28
Maximum n.d. n.d. n.d. 0.28
Detection frequency (%96) 0 0 0 50 (1)

n.d.

n.d.

3,4-DHB OH-MeP OH-EtP

n.d.

Y PB

n.d.

0.35
0.36
0.46
40 (2)

n.d.

0.28
0.28
0.28

50 (1)

aFigures in parenthesis refer to the number oftpessamples.
n.d.: not detected / BuP, BzP and HpP were not thetes any sample
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CONCLUSIONS

The main conclusions of this thesis are brieflielisbelow:

1.

Focused ultrasound solid-liquid extraction (FEykor packaging analysis

O

FUSLE is a faster, simpler and more economicalagkon method than other
respected techniques as pressurized liquid extrac(PLE) or microwave
assisted extraction (MAE).

O All efficient FUSLE extractions were carried outmmely fast, in only 10-30 s.

0 FUSLE showed to be an effective technique for tkteaetion of UV filters and

perfluorinated alkyl acids, but not for plastic #nles.

All UV filter recovery values using FUSLE were slari or higher than using
reflux for 2.5 h, except for Bemotrizinol (EMT) aAdobenzone (BDM).

0 FUSLE efficiency was similar to PLE for perfluorted alkyl acids extraction.

O Contrary to PLE due to the use of solvents at édsv@aemperatures, FUSLE

allowed the determination of the ratio between tixédized and unoxidized
phosphite-type antioxidant additives present irkpgmg.

2. UV filters in multilayer flexible packaging

A fast and simple FUSLE-HPLC-DAD method was devetbpnd validated to
determine the ten main organic UV filters allowewndaused in Europe, in
different multilayer flexible packaging without lelyseparation.

The adhesion strength and the absorption of thé&Jtéfilters in four multilayer
packaging with polyethylene (PE), polypropylene )Ppolyester (PET) and
Barex as contact layers were monitored for 94 ddiey being in contact with
creams at 40°C.

All laminates showed the capacity of absorb theUWghfilters studied and the
concentration pattern was PET>>>PP>PE>>>Barex.

UV filters were involved in multilayer packagingtdeoration although they did
not cause delamination by themselves.

O PP sachets provided the highest chemical stabifityresistance to creams.

O PE sachets followed by PET ones showed the higlisesion strengths

throughout the study.

Barex showed to be an unstable laminate by itself.

221




Conclusions

. Polymer additives in plastic-based multilayexible packaging

A simple and sensitive SLE-UHPLC-ESVWD-TOF-MS method was
developed and validated to determine 14 plastigtiadd and 2 by-products in
packaging.

This work allowed the simultaneous determinatiosligf agents and antioxidants
additives in less than 10 min.

PLE, FUSLE and SLE techniques showed excellentetitm efficiency for slip
agents because they are mostly in the polymercigad less branched.

Antioxidants extraction efficiency depended more tbhe packaging swelling
than on the extraction force. Incomplete recoveryl¥1010 was obtained using
FUSLE and PLE with polar solvents.

An exhaustive extraction was achieved only aftaditronal static SLE for 10
hours with just 5 ml of hexane. Although the optied SLE method was very
time consuming, it was exceptionally economical aiehple as well as it
preserved the stability of phosphite-type antioridedditives during extraction.

4. Perfluorinated alkyl acids in packaging

A FUSLE-UHPLC-ESI(-)-QTOF-MS/MS method was develbaad validated
to determine nine PFCAs and PFOS in food-contacitgming.

O The chromatographic separation of the ten PFAAk pbace in only 4 min.

O PFCAs were found in all samples in a concentrat@mge from 3.50 ng/g to 750

ng/g, being PFHXA the most abundant of them, foldvey PFBA.

PFHpA concentrations in samples from 2013 wereaeduetween 65 and 80%
with respect to those ones from 2011. In additiamtrary to the first study, none
of the most dangerous PFAAs (PFOS and PFCAs wihhtgher carbon chain
lengths) were found in any bag in the last studpweler, the presence of
PFAAs with lower carbon chains remained very sigaiit.

Perfluorinated alkyl acids in corn and popcorn

The same analytical method for the determinatioPBAAs in packaging was
successfully used and validated in corn and popaoatysis by adding a micro-
scale liquid-liquid extraction clean-up step befmjection.

No migration of PFAAs to food was identified becadlsey were not detected in
any sample.
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. Parabens in pharmaceuticals

A SLE-HPLC-ESI(+)-QqQ-MS/MS method was developedi aralidated to
determine six parabens and four parabens derigitivgharmaceuticals.

Two SPE clean-up methods, with HLB and Nsbrbents, were optimized to
decrease the extremely high matrix effect obsenvedolid pharmaceuticals.
HLB cartridges showed better results thanNdHes.

The ten analytes were analyzed in 128 pharmacé&utiotlected from USA and
a few other countries in Europe and Asia.

The concentration pattern of parabens and paradensatives in positive
samples was MeP >PrP>EtP>BuP>>BzP and 4-HB>>3,4-BbHBEMeP>OH-
EtP, respectively. HpP was not found in any sample.

The relatively high presence of 4-HB may be exm@dirby the hydrolysis of
parabens during storage.

Concentrations up to 2 mg/g and detection freqsngp to 44% were found in
liquid/cream pharmaceuticals. On the contrary, ooly to 1.1 pg/g and
frequencies up to 44% were found in solid and sbtgmples. The reason might
be because the high moisture content and the tessction from the outside in
the liquid/cream samples.

Pharmaceuticals can be a source of human exposurinet controversial
parabens.
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SUPPLEMENTARY MATERIAL

CHAPTER 2.1

Determination of UV filtersin packaging by focused ultrasonic solid-liquid
extraction and liquid chromatography

Figure S1. Influence of the solvent in the FUSLE of UV filsefrom polyethylene film.
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Figure S2. Pareto-charts and response surfaces of signifeféettts obtained from the
central composite experimental design. A: TimePBwer, C: Volume.
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CHAPTER 3.1

Determination of plastic additivesin packaging by liquid chromatography
coupled to high resolution mass spectrometry

Table S1. Comparison of the overall analytical signal obtdinéor differen
combinations of formic acid and ammonium formateaamtrations in the mobile phase.

Formic acid concentration (v/v)

0.5% 1.0%

(W) uoITeNUSIUOD BTRWIO WNIUOWWY

x: Overall analytical signal of the targets obtairfi®m each mobile phase composition.

~: Not significant differences between the analytgignals obtained for the majority of the additive
two different mobile phases compositions.

< or >: significant differences between the anabjtsignals obtained for the majority thie additive
in two different mobile phases compositions.

OH OH
Bu +Bu tBu t-Bu
o]
o t-Bu Jk
“N
o HO 07 °N” ~o
t-Bu t-Bu
t-Bu t-Bu OH
OH t-Bu
Irganox MD 1024 Irganox 3114

Figure S1. Chemical structures of the additives determinetthig study.
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Figure S1. Chemical structures of the additives determinetthigmstudy.
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Figure S.2. NMR spectra of the additives dissolved in deugstathloroform except for

the 1x1024 which was dissolved in deuterated mathan
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Figure S3. Normalized blank signals for unfiltered LC-MS graaiethanol and for the
first, second, fourth and sixth millilitre of LC-gie methanol obtained by filtration
through Nylon and Teflon membrane filters.
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Figure $4. Pareto charts obtained from the ANOVA of the CCaadditive extraction by
FUSLE.
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Standardized Pareto Chart for Is168
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Figure S7. Pareto charts obtained from the ANOVA of the CGRdditive extraction by
FUSLE using hexane-DCM mixtures.
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Figure S8. Response surfaces obtained for the FUSLE extraofiadditives using
hexane-DCM mixtures.
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Fig. S9 Calibration curves from LOQ to 5000 ppb for eadudlitive in MeOH.
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Table. S1. p-Values of ANOVA of the Central Composite Des{@CD) results.

PFHpA 0.0474*

PFOA

PFNA

PFOS

PFDA

PFUNA

PFDoA

A

0.9468

0.7316

0.2310

0.6022

0.3748

0.1992

B

0.8787

0.9621

0.9607

0.5536

0.3551

0.9015

0.8212

C

0.8531

0.0675

0.4721

0.4274

0.1727

0.2266

0.4995

AA

0.8934

0.1214

0.1525

0.7990

0.6324

0.1862

0.3183

AB

0.7721

0.1899

0.1244

0.1000

0.1857

0.0926

0.2021

AC

0.6285

0.9353

0.9791

0.3926

0.3805

0.6590

0.3917

BB

0.2848

0.0717

0.4924

0.7142

0.3411

0.9009

0.9483

BC

0.9410

0.4166

0.5138

0.1783

0.7183

0.7467

0.6297

CcC

0.5511

0.4048

0.8651

0.9201

0.7006

0.7475

0.8430

A: Extraction time
B: Ultrasonic irradiation power
C: Solvent volume
* Significant statistical: p-valor < 0.05
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Figure S1. Influence of the number of FUSLE cycles.
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CHAPTER 4.2

Fast determination of perfluorocompoundsin packaging by focused
ultrasound solid-liquid extraction and liquid chromatography coupled to
guadrupole-time of flight mass spectrometry

Table S1. Analyte retention times, quantification ions, cgitin energy and
summation ratio values.

Retention Quantification ions (m/z)  Collision =~ Summation

Compounds

time (mn)  mMs = MRM  Energy (eV) ratio
PFBA 0.44 212.98 168.99 8 5000
PFPeA 0.69 262.97 218.99 8 3750
MPFPeA&A 0.69 265.98 221.99 8 3750
PFHxA 1.01 312.97 268.98 8 5000
PFHpA 1.38 362.97 318.98 10 5000
PFOA 1.75 412.97 368.98 12 3750
MPFOA? 1.75 420.97 375.98 12 3750
PENA 2.16 462.96 418.97 14 5000
PFOS 241 498.93 498.93 8 3750
MPFOS 241 506.93 506.93 8 3750
PFDA 2.80 512.96 468.97 10 5000
PFUNA 3.42 562.96 518.97 12 5000
PFDoA 3.75 612.95 568.96 14 3750
MPFDoA 3.75 614.95 569.96 14 3750

a|nternal standards for PFBA and PFPeA.

bInternal standards for PFHxA, PFHpA, PFOA, PENADRFRand PFUNA.
¢Internal standard for PFOS.

dInternal standard for PFDoA
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Table S2. Matrix effect of microwave popcorn packaging when
no internal standard is used.

Error of the regression slope (%)

0.25¢ 0.50 g 1.009 1.50¢
PFBA n.s. -18 -17 -16
PFPeA n.s. -13 -16 -14
PFHXA n.s. n.s. n.s. n.s.
PFHpA n.s. n.s. n.s. n.s.
PFOA n.s. n.s. n.s. n.s.
PFNA n.s. n.s. n.s. n.s.
PFOS 28 19 24 25
PFDA n.s. n.s. -10 -11
PFUNA n.s. -22 -40 -39
PFDoA 21 22 14 16

n.s.: not statistically significant.

Table S3. Matrix effect of corn and popcorn when
no internal standard is used.

Error of the regression slope (%)

Popcorn
PFBA n.s. -21
PFPeA n.s. -21
PFHxA n.s. 18
PFHpA n.s. 10
PFOA n.s. n.s.
PFNA 23 13
PFOS n.s. n.s.
PFDA n.s. n.s.
PFUNA n.s. n.s.
PFDoA 26 22

n.s.: not statistically significant.
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CHAPTER 5.1

Parabens and their derivativesin pharmaceuticals

Figure S.1. Chemical structures of parabens and their deviesti(target chemicals
analyzed in this study).
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Figure S.2. Loss of the functional groups of target analytethe collision cell of triple
guadrupole mass spectrometer.

quantification ! quantification
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Figure S.3. Chromatograms of a) a 150 ppb methanolic stansldtdion of parabens b)
a liquid pharmaceutical sample extracted by LLE splid pharmaceutical sample
extracted and cleaned by SLE-SPE. Peak identiicafi) 3,4-DHB, 2) 4-HB, 3) OH-
MeP, 4) OH-EtP, 5) MeP , 6) EtP , 7) PrP , 8) BZFBuUP and 10) HpP.
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Figure S.4. Number of extraction cycles for parabens in phaeuticals and extraction
efficiency (%).
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Table S.1. Transitions and MS/MS parameters optimized for ysislof the six parabens, the four derivatives #red four
internal standards in pharmaceuticals.

Analytes Qi(amu) Qs(amu) Qgz.(amu) DP (V) FP (V) EP (V) CEP (V) CE (eV) CXP (V)

3,4-DHB 153 109 - -18 -330 -6 -10 -21 -8

4-HB 137 93 - -13 -300 -6 -10 -18 -6
OH-MeP 167 108 152 -20 -350 -8 -10 -27 -6
OH-EtP 181 108 152 -21 -380 -10 -10 -27 -7

MeP 151 92 136 -18 -370 -10 -9 -27 -7

EtP 165 92 136 -25 -350 -7 -12 -25 -6
Prp 179 92 136 -25 -390 -8 -18 -25 -6
BuP 193 92 136 -19 -350 -10 -17 -29 -7
BzP 227 92 136 -17 -300 -7 -10 -30 -7
HpP 235 92 136 -22 -350 -8 -11 -35 -7
C¥4-HB 143 99 - -13 -300 -6 -10 -18 -6
CB¥MeP 157 98 - -18 -370 -10 -9 -27 -7
CB/BuP 199 98 - -19 -350 -10 -17 -29 -7

Qu: Parent ion; @ Product ions for quantification; 3 Product ions for confirmation; DP: Declusteringtgntial (to form ions); FP: Focusing
potential (to form ions); EP: Entrance potentialf@icus and accelerate ions to Q1); CEP: Collisidinecdrance potential (to focus and accelerate ions
to Q2); CE: Collision energy (to broke parent ior&XP: Collision cell exit potential (to focus anccaterate the ions to Q3).
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Table S2. Percentage of internal standard peak area in melibeextract of a solid
sample (pain/fever reliever) relative to internalnslard peak area in MeOH (N=3).

Internal Standard No clean-up LLE HLB NH2
13C-MeP 3.0+03 25+0.3 26321 80+1.1
13C-BuP 12.3+£1.3 14 +3 39+3 26416
13C-4HB 42+03 41+0.2 183+14 13.2+16

LLE: liquid solid extraction clean-up.

HLB: solid phase extraction clean-up employing Hydmtic-lipophilic balance cartridges.
NH2: solid phase extraction clean-up employing amiartriciges.
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Table S3. Concentration of parabens (1g/g) in softgel phaguticals collected from the USA.

USA (New York / New Jersey) Active compound
Vitamin D3 08-16 0.16 0.14 0.16 0.30
Fish Oll 01-16 - - - -
Vitamin E 08-17 - - - -
Dietary Extract Saw Palmetto 03-17 - - - -
supplement Chromium Picolinate 03-17 - - - -
Beta Carotene 05-17 - - - -
Fish Oll 08-16 - - - -
Softgel (OTC)
Vitamin D2 05-15 - - - -
Pain / fever Naproxen Sodium 10-15 - - - -
reliever Naproxen sodium 08-15

Acetaminophen / Dextromethorphan / Doxylamine suetei  07-14 - - - -
Cold/ flu Acetaminophen / Dextromethorphan / Phenylephrine  02-16 - - - -
reliever Acetaminophen / Dextromethorphan / Phenylephrine  02-15 - - - -

Acetaminophen / Dextromethorphan / Doxylamine suetei ~ 05-14 - - - -

"-": Not detected / Only MeP and 4-HB were dete@ed quantified in the analyzed softgel samples.
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Table $4. Concentration of parabens (ug/g) in liquid phareudicals collected from the USA.

New York / New Jersey Active compound Exp. MeP EtP PrP BuP BzP 4-HB 3,4-DHB OH-MeP OH-EtP PB  Total

Fluocinonide 04/09 0.05 - 0.07 - - - - - - 0.12 0.12

Antibiotic Ointment - Bacitracin / Neomycin / Polyxin 05/10 - - - - - - - - - - -

Fluocinonide 06/15 - - - - - - - - - - -
Diphenhydramine / Zinc Acetate 04-15 939 - 245 - - 2.52 - - - 1185 1187
For skin
Hydrocortisone 11-13 2000 394 295 - - 3.45 - 0.30 0.09 2689 2693
Hydrocortisone 07-16 1600 - 695 - - 2.78 - 0.14 - 2295 2298
Vitamin A and D 06/07 - - - - - - - - - - -
Liquid White petrolatum USP 02/10 - - - - - - - - - - -
(©T1C) Acetaminophen / Dextromethorphan / Doxylamine sumtei  03/14 - - - - - - - - - - -
l n_/ UEsE Ibuprofen / acetaminophen 04/16 - - - - - - - - - - -
reliever
Benzocaine 11/14 0.07 - - 0.04 - - - - - 0.11 0.11
Benzalkonium / Lidocaine 02/13 0.14 - 0.16 - - - - - - 0.3 0.3
Nystatin 11/14 593 0.43 128 - - 22.7 - - - 722 745
Antifungal / . o ) ) ) ) ) ) ) )
antibacterial Clotrimazole 1% 08/06 0.15 0.15 0.15
Terbinafine Hydrochloride 10/09 - - - - - - - - - - -
Clotrimazole/ betamethasone dipropionate 06/13 - - - - - - - - - - -
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Table $4. Cont. Concentration of parabens (ug/g) in liquid pharmaticals collected from the USA.

New York / New Jersey

Active compound

Exp.

MeP EtP PrP BuP BzP 4-HB 3,4-DHB OH-MeP OH-EtP PB

Total

Acetaminophen / Dextromethorphan / Doxylamine sumei  10/03 - - - - - - - - - - -
11/16 1160 - 314 - - 2.78 - - - 1474 1476
Fluticasone Propionate Nasal 12/14 - - - - - - - - - - -
Dextromethorphan 06/16 1056 - 169 - - 29.8 - - - 1224 1254
COIQ /lu Acetaminophen / Dextromethorphan / Doxylamine sumtei  08/15 - - - - - - - - - - -
reliever
Acetaminophen / Dextromethorphan / Doxylamine sumei  04/15 - - - - - - - - - - -
Acetaminophen / Dextromethorphan / Doxylamine suetei  06/11 - - - - - - - 0.05 0.07 - 0.12
Liquid Natural ingredients (honey...) 01/15 - - - - - 3.04 1.48 - - - 4.52
(OTC)
Acetaminophen / Dextromethorphan / Doxylamine suetei  04/15 - - - - - - - - - - -
Aluminum Hydroxide / Magnesium Hydroxide / Simetie 06/10 0.19 - 45.4 48.0 128 - - - 93.6 222
Digestive
disorder Aluminum hydroxide / Magnesium hydroxide / Simetiie  01/14 0.18 1.01 82.2 140 1.16 42.3 - - - 224 267
reliever
Bismuth Subsalicylate / Salicylate 09/04 - - - - - 0.54 - - - - 0.5
For eyes
Light mineral oil / Mineral oil 06/12 0.88 0.43 0.61 0.07 - 0.75 - - - 200 275
Allergy reliever Ketotifen 02/04 0.83 - 0.24 - - - - - - 1.08 1.08
Halr loss Minoxidil 02006 - - - - - - - - - - -
treatment

"-": Not detected / HpP was not detected in anyiticpr cream sample.
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Table S5. Concentration of parabens (pg/g) in solid presiippharmaceuticals collect

from the USA.

USA (New York / New Jersey) Active compound Exp. MeP PrP 4-HB PB Total
Atorvastatin 02/14 - - - - -
Higzg;?:;nﬁfr @ Rosuvastatin calcium 04/13 - - - - -
Niacin 12/12 - - - - -
Propranolol 06/15 - - 0.57 - 0.57
Amlodipine besylate 12/13 - - - - -
Blood/heart Clopidogrel 03/15 - - - - -
Carvedilol 01/14 - - - - -
Cyclobenzaprine 10/14 - - - - -
(presscorlilstion) Erectile dysfunction Sildenafi 01/13 - - - h -
treatment Vardenafil 04/12 - - - - -
Hypertension treatment Amlodipine besylate 06/15 - - - - -
Glucocorticoids Prednisone 01/08 1.10 0.16 - 125 1.25

Muscle relaxant Cyclobenzaprine Hydrochloride 03/15 - - - - -
To stop smoking Varenicline tartrate 12/14 - - - - -
Hypotiroidism treatment Levothyroxine 06/15 - - - - -

Arthritis treatment

Acetaminophen / Hydrocodone 2010 - - - - -

Antibiotic

Amoxicillin 09/11 - - - - N

-: Not detected / Only MeP, PrP and 4-HB were detkand quantified in the analyzed prescriptioidssamples.
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Table S6. Concentration of parabens (ug/g) in solid OTC ptaeuticals collected from the USA.

New York / New Jersey

Active compound

Natural Zinc 01/16 - - - - - - -

Ca, Mg, Zn, Vitamin D3 02/16 - - - - - - -
Psyllium Fiber - - 0.17 0.29 - - - 0.46

Complete vitamin 03/15 - - - - - - -

Dietary supplement

Selenium 11/16 0.53 2.71 1.36 0.29 - 0.53 4.89
Vitamin C 05/17 - - 0.39 - - - 0.39
Vitamin C 08/14 - - 0.31 0.04 - - 0.35
Seleno-Methionine 08/11 0.15 - - - - 0.15 0.15

Acetylsalicylic acid 07/15 - - - - - - -

(gqlriéj) Acetaminophen 07/10 - - - - - - -

Ibuprofen 12/14 - - - - - - R
Acetylsalicylic acid 01/16 - 3.38 - - - - 3.38

Naproxen sodium 04/15 - - - - - - -

Pain / fever reliever

Ibuprophen 10/14 - - - - 0.12 - 0.12

Ibuprophen 12/16 - - - - - - -
Acetylsalicylic acid 09/13 0.39 0.98 - - - 0.39 1.37
Naproxen sodium 11/16 - - - - 0.09 - 0.09
Acetylsalicylic acid 11/11 0.43 0.99 - - - 0.43 1.42
Antifungal / antibacterial Undecylenate - - 0.46 - 0.22 - - 0.69

"-": Not detected / EtP, PrP, BuP, BzP and HpP wetedetected in any solid OTC sample.
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Table S6. Cont. Concentration of parabens (1g/g) in solid OTC ptareuticals collected from the USA.

New York / New Jersey Active compound 4-HB  34-DHB OH-MeP  OH-EtP
Pseudoephedrine 02/17 - - - - - - -
Benzocaine 05/13 - - - 0.07 0.12 - 0.19
Guaifenesin / Dextromethorphan 09/15 - - - - - - -
Acetaminophen / Diphenhydramine / Pseudoephedrine 10/01 - - - - - - -
Cold/ flu Acetaminophen / Chlorpheniramine maleate / Dexttbor@han ~ 09/10 - - - - - - -
reliever Diphenhydramine 02/10 - - - - - - -
Pseudoephedrine 12/16 - - - - - - -
Acetaminophen / Diphenhydramine 04/15 - - - - - - -
Aspirin / ChlorpEiglr:?lln;g\rii?:Ibeita;irlaDextromethmh 04/13 ) 0.88 ) ) ) ) 0.88
Guaifenesin 08/14 - - - - - - N
Solid Omeprazole 11/11 - - - - - - -
(G1C) Sodium / Lactase Enzyme 02-11 - - - - - - -
Famotidine 04-09 - - - - - - -
Digestive Lansoprazole 04-14 - - - - - - -
disorder
reliever Polyethylene Glycol 3350 06-14 - - - - - - -
Aspirin / Citric acid / Sodium bicarbonate 12-16 - - - - - - -
Bismuth subsalicylate 01-13 0.18 1.98 - - - 0.18 2.16
Betaine 06-11 - - - - - - -
Loratadine 04-15 - - - - - - -
Allergy Loratadine 05-14 - - - - - - -
reliever Diphenhydramine hydrochloride 11-14 - - - - R i _

Diphenhydramine hydrochloride

"-": Not detected / EtP, PrP, BuP, BzP and HpP wetealetected in any solid OTC sample.
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Table S7. Concentration of parabens (ug/g) in solid pharmticals collected from Asia and Europe.

State Origin  Availability Purpose Active compound Exp. 4-HB 3,4-DHBOH-MeP OH-EtP PB  Total
Paracetamol 02/15 808 216 121 23.3 - - - 1145 1168
ore Peinfiever Chiorpheniramine maleate / 1123 0.80 233 11.45 0.31 1357 1369
Phenylephrine hydrochloride  ~ : : ° : .
India Amoxicillin - 422 - 996 - - - - 521 521
Prescription Antibiotic Azithromycin 06-13 - - - 0.27 - - 0.10 - 0.37
Amoxicillin 11-13 042 - 0.22 - - - - 0.63 0.63
Acetaminophen /
Chlorpheniramine Maleate 01-13 B B . 5.53 18.4 . . . 23.9
Cold/ flu reliever - 05-14 - - - 675 16.8 - - - 236
i
Solid 02-14 - - - 3.95 4.12 - - - 8.07
_ oTC

China Pain / fever reliever - 05-15 - - - - - - - - -
Digestive disorder reliever - 10-12 0.18 - - 20.2 152 - - - 172
Vertigo calming - 04-14 - - - 50.0 152 - - - 202
Prescription To sleep at night Estazolam 06-17 - - - 0.32 - - - - 0.32
Cold/flureliever - 04-16 0.22 - - - - - - - 0.22
Japan oTC Digestive disorder reliever - 09-18 - - - 4.28 151 - - - 5.80

Pain / fever reliever - 08-17 - - - - - - - - -
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Table S7. Cont. Concentration of parabens (ng/g) in solid pharmtcals collected from Asia and Europe.

State Origin Availability Purpose Active compound Exp. MeP EtP PrP 4-HB 3,4-DHB OH-MeP OH-EtP PB Total
Loperamida 09-15 - - - - - - - - -
Digestive disorder reliever
Cetrizina dihidrocloruro  10-13 - - - 0.46 - - - - 0.46
oTC
Spain Pain / fever reliever Ibuprofeno 01-17 - - - 0.27 - - - - 0.27
For skin Dimetilideno maletao  03-16 - - - - - - - - -
Solid Prescription ~ Depression treatment Triptizol 11-16 - - - - - - - - -
Pain / fever reliever Sodium metamizol 05-17 - - - - - - - - -
Poland oTC
Dietary supplement Calcium /vitaminC ~ 07-16 - - - - - - - - R
Vertigo calming Dimenidrato 11-18 - - - - - - - - -
Italy oTC biotics lactic f ;
Digestive disorder reliever Probiotics lactic ferments /5 15 - - 0.28 - - - - 0.28

Vitamins B6, B12

"-": Not detectable / BuP, BzP and HpP were noeckeid in any sample from Asia and Europe.
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